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The adsorption of NH3 and NO on pure V205 and on TiOz samples at pressures (ca. 25 Torr) and 
temperatures (room temperature to 675 K) close to those used in industry with V205/Ti02 catalysts 
to carry out the NO reduction with NH3 has been studied by Auger electron spectroscopy (AES) 
and thermal desorption spectroscopy (TDS), using a UHV chamber equipped with a built-in high 
pressure cell (up to 1 atm). NH, adsorption takes place over the whole range of temperatures 
studied on TiOz and on V205 as well as on reduced VZOs surfaces. NO adsorption occurs only on 
TiOz and on reduced V205 but not on oxidized V20s surfaces. It is shown that NH3 reduces the 
vanadium pentoxide surface resulting in the production of NzO. The presence of NzO, NO, and O2 
results in the reoxidation of the vanadium surface with the nitrogen oxides being converted into Nz. 
No evidence for the NO + NH3 reaction has been obtained on the TiOz surface. However, NO 
adsorption on TiOz appears to be a main factor for the catalyst effectiveness in V205/Ti02 samples 
since it may provide a source of NO at the interface of vanadia islands on TiOz in the actual 
catalyst. Finally, from TDS and AES data a reaction mechanism is suggested that may explain the 
reduction of NO to Nz as well as the side reaction responsible for the production of N20. o 1989 
Academic Press, Inc. 

INTRODUCTION 

Interest in air quality and emission con- 
trol has resulted in considerable research 
dealing with the selective reduction of ni- 
trogen oxides. An extensive review of this 
subject has recently been published (I). 
Among the catalysts tested, vanadium ox- 
ides supported on Ti02 seem to be pre- 
ferred for catalyzing the NO, + NH3 + 02 
reaction. Although NO, can be reduced to 
N2 with the use of reducing gases such as 
CH4, HZ, and CO, ammonia is preferred 
since the other gases are readily consumed 
by reaction with 02. The characterization 
of the supported vanadium species by dif- 
ferent techniques, such as extended X-ray 
absorption fine structure (EXAFS) (2, 3), 
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high resolution electron microscopy 
(HREM) (4), X-ray photoelectron spectros- 
copy (XPS) (5-8, 34), laser Raman spec- 
troscopy (9, IO), and electron spin reso- 
nance (ESR) (II, Z3), has been reported. 
Kinetic studies directed toward the elucida- 
tion of the reaction mechanism (14, 27), in 
some cases supported by theoretical ap- 
proaches (28), have been undertaken and 
the preparation of titania-supported V205 
with improved redox properties (29) has 
been described. 

Although surface sensitive electron spec- 
troscopies are excellent tools for studying 
the catalyst surfaces, little has been re- 
ported on the use of surface science tech- 
niques for studying the adsorption of NH3 
and NO on V20s and on V20S/Ti02 sur- 
faces. Only Tsai et al. (30, 31) have re- 
ported an AES study of the surface of sup- 
ported Group VIII metals for the NH3 + 
NO reaction after SO2 poisoning. Most pa- 
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pers assume that reduction of supported 
V205 occurs during the NO + NH3 reac- 
tion, but the mechanism through which the 
reduction takes place has not been verified. 

The aim of the present work was to study 
the adsorption of NO and NH3 on pure 
V205 and on Ti02 by means of Auger elec- 
tron spectroscopy (AES) and thermal de- 
sorption spectroscopy (TDS). On the basis 
of our findings, elementary steps are pro- 
posed for the NO + NH3 + O2 reaction on 
V205 and V205/Ti02. As will be shown 
later, NO cannot adsorb on fully oxidized 
V205 surfaces. The experimental tech- 
niques utilized in this work allowed us to 
demonstrate the reduction of the vanadium 
oxide catalyst in the presence of NH3, 
which in turn is oxidized to N20. In addi- 
tion, the role of oxygen in the reactant mix- 
ture has been established mainly as a partic- 
ipant in the NO and NH3 competition for 
the reduced surface sites improving the cat- 
alyst life. 

EXPERIMENTAL 

In this study a powdered vanadium oxide 
catalysts (V205) from Aldrich Chemical Co. 
(99.999% pure) was employed. High purity 
gases, NH3, NO, and OZ. were obtained 
from Matheson and used without further 
purification. Pure TiOz (99%) as anatase 
was supplied by Siidchemie. 

The apparatus used for the AES and TDS 
studies has been previously described (32). 
It consists of a stainless-steel bell jar, evac- 
uated to pressures below 5 x 10e9 Torr by a 
Varian VHS6 diffusion pump, backed by a 
rotary pump. A built-in high pressure cell 
isolates the sample from the UHV environ- 
ment accounting for sample treatments un- 
der different atmospheres up to 1 atm (32). 

The sample holder is part of the high 
pressure cell. When it is open, the cell ex- 
poses the sample to ultrahigh vacuum 
(UHV) for AES and/or TDS analysis, and 
when it is closed, it becomes a part of the 
reactor used for sample treatments. The 
sample is pressed against a gold coated 
stainless-steel grid, and it is in intimate con- 

tact with a chromel-alumel thermocouple. 
The grid is held against a gold foil by two 
lateral flaps. By passing current through the 
foil, the sample can be heated to the desired 
temperature. 

The Auger electrons were detected by a 
double-pass cylindrical mirror analyzer 
(CMA) equipped with a coaxial electron 
gun (Physical electronics 15-2556). A 6 eV 
peak-to-peak modulation and a response 
time of 20 ms were selected. The electron 
gun was always operated at 1 kV and 0.8 
mA at normal incidence. 

For TDS studies, the adsorbate was in- 
troduced into the high pressure cell at pres- 
sures close to those usually achieved under 
actual industrial conditions (ca. 25 Torr), 
allowing it to circulate at the temperature 
chosen (room temperature to 675 K) for 15 
min. After that, the sample was cooled in 
the adsorbate atmosphere and outgassed in 
the UHV chamber, at the adsorption tem- 
perature, until the system base pressure 
was achieved. The sample was then heated 
under UHV conditions at a constant heat- 
ing rate (15 K s-l). A mass spectrometer 
(UT1 IOOC) monitored the gas evolution of 
a given mass, and a plot of the signal inten- 
sity versus temperature was generated on 
an XY recorder (Hewlett-Packard 7044B). 
Alternatively, the sample was exposed to 
the reactant gases in a UHV environment in 
which case the gases were introduced into 
the UHV chamber through a leak valve at 
pressures below 1. 10m6 Torr. 

RESULTS 

(i) Studies on V,O, 

The adsorption of NH3 and NO on VZOs 
has been studied by AES and TDS. The 
presence of carbon contamination on V205 
has been described as responsible for the 
reactivity of thin films of V205 on gold foils 
(33). The formation of CO and/or CO2 that 
desorbs at ca. 675 K might be responsible 
for the generation of oxygen vacancies on 
the VZOs surface leaving exposed V4+ spe- 
cies that can then react with the adsorbates 
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(3, 33). To avoid any interference from 
coadsorbed species we carried out an oxi- 
dation treatment that would leave a clean 
V~OS surface, before adsorbing NH3 and/or 
NO. Figure 1 shows the AES spectrum of 
the vanadia sample after oxidizing it under 
40 Torr of O2 at 675 K for 15 min followed 
by heating at the same temperature for 
10 min in the UHV chamber; this results 
in a clean V205 sample characterized by 
the presence of the V(L3&MZX) and 
V(LQ& M45) transitions at 430 and 469 eV, 
respectively, and at 510 eV for the O(KLL) 
transition. 

Unfortunately the oxidation state of the 
vanadium species is not unequivocally ob- 
tainable by AES. Even at low peak-to-peak 
modulation (2 eV), the intensity ratio be- 
tween the O(KLL) and V(L3 Mz3 Mz3) lines is 
the same, 2.4, for the oxidized and reduced 
vanadia samples. Various authors (33, 35- 
37) have drawn conclusions from the rela- 
tive intensity of the lines but they used oxi- 
dized vanadia films. In our study bulk 
vanadia was used and to observe a change 
in the AES spectrum, much of the sample 
would have had to be reduced rather than 
just the surface. 

Both the adsorption of NH3 and of NO 
have been carried out as a function of tem- 
perature. Figure 2, curve A, displays the 
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FIG. 1. AES spectrum of a clean oxidized V205 sam- 
ple. Peak-to-peak modulation 2 eV. 
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FIG. 2. AES spectra for the adsorption of NH3 at RT 
(A) on a clean oxidized VZOs sample, (B) on a NH,- 
reduced VZOs sample, compared to the AES spectrum 
for clean oxidized V,05 (Fig. 1). 

AES spectrum of V205 after adsorption of 
25 Tot-r of NH3 at room temperature. The 
presence of a new peak at 377 eV, with re- 
spect to the pure VZOS spectrum, is now 
noticeable; this peak can be assigned to the 
N(KLL) transition indicating that NH3 can 
be adsorbed at room temperature. After 
heating of the sample to 775 K the nitrogen 
peak disappears. On this presumably re- 
duced vanadium surface, the adsorption of 
NH3 also occurs (Fig. 2 curve B). No con- 
clusions can be drawn about the nature of 
the resulting ammonia species on the basis 
of the AES spectrum. 

Evidence for the reduction of the V20s 
surface can be obtained from TDS experi- 
ments. One of the possible mechanisms for 
the NH3 + NO reaction includes a redox 
process, which implies the oxidation of 
NH3 to NlO using oxygen from the V205 
lattice. To test the possibility of such a 
mechanism several experiments were per- 
formed in which, after adsorbing 25 Torr of 
NH3 at room temperature, amu’s 44 (N20+) 
and 30 (NO+) were monitored and the sig- 
nal corresponding to amu 15 (NH+) was an- 
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alyzed as well. In both cases, similar TDS 
profiles were obtained showing peaks at 643 
K (Fig. 3), indicating that V205 is reduced 
by NH3 which in turn is oxidized to N20. 

The adsorption of NH3 on V205 has also 
been studied at 575 and 675 K. AES spectra 
of the interaction under 25 Torr of NH3 at 
575 and 675 K are shown in Fig. 4; the ex- 
perimental procedure was as follows: after 
oxidizing the Vz05 sample, 25 Torr of NH3 
was introduced in the high pressure cell, 
heated to the reaction temperature for 15 
min, and then cooled to room temperature 
in such an atmosphere and outgassed in the 
UHV chamber until the chamber base pres- 
sure was reached. After this treatment a ni- 
trogen peak appears in the AES spectrum 
that cannot be eliminated by heating at the 
reaction temperature in UHV, as shown in 
Fig. 4; only by heating at 775 K under vac- 
uum does the nitrogen peak disappear. 
However, this nitrogen peak, which cannot 
be eliminated by heating in UHV at the re- 
action temperatures, readily disappears by 
heating in O2 at 675 K. 
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FIG. 3. TDS spectrum for the desorption of N,O 
after adsorbing 25 Torr of NH3 at RT on a clean oxi- 
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FIG. 4. AES spectra for the adsorption of NH3 on a 
clean oxidized VZOs samples at 575 and 675 K. 

Figure 5 shows a plot of the TDS profile 
for the desorption of NH3 from the VzOj 
sample previously heated to 675 K under 25 
Torr of NH3. One peak is obtained, giving 
the same desorption energy as that ob- 
tained after ammonia adsorption at room 
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FIG. 5. TDS spectra for the desorption of NH3 after 
adsorbing 25 Torr of NH3 at 675 K. First run: the 
sample was heated to 675 K and cooled in UHV (A). 
Second run: heated to 775 K in UHV after the first run 

dized VI05 sample. WV. 
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temperature. Since after the heat treatment 
in ammonia the sample is cooled down in an 
ammonia atmosphere, this peak may corre- 
spond to the adsorption of NH3 at room 
temperature, However, after heating under 
vacuum at 675 K for 10 min the nitrogen 
peak remains in the AES spectrum, as 
shown in Fig. 4. After heating to 775 K a 
new TDS peak appears at 740 K, as shown 
in Fig. 5. On the basis of TDS and AES 
experiments, the identification of this peak 
remains uncertain. However, XPS and 
ESR spectra of V205/Ti02 samples after 
treatment with NH3 at reaction tempera- 
tures showed additional evidence for the 
dissociation of NH3 (38). After reaction 
with ammonia, the VzO5 sample showed a 
sharp signal in the ESR spectrum that may 
be ascribed to electrons trapped in oxygen 
vacancies; at the same time a N(ls) signal 
at 399.6 eV can be observed in the XPS 
spectrum; this binding energy is 1.3 eV 
lower than that reported for NH~VOJ or 
NH: adsorbed on V205 (IS) suggesting the 
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FIG. 6. AES spectrum of clean oxidized V105 com- 
pared to AES spectra for the adsorption of NO at RT 
(A) on a clean oxidized VZOs sample, (B) on a NH3- 
reduced VZ05 sample heated in UHV to 775 K, and (C) 
after heating (B) to 775 K in UHV. 
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FIG. 7. TDS spectrum for the desorption of N2 after 
adsorbing 25 Torr of NO at RT on a NH3-reduced V205 
sample. 

dissociation proposed. The observed value 
(399.6 eV) is close to that reported by Au 
and Roberts (39) for NH2 species adsorbed 
on clean and oxidized Mg(OOO1) crystals 
(399.0 eV) in the presence of OZ. However, 
although reporting the amide species, they 
do not characterize the bonding of the NH2 
species to the Mg(OOO1) surface. 

NO was not adsorbed on a clean oxidized 
V205 surface under our experimental condi- 
tions; NO could also not be adsorbed on 
V205 that was covered with a monolayer of 
preadsorbed NH3 (Fig. 6). NO adsorption 
at room temperature was observed on a 
VZOs sample previously reduced with am- 
monia and outgassed in UHV at 775 K (Fig. 
6). Heating the sample after NO adsorption 
to 775 K, the adsorbed species disappears. 
This result indicates that NO can interact 
with the reduced vanadium sites. In Fig. 7 
the TDS (following amu 28 (N:)) of that 
adsorbed species is shown. A peak cen- 
tered at 405 K is observed which indicates 
that at reaction temperatures the NO can 
reoxidize the reduced vanadium sites while 
being reduced to NZ. 

In a semiquantitative approach the NIV 
peak-to-peak ratio has been obtained from 
the AES spectra plotted in Figs. 2, 3, and 6 
(Table 1). From this ratio it is possible to 
state that at least two different nitrogenated 
species are held by the V205 surface in ad- 
sorbing NH3: the first has its maximum de- 
sorption rate at temperatures between 
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TABLE 1 

N/V Peak-to-Peak Ratio 

Adsorbate Treatment Temperature NIV 
(K) 

NH3 

NH3 
NH, 

NH3 

NH3 

NH, 

NO 
NO 

Oxidized 
NH,-reduced 
Cooled to RT 

in NH3 
Heated to 575 K 

in UHV 
Cooled to RT 

in NH3 
Heated to 675 K 

in UHV 
Oxidized 
Reduced 

300 0.21 
300 0.29 
575 0.18 

575 0.15 

675 0.12 

675 0.13 

300 0.00 
300 0.22 

room temperature and 575 K while the sec- 
ond has its maximum desorption rate be- 
tween 575 and 775 K; this is in agreement 
with the TDS results (Fig. 5). Surprisingly, 
after reaction in NH3 at 575 or 675 K the 
vanadia surface undergoes modifications 
that prevent any further NH3 adsorption at 
room temperature. If we compare the N/V 
ratio for NH3 adsorption at room tempera- 
ture (0.21) with the value obtained after re- 
action at 675 K and further cooling to room 
temperature (0.12) we must assume modifi- 
cation of the surface relative to the original 
one. This surface modification of the clean 
oxidized V205 surface cannot be ascribed to 
its reduction since the reduced surface ad- 
sorbs even more NH3 than the oxidized 
one, Table 1. Since the reaction proceeds in 
a closed system, the reaction products are 
present in the high pressure cell; these 
products, as demonstrated by TDS (Fig. 3) 
are NzO and H,O; assuming, according to 
Miyamoto er ul. (12, 18), that NrO may re- 
act with the reduced sites reoxidizing them, 
then only NH3, Nz, and Hz0 should be 
present in the reactor and the presence of 
water should be responsible for the differ- 
ence observed in Table 1. From this result it 
is possible to deduce either that H20 ad- 
sorption on the VI05 surface prevents any 
further ammonia adsorption or that the in- 

teraction of the NH3 molecules with the 
hydroxylated surface is so weak that NH3 
desorption takes place at room temperature 
in a UHV environment, 

Furthermore, the N/V peak-to-peak ratio 
for NO adsorption at room temperature is 
similar to that obtained for ammonia ad- 
sorption (Table I). This indicates that the 
number of adsorbed NO species is equal to 
the number of NH3-adsorbed species, 
pointing to a NO to NH3 ratio equal to one 
in the NO + NH3 reaction. 

(ii) Studies orz TiUz 

The adsorption of NO on TiOz has been 
studied by TDS as a function of tempera- 
ture. The shape of the TDS spectra is the 
same regardless of the adsorption tempera- 
ture and is characterized by a peak cen- 
tered at 385 K. Neither N? nor NzO was 
observed, indicating that NO adsorbs mo- 
lecularly on the Ti02 surface (Fig. 8). How- 
ever, the amount adsorbed decreases when 
the reaction temperature increases. If suc- 
cessive 18 L (I Langmuir = lo-” Torr x 

385 
I 

3 

FIG. 8. TDS spectra for the desorption of NO after 
adsorbing successive 18-L doses of NO to an oxidized 
TiOz surface. The bottom profile corresponds to the 
first dose. 
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set) doses of NO are provided to the TiOz 
surface, the amount adsorbed decreases to 
a level in which no more NO can be ad- 
sorbed, indicating a poisoning of the TiO* 
surface by NO species. When the adsorp- 
tion is carried out in the high pressure cell 
under 25 Ton- of NO, a single broad peak is 
observed in the TDS. This peak has higher 
desorption energy, the maximum appearing 
at 468 K. 

NH, adsorption also takes place on TiOz 
(Fig. 9). The TDS spectrum of ammonia is 
characterized by a single broad peak which 
is centered at 445 K after 5 L adsorption at 
RT. The temperature corresponding to the 
maximum in the TDS peak shifts to higher 
values when increasing the NH3 dose, indi- 
cating either a dependence of the binding 
energy on coverage or a population of dif- 
ferent TiOz sites. On adsorbing NH3 at ei- 
ther 373 or 473 K, a decrease in the amount 
adsorbed is observed as well as a shift to 
higher desorption temperatures (Fig. 9). 
When the NH3 adsorption is at 373 K, an 
NH, desorption peak in the TDS profile at 
495 K results; this peak position is indepen- 
dent of the NH3 dose, pointing to the exis- 
tence of different adsorption sites on the 
TiO;? surface. The TDS after NH3 adsorp- 
tion at 473 K results in a hardly noticeable 
peak at about 600 K, indicating that at this 
temperature almost all the active surface 
sites on the TiOz surface have been re- 
moved. 

325 425 525 625 725 
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FIG. 9. TDS spectra for the desorption of NH,. (A) 5 
L at RT; (B) 5 L at 375 K; (C) 5 L at 475 K. 

This points to an interaction between the 
ammonia molecule with the Ti02 surface 
through weakly bound hydroxyl groups 
that are easily removed by heating at mild 
temperatures. 

The reaction of NO and NH3 on the Ti02 
surface has also been studied by leaking a 
NO + NH3 (2: 3 ratio) mixture into the 
UHV chamber at doses up to 20 L. This 
experiment showed that neither N2 nor N20 
are desorbed from the Ti02 surface in the 
temperature range 300-700 K and that, 
therefore, there is no reduction of NO by 
NH3 occurring on TiO:! in this temperature 
range. 

DISCUSSION 

Although the NH3 + NO reaction has 
been the subject of numerous investigations 
(I), the nature of the active sites and of the 
reaction mechanism is still undetermined. 
The results described above provide some 
information on the role of the support and 
on the active phase of V205/Ti02 catalysts 
for the removal of nitrogen oxides in stack 
and power gas exhaust systems. 

The reduction of Vz05 in the presence of 
NH3, either as a bulk oxide or when sup- 
ported, is generally proposed in the litera- 
ture (18, 27). 

Our results clearly indicate that the sur- 
face of the V205 catalyst is reduced in the 
presence of NH3 and in the absence of NO, 
leaving behind a surface vacancy according 
to the following scheme: 

x 
VzOs + - NH3 + 

2 

V205-x + f NzO + $ H20. (1) 

The reduction of the V20s surface and 
the subsequent oxidation of the NH3 mole- 
cule to NzO has been demonstrated by TDS 
(Fig. 4). This result appears to contra- 
dict the NH3 - NO adduct proposed by 
Miyamoto (18, 28) and agrees with the 



78 ODRIOZOLA ET AL. 

scheme proposed by Bosch et al. (23), 

X 
V205 + - NH3 -+ 

2 

in which case the oxygen defect may be 
present as a surface vacancy or a surface 
hydrox yl group. 

Our results do not exclude the possible 
presence of hydroxyl groups or surface va- 
cancies. However, the presence of a sur- 
face vacancy or a hydroxyl group should 
depend on the temperature at which the re- 
action is carried out. Dehydroxylation of 
V205 and V205/Ti02 at temperatures below 
550 K has been mentioned in the literature 
(13,4(I). The reduction of the vanadium site 
by dehydroxylation has also been pointed 
out by Busca et al. (13). 

Although it has been shown that the pres- 
ence of water in the reactant mixture does 
not affect the temperature at which the 
maximum NO conversion occurs (41), it 
will be shown later in this article that sur- 
face hydroxylation is an important factor in 
the role of O2 species during the reaction. 

A difference between the stoichiometric 
scheme proposed by Bosch et al. (23) and 
that proposed here is the presence of N20 
instead of Nr. Thermodynamically, the 
N20 species is stable with respect to its de- 
composition into Nz and O2 at the reaction 
temperatures (575-675 K) and the stability 
increases with increasing temperature. 
Thus, the presence of N2 instead of N20 in 
the reaction products, as postulated in (23), 
must be due to a further interaction of N20 
with surface vacancies: 

VZO=,-~ + xNz0 -+ V205 + xN*. (3) 

Thus the surface is reoxidized to Vs+, while 
the N20 in turn is reduced to N2. In fact, by 
combining Eqs. (1) and (3) the scheme pro- 
posed by Bosch et al. (23), Eq. (2), is ob- 
tained. A reduction of N20 with NH3 to 
produce N2 and HZ0 which occurs on 
metals is not likely to occur on oxides. 

The desorption of N20 at reaction tem- 
peratures, leaving behind a reduced site, 
raises the question of which species is able 
to reoxidize such vanadium sites. Since the 
adsorption of NO on the reduced sites is 
possible (Fig. 6) and results in NO being 
reduced to N2 at reaction temperatures 
(Fig. 7), the following elementary step can 
also be proposed: 

V205pX + xN0 * V205 + ; NZ. (4) 

By combining Eqs. (l), (3), and (4) the 
overall reaction can be described as 

6N0 + 4NH3 + 5N2 + 6H20. (5) 

This stoichiometry, proposed by Nam et 
al. (26) for the NH3 + NO reaction on 
V205/Ti02 catalysts, cannot account for the 
drop in NO conversion in the absence of 02 
reported in the literature (II, 23, 2.5, 42). 

Taking into account the presence of 02 in 
the reaction mixture, the following step can 
also be hypothesized: 

v2oj-* + E 02 --jr vzos. 
2 (6) 

The overall reaction may then be written 

4N0 + 4NH3 + 02 -+ 4N2 + 6H20 (7) 

which is in good agreement with the stoi- 
chiometries proposed in the literature (43, 
44). This stoichiometry also fits the NO and 
NH3 coverages obtained by AES on V205 
(Table 1). 

The kinetics of the NH3 + NO reaction 
has been extensively studied (14, 27). 
While some disagreement appears in the lit- 
erature data (II, 16, 17, 19-26, 4.5), the ki- 
netic results may be summarized in an 
oversimplified manner: a positive order in 
NO and a zero or even slightly negative or- 
der in NH3. These results, however, are ob- 
tained at temperatures lower than 590 K, 
while the rate order Nam et al. (26) pro- 
posed (first order in both NO and NH3 fits 
the experimental results in the range 475- 
775 K. Further, it has been reported that in 
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the presence of 02 there is a change in the 
selectivity for the NO + NH3 + 02 reaction 
above 525 K (23). 

Our results on V205 indicate that NO can 
interact at low temperatures with a reduced 
vanadia surface but that it cannot be ad- 
sorbed on an oxidized surface (Fig. 6). To 
comply with the kinetic results described in 
the literature, one needs to assume NO ad- 
sorption on the support. On anatase at least 
two different NO species can adsorb. The 
first is weakly bound to the titania surface 
(Fig. 8); the second remains adsorbed even 
at 775 K and poisons the titania surface pre- 
venting further adsorption of NO mole- 
cules. When the NO pressure increases the 
adsorption energy of the weakly bound NO 
species increases and the maximum in the 
TDS spectra shifts from 385 to 468 K; there 
is then a possible source of NO molecules 
for the reduced vanadium sites at the TiOz 
surface. Also, a positive dependence on the 
amount adsorbed with pressure is observed 
fitting the positive order in NO observed in 
kinetic experiments. 

The elementary steps, Eqs. (1) to (7), de- 
scribed above cannot explain the presence 
of ammonia adsorbed on the vanadium cat- 
alyst in the high temperature range; in addi- 
tion these ammonia species are unreactive 
toward NO. This strongly adsorbed species 
might be understood as NH3 molecules that 
dissociate on the surface of the reduced 
V20s sample according to 

V@-x + xNH3 + 

V205 - $ (NH*)x + 5 H20. (8) 

Existence of this VNHz species finds 
support in XPS and ESR data (38). More- 
over, Otto et al. (14, 47) claim that the pri- 
mary step in the NH3 + NO reaction is the 
formation of NH2 species. In addition to 
this, spectroscopic evidence for the forma- 
tion of NH, species has also been exten- 
sively reported (48-50). 

Janssen et al. (27) proposed the hetero- 
lytic dissociation of NH3 over two adjacent 

VO groups, which after reaction with ad- 
sorbed NO is the source of N2 in the prod- 
ucts’ mainstream. This proposal is in agree- 
ment with the observation of Faber and 
Harris (42) of the formation of NH2N0. 
However, the fact that NH3 can adsorb on a 
reduced vanadia surface, leading to an ap- 
parent oxidation of vanadium species as ob- 
served by XPS (38) and the presence of 
ESR signals corresponding to electrons 
trapped in oxygen vacancies after NH3 
treatments (38), supports the idea of a dis- 
sociative homolytic adsorption on the re- 
duced surface activated at the reaction tem- 
peratures . 

Table 1 shows that ammonia does not ad- 
sorb or does so very weakly on fully hy- 
droxylated vanadia surfaces. In the ab- 
sence of O2 the removal of the adsorbed 
water is needed to reach a steady-state re- 
action (28, 28). If molecular oxygen is 
present, the oxidation of the hydroxylated 
reduced sites is easier than in the absence 
of O2 according to Wehrli and Stumm 
(46). 

At temperatures below 525 K, provided 
NH3 has reduced the vanadia surface and 
water has been formed, ammonia and nitric 
oxide can compete for the reduced surface 
sites, which in the absence of O2 leads to a 
decrease in the rate of NO reduction. This 
explains the generally agreed on effect of 
02 on the rate of NO reduction (I, 23, 25, 
4.5), namely, a sharp increase in the NO 
conversion in the presence of 02. 

O2 treatment at 675 K restores the origi- 
nal V205 surface, suggesting the oxidation 
of such VNH2 species in the presence of 
Oz. The stoichiometric step should be de- 
scribed by 

Vz05 - $ (NH2)x + x02 + 

V@-x + ; N20 + H20. (9) 

By combining the elementary steps de- 
scribed by Eqs. (5) and (7) to (9), the side 
reaction that leads to the increase in N20 
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concentration as the reaction temperature 
increases is obtained: 

2NH3 + 202 + N20 + 3HZ0. (10) 

Over V205, the evolution of N20 at tem- 
peratures above 675 K in the oxidation of 
NH3 has been reported (51). This side reac- 
tion may explain the change in selectivity 
for the NO reduction at temperatures above 
525 K (23). If a competitive adsorption 
takes place, the number of sites available 
for the reduction of NO may decrease, 
leading to a drop in NO conversion; addi- 
tionally, in the presence of O2 the VNH2 
species are oxidized to V5+ and N20, in- 
creasing the N20 concentration in the reac- 
tion products. 

On the basis of the large number of obser- 
vations reported, the two simultaneous re- 
action mechanisms proposed by Nam et al. 
(26) seem to agree with our results. 

However, for the case of supported V205 
other pathways for the production of N20 
may be considered, particularly the report 
that TiO;! is able to produce NzO (25). But, 
as shown earlier, N2 or NzO is not produced 
by the reaction of NO and NH3 on the TiOz 
surface. Thus, the reported production of 
N20 in the NO + NH3 reaction over TiOz 
samples (25) could be associated with the 
reduction of the TiO;! surface by NH3 at 
high temperatures, leading to the formation 
of N20 which is thermodynamically stable 
at temperatures of ca. 675 K. In fact, Busca 
et al. have reported the presence of NH3 
species held by Ti02 at temperatures higher 
than 750 K, and the presence of Ti3+ ions on 
vanadia/titania catalysts after reduction 
(52) gives support to the following step: 

Ti02 + xNH3 + 

g N20 -k !f HZ0 + TiOZeZx. (11) 

Interaction of two NO molecules at the 
titania surface should be dismissed as a 
source of N2 or N20 since it has not been 
possible to detect either species by TDS or 
TPRS. 

SUMMARY AND CONCLUSIONS 

The adsorption of NH3 and NO on pure 
vanadia and on TiOz under pressures (up to 
25 Torr) and at near-industrial temperatures 
(room temperature to 675 K) has been stud- 
ied by AES and TDS, using a UHV cham- 
ber equipped with a built-in high pressure 
cell (up to 1 atm). 

NH3 adsorption takes place over the 
whole range of temperatures studied on 
both V205 and reduced V205 surfaces while 
NO adsorption occurs only on reduced 
V205 surfaces. TiOz adsorbs NH3 as well as 
NO. 

The V20S/Ti02 catalyst currently em- 
ployed for reducing NO, emissions from 
power plants can be understood as a bifunc- 
tional catalyst. Extrapolating from the data 
with pure V205 and pure TiOz to Vz0JTi02 
catalysts, one can propose that the adsorp- 
tion of ammonia takes place mainly on the 
vanadium component causing the reduction 
of the original V5+ species. In turn the NO 
adsorption takes place on the TiOz support, 
since oxidized vanadia samples are com- 
pletely unable to adsorb NO. The reduction 
of NO to N2 would occur through a 
Langmuir-Hinshelwood mechanism or a 
spillover onto the surface of the vanadia 
component that implies the migration of the 
adsorbed NO species from the support to 
the reduced vanadium sites. In the absence 
of 02, however, the catalyst loses activity 
since the reduced vanadium species can in- 
teract with ammonia molecules in the gas 
phase, leading to the formation of VNH, 
species which are completely unreactive to- 
wards NO. 

Furthermore, oxidation of the NH3 to 
NzO has been demonstrated by TDS on oxi- 
dized vanadium species. It has also been 
shown that reduced vanadia can be oxi- 
dized by reduction of N20 to NZ. Since 
TiOz was not able to generate N20 after 
heating in NO at reaction temperatures, a 
similar redox cycle on the surface of the 
support involving ammonia is proposed. 
This also leads to the formation of NH, spe- 
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ties on the surface of the catalyst that, in 
the presence of 02, leads to the formation 
of N20, as has been reported in the litera- 
ture. This process also explains the de- 
crease in the catalytic activity as a function 
of the temperature because of the poisoning 
of active surface sites. 

ACKNOWLEDGMENTS 

This work was supported by the U.S.-Spain Joint 
Committee for Scientific and Technological Coopera- 
tion. Valuable discussions with Dr. J. Soria are appre- 
ciated. 

REFERENCES 

1. Bosch, II., and Janssen, F., Cutal. Today 2, 369 
(1988). 

2. Kozlowski, R., Pettifer, R. F., and Thomas, J. M., 

6. 

7. 

8. 

9. 

J. Phys. Chem. 87, 5176 (1983). 
Haber, J., Kozlowska, A., and Kozlowski, R., J. 
Caral. 102, 52 (1986). 
Kang, Z. C., and Bao, Q. X., Appl. Catul. 26,251 
(1986). 
Nishima, A., Kiyozumi, Y., Ueno, A., Kurita, 
M., Hagiwara, H., and Sato, T., Bull. Chem. Sot. 
Japan 53, 2101 (1980). 
Murakami, Y., Inomata, M., More, K., Ui, T., 
Suzuki, K., Miyamoto, A., and Hattori, T., in 
“Preparation of Catalysts III” (G. Poncelet, P. 
Grange, and P. A. Jacobs, Eds.), p. 531. Elsevier, 
Amsterdam, 1983. 
Gil-Llambias, F. J., Escudey, A. M., Fierro, 
J. L. G., and Lopez-Agudo, A., J. Catal. 95, 520 
(1985). 
Bond, G. C., Perez Zurita, J., and Flamerz, S., 
Appt. Catal. 27, 353 (1986). 
Roozeboom, F., Mittelmeyer-Hazeleger, M. C., 
Moulijn, J. A., Medema, J., de Beer, V. H. J., 
and Gellings, P. J., J. Phys. Chem. 84, 2783 
(1980). 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 
33. 

34. 
10. Saleh, R. Y., Wachs, I. E., Chan, S. S., and Cher- 

sich, C. C., J. Catal. 98, 102 (1986). 
II. Inomata, M., Miyamoto, A., and Murakami, Y., 

J. Catal. 62, 140 (1980). 35. 
12. Inomata, M., Mori, K., Miyamoto, A., Ui, T., 

and Murakami, Y., J. Phys. Chem. 87, 754 36. 
(1983). 

13. Busca, G., Marchetti, L., Centi, G., and Trifiro, 37. 
F., J. Chem. Sot. Faraday Trans. 1 81, 1003 
(1985). 38. 

14. Otto, K., Shelef, M., and Kummer, J. T., J. Phys. 
Chem. 74, 2690 (1970). 39. 

15. Takagi, M., Kawai, T., Soma, M., Onishi, T., and 
Tamaru, K., J. Catal. 50, 441 (1977). 40. 

Wu, S. C., and Nobe, K., Ind. Eng. Chem. Prod. 
Res. Deu. 16, 136 (1977). 
Bauerle, G. L., Wu, S. C., and Nobe, K., Ind. 
Eng. Chem. Prod. Res. Dev. 17, 117 (1978). 
Miyamoto, A., Kobayashi, K., Inomata, M., and 
Murakami, Y., J. Phys. Gem. 86,294s (1982). 
Silver, J. A., and Kolb, %. E., J. Phys. Chem. 86, 
3240 (1982). 
Stief, L. J., Brobst, W. D., Nava, D. F., 
Borkowski, R. P., and Michael, J. V., J. Chem. 
Sot. Faraday Trans. 2 78, 139 (1982). 
Wong, W. C., and Nobe, K., Ind. Eng. Chem. 
Prod. Res. Dev. 23, 564 (1984). 
Odenbrand, C. U. I., Lundin, S. T., and Ander- 
son, L. A. H., Appl. Catal. 18, 335 (1985). 
Bosch, H., Janssen, F. J. J. G., van der Kerkhof, 
F. M. G., Oldenziel, J., van Ommen, J. G., and 
Ross, J. R. H., Appl. Cural. 25, 239 (1986). 
Tuenter, G., van Leeuwen, W. F., and Snep- 
vangers, L. J. M., Ind. Eng. Chem. Prod. Res. 
Dev. 25, 633 (1986). 
Wong, W. C., and Nobe, K., Ind. Eng. Chem. 
Prod. Res. Dev. 25, 179 (1986). 
Nam, I., Eldridge, J. W., and Kittrell, J. R., 
Jnd. Eng. Chum. Prod. Res. Dev. 25, 186 ( 1986). 
Janssen, F. J. J. G., van der Kerkhof, F. M. G., 
Bosch, H., and Ross, J. R. H., J. Phys. Chem. 91, 
5921 (1987). 
Miyamoto, A., Inomata, M., Hattori, A., Ui, 
T., and Murakami, Y., J. Mol. Curul. 16, 315 
(1982). 
Bond, G. C., Perez Zurita, J., Flamerz, S., Gel- 
lings, P. J., Bosch, H., van Ommen, J. G., and 
Kip, B. J., Appl. Catal. 22, 361 (1986). 
Tsai, J., Agrawal, P. K., Foley, J. M., Katzer, 
J. R., and Manogue, W. H., J. Cuta/. 61, 192 
(1980). 
Tsai, J., Agrawal, P. K., Sullivan, D. R., Katzer, 
J. R., and Manogue, W. H., J. Catal. 61, 204 
(1980). 
Somorjai, G. A., Chem. Sot. Rev. 13, 321 (1984). 
Lewis, K., Oyama, T., and Somorjai, G. A., un- 
published results. 
Palmberg, P. W., Raich, G. E., Weber, R. E., and 
MacDonald, N. C., “Handbook of Auger Electron 
Spectroscopy,” Physical Electronics Industries, 
Inc., 1972. 
Szalkowski, F. J., and Somorjai, G. A., J. Phys. 
Chem. 56, 6097 (1972). 
Rao, C. N. R., Sarma, D. D., and Hedge, M. S., 
Proc. R. Sot. Lond. A 370, 269 (1980). 
Rao, C. N. R., Philos. Trans. R. Sot. Lond. Ser. 
A 318, 37 (1986). 
Odriozola, J. A., Soria, J., Somorjai, G. A., and 
Heinemann, H., submitted for publication. 
Au, C. T., and Roberts, M. W., J. Chem. Sot. 
Faraday Trans. 1, 83, 2047 (1987). 
Malet, P., private communication. 



82 ODRIOZOLA ET AL. 

41. Bauerle, G. L., Wu, S. C., and Nobe, K., Ind. 
Eng. Chem. Prod. Res. Dev. 14, 268 (1975). 

42. Farber, M., and Harris, S. P., J. Phys. Chem. 88, 
680 (1984). 

43. Mizumoto, M., Yamazoe, N., and Seiyama, T., 
J. Card. 59, 319 (1979). 

44. Seiyama, T., Mizumoto, M., Ishihara, T., and 
Yamazoe, N., Ind. Eng. Chem. Prod. Res. Dev. 
18, 279 (1979). 

45. Inomata, M., Miyamoto, A., Ui, T., Kobayashi, 
K., and Murakami, Y., Ind. Eng. Chem. Prod. 
Res. Dev. 21,424 (1982). 

46. Wehrli, B., and Stumm, W., Langmuir 4, 753 
(1988). 

47. Otto, K., and Shelef, M., J. Phys. Chem. 76, 37 
(1970). 

48. Farber, M., and Darnell, A. J., J. Phys. Cizem. 22, 
1261 (1954). 

49. Gaydon, A. B., and Wolfhard, H. F., Proc. R. 
Sot. Land. A 194, 169 (1948). 

50. Fogarty, B. B., and Wollhard, H. F., Nature 
(London) 168, 1112 (1951). 

52. Stringaro, J. P., and Gut, G., Chimiu 35, 231 
(1981). 

52. Soria, J., Conesa, J. C., Lopez Granados, N., 
Mariscal, R., Fierro, J. L. G., Garcia da la Banda, 
J. F., and Heinemann, H., J. Cntcd., in press. 


