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In order to clarify the mechanism of the selective catalytic reduc-
tion of nitric oxide with ammonia over a V,05(WO3)/TiO, commer-
cial SCR catalyst, measurements were made on the reaction rate,
rno, as a function of partial pressure of nitric oxide, Pno, partial
pressure of ammonia, Pnn,, and partial pressure of oxygen, Po,,
from 513 to 553 K under steady-state conditions. The adsorption
of NO and NH3 on the catalyst was also observed by infrared spec-
troscopy (DRIFT). The apparent reaction orders with respect to
NO were observed to be less than unity, 0.6-0.8. The reaction rate
was nearly independent on Pnp, at lower temperatures. As temper-
ature increased, rno became slightly increased with increasing Pnm,
at lower partial pressures of ammonia and tended to be saturated
with further increases of Pnn,. The dependence of ryo on Po, was
similar to that of Py, 'no increased with increasing Po, at lower
partial pressures of oxygen and was saturated with further increase
of Po,. The spectroscopic study showed that NO does not adsorb
significantly on the oxidized nor on the NH3 preadsorbed surface
of catalysts above at least 473 K. The SCR reaction was considered
to proceed as follows. NH3 adsorbed on the Brgnsted acid sites as
ammonium ions. Ammonium ions were activated with the termi-
nal oxygen groups, V*+=0, prior to the reaction with gaseous NO.
Subsequent reaction with NO produced N, H,0, and the hydroxyl
groups bonded to the reduced vanadium, V**—OH, which would be
reoxidized by oxygen to the V=0 species. The Bransted acid sites
where NH3 adsorbed were then recreated. The results obtained in
this study suggested that the Bransted acid sites and/or the V®*=0
species were equilibrated with the other species on the surface, im-
plying that the number of each site changed with the experimental
conditions such as Po,. The relative amount of the V3+=0 species
would vary from ~0.1 to ~0.4 with increasing Po,  ©1999 Academic

Press

1. INTRODUCTION

The selective catalytic reduction (SCR) of nitric ox-
ide (NO) with ammonia (NHj3) as reductant is the most
successful method for eliminating NO from waste gases
of stationary sources (1). It is generally accepted that
the SCR reaction occurs according to the following stoi-
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chiometry:
NO + NH3 +1/40, — N, + 3/2H,0. [1]

As commercial SCR catalysts, mixed oxides of V,0s5 and
WOj3; or MoOj3 supported on TiO; are commonly used be-
cause of their high catalytic activity. The addition of WO3
and MoQ;s is expected to improve the thermal stability and
retard the oxidation of SO, to SO3 (2, 3).

The SCR reaction is generally considered to occur
between strongly adsorbed NHj3 and gaseous or weakly ad-
sorbed NO over the V,0s-based catalysts (4-8). The reac-
tion mechanisms proposed often involve two adjacent vana-
dium species, namely the terminal oxygen species, V=0,
and the hydroxyl groups, V-OH (4, 9-11). Inomata et al.
(4) suggested that NO reacts with NH3 adsorbed on a site
composed of V-OH and an adjacent V=0 species. They
also found that the reaction rate is proportional to the
number of V=0 sites on the surface. Topsge et al. (9-11)
have put forward a mechanism, which also takes into ac-
count both V=0 and V—OH species, based on their spec-
troscopic study. They suggested that the activation of NH3
adsorbed on the Brgnsted acid sites with the V=0 species
is needed prior to the reaction with gaseous NO. On the
other hand, Ramis et al. (12) proposed a mechanism in-
volving a nitrosamidic intermediate on Lewis acid sites. In
line with this mechanism, Tufano and Turco (13) derived
the kinetic equation and suggested the formation of rela-
tively stable nitrosamidic intermediates at lower temper-
atures. Koebel and Elsener (14) also suggested that the
reaction proceeds by the Langmuir-Hinshelwood-type or
the nitrosamidic intermediate-type mechanism. The mech-
anistic aspects based on the literature published so far are
summarized and discussed in the recently published reviews
(15, 16).

The purpose of the present study is to obtain further un-
derstanding of the nature of commercial V,05(WO3)/TiO,
catalysts under the SCR reaction conditions. Along with
this, we measured the reaction rate as a function of par-
tial pressure of nitric oxide and ammonia under different
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oxygen partial pressures. The change of the reaction mech-
anism with the reaction conditions is also discussed.

2. EXPERIMENTS

Catalyst

The catalyst used in this study was obtained by gen-
tly crushing and sieving a commercial BASF honeycomb
monolith into particles of 100-180 ym in diameter. The
specific surface area measured by the BET method was
64.4 m?/g. The chemical composition of the catalyst was de-
termined by a Perkin-Elmer Plasma 2000 ICP-AES accord-
ing to the ASTM D3682 method; 1 wt% V,0s5 and 8 wt%
WOj3; supported on TiO, with silica-alumina-based material
as afiber, which is approximately 10 wt% of total. The cata-
lyst also contains small amounts of alkali metals and sulfur
species. From X-ray diffraction analysis, only the anatase
structure of TiO, was confirmed. The peaks of crystalline
V,05 and WO3 were not observed.

Infrared Spectroscopy

The infrared spectra (DRIFT) were collected using a
Mattson Polaris spectrometer with a heatable reaction cell,
with a resolution of 4 cm~1. The catalyst powder was pre-
heated in the reaction cell at 573 K for 1 h under a stream
of oxygen before adsorption of NO was carried out. After
being cooled down to the reported temperature which was
in the range RT to 473 K, the reaction cell was purged with
helium for 15 min. Then the catalyst was exposed to a gas
mixture of 1000 ppm NO and helium at each temperature.
The spectra were recorded as a function of the contact time
with NO-containing gas.

The infrared spectra of adsorption of NO on the NH;3
preadsorbed surface were collected as follows. After being
heated at 573 K for 1 h under astream of oxygen, the catalyst
powder was cooled down to 473 K in oxygen. Then the re-
action cell was purged with helium for 30 min. The catalyst
was exposed to a gas mixture of 1.5% NHj3 and nitrogen
for 30 min before being purged with helium for another
1 h. It was confirmed that the intensity of the bands due to
NH3 adsorbed on the catalyst surface does not change much
with the time of the purge with helium. A gas mixture of
1000 ppm NO and helium was then introduced to the reac-
tion cell at the same temperature. The change of the bands
of adsorbed species was observed as a function of contact
time of gaseous NO with a NH; preadsorbed surface.

Measurements of Reaction Rate

Measurements of the reaction rate were carried out un-
der steady-state conditions in a plug-flow micro-reactor
(5 mm in diameter). The concentration of reactants and
products was determined by a mass spectrometer (Balzers,
Type QMG 311). The flow contained ~3000 ppm of Ar as
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an internal standard for the analysis. The apparatus was es-
sentially the same as that described in the literature (17).
To avoid a homogeneous reaction, the flows of NH3; and
O, + NO were separately preheated in an electric oven
and were then mixed at the reaction temperature before
reaching the reactor. The operating conditions were total
flow rate (STP), 900 ml/min; total pressure, approximately
0.12 MPa; and reaction temperature, 513-553 K. The re-
action rate, ryo, was measured as a function of the partial
pressure of nitric oxide, Pno, and ammonia, Pnn,, under
different partial pressures of oxygen. In the measurements
of the dependence on Pno (Pno=~10-~130 Pa), Pyn,
was fixed to be approximately 74 Pa. To measure the influ-
ence of Pyn, (Pnn, = ~3—~130Pa), similarly Pyo was fixed
to be approximately 78 Pa. The measurements were per-
formed under different oxygen partial pressures from ~60
to ~6000 Pa. The catalyst was diluted with a proper amount
of inactive TiO, particles of the same diameter as the
catalyst used.

Preliminary experiments, with catalyst particles of sev-
eral sizes, showed that the effects of diffusion limitation in
the pore of the particles were negligible under the experi-
mental conditions mentioned above. Our calculations also
showed that the external diffusion limitation was absent.
Because we have not observed any side reactions, we only
considered the main reaction of SCR, which is represented
by Eq. [1]. The reaction rate, ryo, was calculated by the rate
expression for a differential reactor,

rno = Fo AXno/W, [2]

where F,?,o, AXpno, and W are the molar flow of NO ininlet,
the conversion of NO, and the catalyst weight, respectively.
The conversion of NO, AXyo, is less than 0.15 throughout
the experiments.

3. RESULTS AND DISCUSSION

Pno Dependence of ryo

Figures 1a and 1b show the dependence of ryo on the
partial pressure of nitric oxide, Pno, under different par-
tial pressures of oxygen at 513 and 553 K, respectively. The
reaction rate, ryo, increases with increasing both tempera-
ture and Pno. With increasing Po,, ryo increases and then
tends to saturate with further increase of Po,. At all tem-
peratures, the apparent reaction orders with respect to NO
are less than unity, 0.6-0.8. This observation is consistent
with those by other researchers (13, 14, 17, 18). Odenbrand
et al. (17) reported that the apparent reaction orders are
0.74-0.79 at 493-583 K for the V,;0s/TiO; catalyst. Lintz
and Turek (18) and Tufano and Turco (13) also reported
that the order of NO is less than unity, which depends on
the reaction temperature.
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FIG. 1. The dependence of the reaction rate, ryo, on the partial pres-

sure of NO, Pno, under different partial pressures of oxygen at (a) 513 K
and (b) 553 K, respectively. Curves were calculated by Eq. [18].

Concerning the dependence of the observed reaction or-
der with respect to NO on Po,, the order of NO was ob-
served to decrease somewhat with increasing Po,. This sug-
gests that the apparent reaction order may depend on the
oxidation state of the catalyst surface caused by reaction
conditions such as Po,.

Pnh, Dependence of ryo

Figures 2a and 2b show the dependence of ryo on the
partial pressure of ammonia, Pyn,, under different partial
pressures of oxygen at 513 and 553 K, respectively. The re-
action rate was nearly independent on Pyn, at lower tem-
peratures. As temperature increased, ryo slightly increased
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with increasing Pyn, at lower partial pressures of ammonia
and tended to be saturated with further increase of Pyp,.
Similar to the dependence of ryo on Pno under different
partial pressures of oxygen, ryo increases with increasing
Po, and then tends to saturate with further increase of Po,.

Infrared Spectroscopic Study

The adsorption of NO on the V,05/TiO; catalyst has been
studied by means of infrared spectroscopy (7, 12, 19, 20) and
other techniques (21, 22). The observations reported so far
concerning the adsorption of NO together with that of NH3
on the catalysts were reviewed by Busca et al. (15). Most of
the experimental results show that the interaction of NO
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FIG. 2. The dependence of the reaction rate, ryo, on the partial pres-
sure of NH3, Pynj, under different partial pressures of oxygen at (a) 513 K
and (b) 553 K, respectively. Curves were calculated by Eqg. [18].
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FIG.3. |Infrared spectra of the adsorption of NO on the

V,05(WO3)/TiO; catalyst at (A-C) RT, (D, E) 373, (F, G) 473,and (H, )
523 K. After being exposed to gaseous NO (1000 ppm) for (B) 20 and (C)
180 min at RT, (E) 240 min at 373 K, (G) 120 min at 473 K, and (I) 180 min
at 523 K. (A, D, F, and H): Backgrounds (after being heated in a stream
of oxygen and subsequently purged with helium at each temperature).

with the surface of the V,0s/TiO; catalyst is very weak. Es-
pecially on the oxidized surface of the V,05/TiO; catalyst,
NO probably does not adsorb. However, because of the va-
riety of experimental conditions as well as the catalyst itself
used for the measurements, it is still not clear whether NO
adsorbed on the catalyst participates in the SCR reaction
or not especially at lower temperatures.

Figure 3 shows typical infrared spectra of the catalyst af-
ter contact with gaseous NO at room temperature to 523 K.
At room temperature, several bands due to the adsorbed
NO species were observed. They increase in intensity with
increasing contact time and then become constant. The NO
adsorption seems to become weak with increasing tempera-
ture because the intensity of the NO band decreases greatly
by increasing adsorption temperatures up to 373 K. Accord-
ing to Ramis et al. (12) and Dines et al. (23), for example,
the bands at 1620 and 1582 cm~! are assigned to differ-
ent types of surface nitrate species. However, above 473 K,
no NO adsorption was observed over the oxidized catalyst
surface. Because we used a commercial SCR catalyst which
contains several metal compounds such as silica-based ma-
terial as well as active components, it is more difficult to
assign the observed bands to the exact adsorption species.

As shown in Fig. 4, ammonia adsorption on both the
Brgnsted and the Lewis acid sites is observed after con-
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tact with gaseous NH3 at 473 K. The band at 1423 cm~* and
broad extension around 2800-3000 cm™~! are assigned to
ammonium ions, NH; (7, 24). As to NH3 adsorbed on the
Lewis sites, the bands at 1607 and 3258 cm~* are confirmed
(7, 24). After being exposed to gaseous NO (a mixture of
1000 ppm NO and He) at the same temperature, the bands
due to both NHI ions and coordinatively adsorbed NH;
decrease in intensity with increasing contact time probably
due to the reaction with gaseous NO. The formation of ad-
sorbed water is observed (band at 1613 cm™1). Even after
all bands of adsorbed ammonia disappear, no band due to
the NO adsorption is observed at 473 K.

Because significant NO adsorption is neither observed on
the oxidized nor the NH3 preadsorbed surface above 473 K,
the adsorbed NO species probably do not participate in the
SCR reaction. The reaction might occur between adsorbed
NH3 species and gaseous NO at least above certain temper-
atures.

Attempt to Apply Previously Reported
Reaction Mechanisms

Because no significant amount of NO adsorbed was ob-
served above 473 K although the observed reaction order
with respect to NO has been confirmed to be less than unity,
the reaction mechanisms, which involve the adsorption of
NO (14, 19), were not concerned in this study. Instead we
first tried to fit Eq. [3] to the observed relationship between
rno and Pyo to examine how the kinetic parameters change
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FIG. 4. Infrared spectra of the adsorption of NO on the NHj; pread-

sorbed V,05(WO3)/TiO; catalyst at 473 K. (A) after being heated in a
stream of oxygen at 593 K, (B) after being exposed to gaseous NH3 and
subsequently purged with helium at 473 K, (C-F) after being exposed to
gaseous NO (1000 ppm) for (C) 60, (D) 90, (E) 120, and (F) 180 min at
473 K.
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with Poz.

_ Pyvo
i+ %Py’
where g; and g, are expected to be functions of Pg,. For the
dependence of ryo on Pyn, under different partial pressures

of oxygen, similarly we tried to fit Eq. [4] to the observed
results.

3]

'no

B PNH;
O + 94Pum,

where gz and g4 are also functions of Po,. From the re-
sults of this preliminary curve fitting, we found that g; is
nearly proportional to P521/4 and g, is almost independent
on Po,. It was also found that the dependence of g; on Po,
is weak and g4 is nearly proportional to P521/4. It suggests
that the apparent kinetic parameters involved in the SCR
reaction change with Po,. This behavior can be explained
neither by the simple Eley-Rideal type equation (4, 25) nor
by the rate equation proposed by Dumesic et al. (26), which
involves the activation process of adsorbed NH; with the
V=0 species. Thus we tried to derive a kinetic equation
based on the reaction scheme proposed by Inomata et al.
(4) and Topsge et al. (9-11) so as to explain this apparent
kinetic behavior.

[4]

'no

Derivation of the Kinetic Equation

Physicochemical properties of the ternary V,Os5-WO3/
TiO, system have been intensively investigated for a home-
made catalyst (27) and a commercial one (28). The interac-
tion of V,05 and WOj3; and the TiO; support has been sug-
gested to explain their higher catalytic activity compared to
the corresponding binary catalyst (28). However the cata-
lytic activity of WO3/TiO; itself is relatively low compared
with that of V,0s/TiO, especially at lower temperatures.
Thus in this study, as our first trial, we assumed that only
vanadium is a major active component on the surface for
the SCR reaction.

According to the mechanism proposed by Inomata et al.
(4) and recently by Topsge et al. (9-11), the SCR reaction
requires two different functionalities, namely the Bransted
acidity and the redox sites. Concerning the NH3 adsorption
sites, it has been suggested by some researchers that NH;
takes part in the reaction in form of ammonium ions on the
Brgnsted acid sites (4, 6, 7, 29, 30). Our previous studies also
show that NH3 adsorbed on the Brgnsted acid sites is one
of major intermediates of the SCR reaction (31). For the
V,05(WO3)/TiO, catalyst poisoned by different amounts of
potassium oxide, the SCR activity decreases in asimilar way
with the decrease of the amount of NHz adsorbed on the
catalyst surface. The spectroscopic study shows that large
the decrease of the amount of NH3; adsorbed may be due
to the decrease of the Brgnsted acid sites by potassium
poisoning (31). The loss of Brgnsted acid sites by poisoning
has been also found by Chen and Yang (30), suggesting
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the participation of NH; ions in the SCR reaction. The
equilibrium of NHj3 adsorption on the Bransted acid sites
can be expressed by

V5*—OH + NH3 < V**-ONH,
ONH, [5]

KNH3 = =~
Svs+—oH PnH,

where Knn, and 6yn, are the equilibrium constant for NH3;
adsorption and the surface coverage of NH3 adsorbed as
ammonium ions to the total number of the sites, respec-
tively. The term ss+ _on represents the ratio of the Brgnsted
acid sites, which are not occupied by adsorbed NH3, to the
total number of the sites on the surface. Hereafter a suffix
of 6, s, and S indicates the type of the adsorptive and/or the
surface species such as V°*=0 and V>*-OH. Prior to the
reaction with gaseous NO, NH3 adsorbed on the Brgnsted
acid sites is activated with the VV>*=0O species. The forma-
tion of the active intermediate which comprises both NH3
adsorbed on the VV®**—OH sites and the V°*=0 sites leads
to the reduction of the V>*=0 sites.

V3*-ONH, + V3*=0 — V**-ONH-OV*".  [6]

Subsequent reaction with NO produces N;, H,O, and
the hydroxyl groups bonded to the reduced vanadium,
V4*—OH. The Brgnsted acid sites, V°™—OH, which origi-
nally exist on the surface, are then recreated.

V> -ONH;-OV** + NO
— Nz + H,0 + V**-OH + V**-OH. [71

The production of the reduced V**—-OH groups during the
SCR reaction has been confirmed by means of infrared
spectroscopy (9, 10). Assuming that the reactions [6] and
[7] are under steady state, the time derivatives of the species
are zero. Thus, the following relationship can be obtained.

dt
=0= kleNH3s\/5+=O - k23\/5+—ONH4+—OV4+ Prno, [8]

where k; and k; are the rate constants for reactions [6] and
[7], respectively. According to Topsge et al. (10), the re-
generation of the VV°*=0 species occurs through two steps,
which involve the production of V3* and the oxidation of
this reduced species by gaseous O,. However, to make the
discussion simple, we assumed here that the newly pro-
duced V**—OH groups are simply oxidized by gaseous O
according to the following equilibrium.

VH-OH +1/4 0, & V**=0 +1/2 H,0

S _oPil2 [9]

Kox =
14’
Sy4+-0OH I:)o/z
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where Koy is the equilibrium constant for the reoxidation
of the V#*—OH groups to the V>*=0 species.

As mentioned above, the result of the preliminary param-
eter fitting (using Egs. [3] and [4]) shows that the Kinetic pa-
rameters involved in the SCR reaction apparently change
with Po,. Therefore we tried to estimate how the number
of the active sites changes with the reaction condition. As
a first approximation, we assumed that only two kinds of
species, V°T=0 and V°"-OH, originally exist on the sur-
face before the SCR reaction occurs. The total number of
these sites can be expected to be constant.

Sysi—o + Sysi—on = 1,

where Sys+=p and Sys:—o are the ratio of the number of the
V=0 and the V>*—OH species to the total, respectively.
Here we introduce the ratio of Sysi=g t0 Sysi—on, M, iNto
Eq. [10]. Thus Sys+=p and Sys+—on are given by

[10]

m
S/S-%—:o = H—m [11]
and
1
Syst_oH = l—i-—m [12]

respectively. The ratio, m, is considered to be a function
of Po, and Py,0. Under the reaction conditions, the site
balances for each original site, V**—OH and V°>*=0, are
preserved according to

Sv5+:o = Sys+=0 + Sy4+_OH T+ S\/”—ONHI—OV“ [13]

and

Syst-0H = Svst-0H + ONH; + Sysi—onH; —ov*- [14]
Because NH; may preferentially adsorb on the
Brognsted acid sites, the ratio of the active intermediate,
Sys+-ONHZ -OV#+ would be sufficiently small
(S\/5+—0NH4+—ov4+ < OnHs)- Therefore Eq. [14] can be simpli-
fied to Eq. [15].
Sys+—0oH = Svst-oH T ONH;- [15]
From Egs. [5] and [15], the coverage of NH3 adsorbed on
the Brgnsted acid sites is given by

KNH; PNH;

_OnHsPNH; [16]
1 + KNH3 IDNHQ;

ONH; = Sys+_oH

Similarly, from Egs. [8], [9], and [13], the ratio of the V>*=0O
species to the total during the SCR reaction is given by

S/5+:O

Sys+—0 = ;
14 P&éo + K1OnHy
Kox Pé/; ks Pno

[17]
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Under steady-state conditions, the reaction rates repre-
sented by Eqs. [6] and [7] are the same. Therefore, using
Eqgs. [11], [12], [16], and [17], the total reaction rate, rno, iS
given by

rno = KiSys+—oOnH;,

_om KnH, Pam, ki
(1 + m)2 1+ KNH3 I:)NH3 1+ P:i/zzo + Ky KNH3 Pumg
Kox Pé/; (1+m)kz Pno 14 Knkg P
[18]

Determination of Kinetic Parameters

In Eq. [18], four parameters, Knn,, K1, K2, Kox, are ex-
pected to be constant at each temperature. However the
ratio of Sysi=g t0 Sys1—on, M, May depend on the reaction
condition such as Pg, because the V°+=Q sites and/or the
hydroxyl groups are expected to be equilibrated with oxy-
gen and water in the gas phase. We tried to fit Eq. [18] to
the observed kinetic data shown in Figs. 1 and 2 with Kyp,,
ki, ko, Kox, and m as parameters. Because it is difficult to
determine these parameters accurately at a time, first we es-
timated the parameters by the trial-and-error method and
then determined them more accurately by the least-squares
method. This preliminary calculation shows that Kox does
not much affect the behavior of ryo, suggesting that the
equilibrium of Eq. [9] is far from the left. Thus we contin-
ued to fit Eq. [18] to the data without the parameter Kox
by the least-squares method.

Figures 1 and 2 show the fitted curves together with ob-
served data points. Figure 5 shows the dependence of deter-
mined Ky, K1, and k, on temperature. The ratio of Sys+=g

—_ 2 2
T o k Ak, O Ky
[a
IO
o -4 |- -0
i D———-Cl/j
E _
— ]
g ©
< o
Tox -6 1 2 z
N o
N o
E 5
= -8 — -4
13
< A‘—N
=
S
= -0 : : : -6

1.7 1.8 1.9 2 2.1
1000/ (17K 1)

FIG.5. The dependence of the calculated kinetic parameters, k; and
ks, and equilibrium constant for NHs adsorption, Kyn,, On temperature.
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to the V®*—OH groups, m, on the partial pressure of oxygen, Po,. Open
and closed symbols were obtained from the dependence of ryo on Pno
and Py, respectively.

to Sys+—on, M, is shown in Fig. 6 as a function of Po,. We
discuss the nature of the surface species using determined
kinetic parameters in following paragraph.

Nature of Surface Species

As shown in Fig. 6, the ratio of Sysi=g t0 Sysi—on, M,
is essentially proportional to Péé * at all temperatures. The
values, especially determined from the dependence of ryo
on Pyn,, scatter greatly at higher partial pressures of oxy-
gen. Using the determined m, Sysi=¢ and Sys+—on Can be
calculated by Egs. [11] and [12], respectively. The relative
amount of the V°*=0 species varies from ~0.1 to ~0.4
with increasing Po,. It suggests that the importance of the
V5*+*=0 and V°**-OH species for the SCR reaction could
change with Po, as suggested by Topsge et al. (9, 10) from
their in situ spectroscopic study.

A close relationship between the existence of the surface
species, such as the V=0 species and the hydroxyl groups,
and the crystalline plane of bulk V,0Os5 has been suggested
(6, 32). Gasior et al. (6) found that the hydroxyl groups
are mainly located on the (100) plane of V,0s5 explaining
that the SCR reaction proceeds with participation of NH3
adsorbed on the Brgnsted acid sites. Andersson (32) also
suggested that the V=0 sites are mainly located on the
(010) plane whereas the hydroxyl groups on the (100) and
(001) planes of V,0s. As to V,0s5 supported on TiOy, it has
been suggested that the (010) plane where the V=0 sites
are located is preferentially exposed to the surface (33).
Regarding a commercial SCR catalyst which has low vana-
dium contents, normally ~1 wt%, the surface vanadium
species are expected to be isolated. Because the ratio of the
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number of V**=0 to V>*-OH sites apparently changes
with Po, as shown in Fig. 6, the number of the surface hy-
droxyl groups and/or the terminal V=0 sites may be easily
changed. The nature of such well-dispersed species is prob-
ably different from that expected for the surface of the bulk
compounds. There are several kinds of equilibrium which
could explain the observed dependence of m on Po,. Con-
cerning the V=0 species, one possible equilibrium is

V=0 +1/2 H;0 < V-OH + 1/4 O,. [19]
The V=0 species are equilibrated with the hydroxyl groups
bonded to the reduced vanadium sites. If we assume the
participation of the unsaturated vanadium atoms in this
equilibrium, the relationship between the V=0 and the
other species would be more complex.

V=0 <V +1/20,
V=0 +V + H,0 < 2 V-OH.

[20]

Further study concerning the chemistry of such surface
species is still required to verify their nature in detail.

The activation energies of the rate constants, k; and ko,
are 36 and 49 kJ/mol, respectively. The heat of NH3; ad-
sorption is 88 kJ/mol. The equilibrium constant for NH;
adsorption is approximately 0.2 Pa~* at 533 K which is com-
parable to that determined by the NH3 chemisorption mea-
surements, ~0.3 Pa~* (31).

As mentioned above, the equilibrium constant for the re-
oxidation step of V4**-OH to the V=0 species, Koy, is
found to be large in this study. It suggests that the V**-OH
groups formed by the SCR reaction are readily oxidized
to the V°+=0 species. Under typical industrial conditions,
however, the water concentration is much higher compared
with that in this study (probably Py,0 < ~10 Pa). The re-
oxidation of the V4*—OH groups produced by the SCR re-
action is reasonably considered to be slower under such
conditions. The effect of water on the kinetics would be
very important under industrial SCR conditions.

4. CONCLUSIONS

The kinetics of the selective reduction of NO with NH;
over a commercial V,05(WO3)/TiO, catalyst was studied.
The observed kinetic behavior was well explained by a re-
action mechanism based on the ones proposed by Inomata
etal. (4) and Topsge etal. (9, 10). The SCR reaction proceeds
via two functionalities of the catalyst, namely the Brgnsted
acid sites and the redox sites. Ammonia takes part in the
reaction in the form of ammonium ions on the Brgnsted
acid sites. The activation step of adsorbed NHj3; with the
V=0 sites might be needed prior to the reaction with
gaseous NO. The reduced V°*=0 sites, newly formed hy-
droxyl groups V4*—OH, are reoxidized by gaseous oxygen
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under the reaction conditions examined. Under industrial
SCR conditions, the effect of this reoxidation step would
become more important because of the higher water con-
centrations. The ratio of the number of the V°*=0 species
to the Bransted acid sites, V°*-OH, is apparently changed
with Po,. The relative amount of the V3*t=0 sites varies
from ~0.1 to ~0.4 with increasing Po, in this study. From
this study, it was suggested that the nature of well-dispersed
vanadium species on such commercial catalyst is different
from that expected for the surface of the bulk V,0s. The
fiber materials, alkali metals, and sulfur species on the sur-
face also might make a difference to the acidic nature of the
commercial catalyst from one expected for the V,05/TiO,
catalyst.
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