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Transient kinetic study of the SCR-DeNOQO, reaction
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Abstract

The unsteady-state kinetics of the selective catalytic reduction (SCR) of NO with NHj is studied over V,0s—WO3/TiO,
model catalysts by means of the transient response method. NHj; strongly adsorbs onto the catalyst surface whereas NO does
not adsorb appreciably. A dynamic mathematical model based on a Temkin-type desorption process for NH; and a SCR
reaction rate with a complex dependence on the ammonia surface coverage is well suited to represent the data. © 1998
Elsevier Science B.V. All rights reserved.
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1. Introduction

The NO, removal from the flue gases of stationary
sources (DeNO,ing) is efficiently achieved by using
the SCR (selective catalytic reduction) technique. In
this process, ammonia is injected in the flue gases and
NO, are eliminated via following reaction [1,2]:

4NH;3; +4NO + O, — 4N, + 6H,0 (1)

Operation of industrial SCR reactors often involves
transient conditions associated e.g. with load varia-
tions and start-up or shut down of the plant. Also, the
SCR technology has been proposed for NO, abate-
ment in systems characterized by fast load changes,
such as diesel engines [3,4].

Accordingly, a study of the DeNO, reaction under
non-stationary conditions has been undertaken in our
labs, aiming at obtaining additional insight on the
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dynamics of the SCR process and on the mechanistic
features of the reaction under both steady- and
unsteady-state conditions. For this purpose, the tran-
sient response method [5] has been applied: perturba-
tions are imposed to the reacting system (e.g. step
changes in the inlet reactant concentration) and the
transient response is analyzed. The characteristics of
the response reflect the sequence of the elementary
steps of the reaction, therefore, these methods are able
to provide, in principle, mechanistic evidence that
cannot be collected under steady-state conditions,
where all the steps of the reaction are progressing
at the same rate. Finally, in order to obtain quantitative
kinetic indications, the results of the transient experi-
ments have been analyzed according to a simple
dynamic model of the reacting system.

2. Experimental

Sub-monolayer V,0s5/TiO, (V,05=1.47% wiw,
6y=0.21, S,=46m?g) and V,0s—WO,/TiO,

0920-5861/98/$ — see front matter © 1998 Elsevier Science B.V. All rights reserved.

PII: S0920-5861(98)00253-3



86 L. Lietti et al./Catalysis Today 45 (1998) 85-92

(V5,05=1.47% wiw and WO3=9% w/w, 6y=0.12,
Ow=0.67 and S,=80 mz/g) model catalysts were
used in this study. The transient experiments were
performed in a flow-microreactor system, consisting
in a small quartz tube (6 mm i.d.) connected to a
mass spectrometer. The reactor contained 160 mg of
catalyst (60—100 mesh). A stream of He+1% v/v O,
(120 cc/min  STP) was used, containing 700 ppm
NH3; and 700 ppm NO. Abrupt switches in the reactant
feed concentration were performed by means
of a four-port valve positioned at the reactor inlet.
Further details on the catalyst preparation and
characterization and on the apparatus can be found

3. Results and discussion

3.1. Transient kinetics of NH3z and NO
adsorption—desorption

The dynamic adsorption—desorption of the SCR
reactants (i.e. NH3 and NO) in flowing He+1% v/v
O, has been investigated at first. A typical result
obtained in the case of a rectangular step feed of
ammonia performed at 220°C over the V,05—WO3/
TiO, model catalyst is presented in Fig. 1(A), along
with the ideal ammonia inlet concentration (dashed
lines). Upon the NHj step addition (at =0 s), the
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Fig. 1. Dynamic adsorption—desorption of NH; (A) and NO (B) on a model V,0s—WO3/TiO, catalyst at 220°C. Dashed line: ideal step; solid
lines: model fit.
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increased with time, approaching the ammonia inlet
concentration (700 ppm) only after ~500s. This
clearly indicates that ammonia is involved in adsorp-
tion—desorption processes at the catalyst surface.
Along similar lines, upon the ammonia shut-off
(t=1000s) the reactor outlet NHj3 concentration
slowly decreases with time due to the desorption of
previously adsorbed ammonia. Complete desorption
of NHj is not yet achieved after 2200 s, as shown by
the lower value of area A, if compared with A;. This
indicates that part of the pre-adsorbed ammonia is
strongly adsorbed on the catalyst surface. The NHj;
dynamic adsorption—desorption experiments were
also performed at higher temperatures, in the range
220-400°C. On increasing the catalyst temperature,
the variations in the ammonia outlet concentration
during the adsorption step are faster and the amount of
ammonia adsorbed on the catalyst surface is reduced,
in line with the increased rates of the adsorption—
desorption processes and with the exothermicity of the
NH; adsorption.

Rectangular inlet step feeds were also performed
with NO, and a typical result is shown in Fig. 1(B). It
appears that the reactor outlet NO concentration
curves closely resemble that of the inlet NO concen-
tration: this indicates that NO does not appreciably
adsorb onto the catalyst surface, in line with literature
data [8]. Similar results have also been obtained over
the binary V,05/TiO, sample.

3.2.  Transient kinetics of SCR of NO by NH;

The dynamics of the SCR reaction has also been
investigated. Accordingly, step feed experiments of
NH3;, NO and O, have been performed, while keeping
constant the concentration of the other reactants.
Fig. 2(A) shows a typical result obtained upon per-
forming step changes of the NHj reactor inlet con-
centration at 220°C in He+NO 700 ppm+0, 1% v/v.
The figure reports the evolution with time of NH;3, N,
and NO concentrations.

Upon the NHj step feed at =0 s, the NO reactor
outlet concentration decreased due to the occurrence
of the SCR reaction. The evolution with time of the
ammonia, NO and N, concentrations shows different
transient behaviors: the NHj3 concentration profile
exhibits a dead time (/250s) and then slowly
increases with time on stream to the new steady-state

value, that is reached only after 800 s. On the other
hand, the NO concentration trace does not show any
dead time and decreases to its new steady-state value,
reached after 300 s. The evolution with time of N, and
of H,O (not reported in Fig. 2) is specular to that of
NO. No formation of other species (e.g. N,O) was
observed. It is worth of note that after 300 s, the
reactor outlet NO concentration (and hence the NO
conversion) is virtually constant, whereas the NHj3
concentration is still increasing. This is a clear indica-
tion of the fact that the NO conversion does not depend
on the ammonia surface coverage (Onm,) for Onm,
values above a characteristic ‘critical’ value.

A different transient behavior is observed upon the
NH; shut-off (r=1000 s). Indeed whereas the NH;
concentration dropped to zero, the NO concentration
signal was not apparently affected; only after several
minutes it began to increase up to the inlet concentra-
tion value. Again this indicates that the rate of the SCR
reaction does not depend on fny, above a character-
istic ‘critical’ value. The fact that NO is consumed
even in the absence of gas-phase ammonia suggests
that a ‘reservoir’ of adsorbed ammonia species avail-
able for the reaction is present on the catalyst surface.

Similar results were obtained by performing the
NH; step-feed experiments at higher temperatures
(280 and 350°C). In particular on increasing the
reaction temperature: (i) the steady-state NO conver-
sion is increased, (ii) the NH; and NO steady-state
concentration levels are more rapidly reached; (iii) the
‘dead time’ in the variation of the NO concentration
that is observed upon the ammonia shut-off
(Fig. 2(A)) is reduced. Such temperature effects are
in line with both the exothermicity of the NH;3 adsorp-
tion and with the increased rate of the surface reaction,
which result in lower ammonia surface coverage.
Accordingly at low Ong, values the rate of NO con-
sumption becomes dependent on the ammonia surface
concentration, so that the evolution of NO closely
follows that of NHj;.

The dynamic behavior of the SCR reaction upon
step changes in the NO reactor inlet concentration has
also been investigated. Fig. 2(B) show typical results
obtained upon performing a rectangular step feed of
NO at 493 K. Upon the NO step feed (=0 s) the NH;
reactor outlet concentration immediately decreases
due to the occurrence of the SCR reaction, and a
parallel evolution of N, and of water (not reported
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Fig. 2. Dynamic response upon step feed and shut-off of NH; (A), NO (B) and O, (C) on a model V,05—WO5/TiO; catalyst at 220°C. Dashed

line: ideal step; solid lines: model fit.

in the figure) is observed. Along similar lines, upon the
NO shut-off, the NO, NH; and N, reactor outlet
concentration reach their steady-state values immedi-
ately. This picture significantly differs from that
observed during the corresponding NHj step feed
experiments reported in Fig. 2(A). The observed tran-
sient responses are typical of a reaction involving a

strongly adsorbed species (NH3) and a gas-phase or
weakly adsorbed species (NO). Indeed, upon the NH3
admission and shut-off (Fig. 2(A)), the NO (and NHj3)
response is slow due to the fact that ammonia is
involved in adsorption—desorption processes; on the
other hand, the opposite is observed upon switches of
NO (Fig. 2(B)). These data, along with the results of
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the adsorption—desorption experiments shown in
Fig. 1, are in line with the hypothesis of an Eley-
Rideal mechanism for the SCR reaction involving
strongly adsorbed NH; and gas-phase or weakly
adsorbed NO.

Finally, the role of oxygen in the SCR reaction has
been investigated. Fig. 2(C) shows that upon the O,
shut-off at r=0s the NH; concentration slowly
increases to the new steady state value, whereas a
more rapid transient behavior is observed for NO. It is
also noted that in the absence of oxygen the NH; and
NO steady-state levels differs, in line with the follow-
ing stoichiometry of the SCR reaction:

4NH; + 6 NO — 5N, + 6 H,O 2)

The NHj transient response could be explained by
considering that, due to the low rate of the SCR
reaction in the absence of oxygen, higher NH; surface
coverage are expected and accordingly ammonia is
adsorbed from the gas-phase until the new value is
attained. On the other hand, the fact that the NO
concentration does not reach the new steady-state
value immediately, can be tentatively explained by
considering that either adsorbed or catalyst lattice
oxygen is available for the reaction so that the SCR
reaction occurs via the faster reaction (1) instead of
reaction (2). By assuming that only the vanadium
catalyst lattice oxygen is involved in the reaction
and that V7 is reduced to V4+, it is estimated that
the reduction process involves roughly 3% of V>,
This amount increases up to ~12% when the O, pulses
are performed at 280°C.

Upon the O, re-admission at t=1000 s, NO rapidly
reaches its new steady-state value whereas the reactor
outlet NH; concentration at first increases and then
decreases to the steady-state level. This particular
behavior can be tentatively explained by considering
that upon the catalyst reoxidation the temperature of
the catalyst is increased, thus leading to the observed
NH; desorption peak.

The data presented in Fig. 2 clearly show that the
SCR reaction is faster in the presence of oxygen than
in its absence, since a higher NO conversion is
attained. This is in line with the well known promoting
effect of the gas-phase oxygen on the SCR reaction.
As pointed out in previous works [9-11] the SCR
reaction occurs via a redox mechanism, which
involves at first the catalyst lattice oxygen, followed

by catalyst reoxidation by gas-phase oxygen. Oxygen
accelerates the SCR reaction by increasing the rate of
the reoxidation process, which in the absence of
oxygen is carried out by NO. Several data have been
reported in the literature concerning the possible role
of oxygen in the NO oxidation and adsorption on the
catalyst surface, but this feature seems to be more
likely for Cu- [12-14], Cr- [15] or Mn-based [16,17]
catalysts. As matter of facts, our data show that NO is
not appreciably adsorbed on the catalyst surface even
in the presence of oxygen (see Fig. 1), thus apparently
ruling out a mechanism which involves NO oxidation
and adsorption on the catalyst surface.

3.3.  Kinetic analysis of the transient experiments

The results of the dynamic NH; adsorption—deso-
rption and of the NH; and NO step feed experiments
performed at different temperatures have been ana-
lyzed according to a dynamic one-dimensional hetero-
geneous PFR model and fitted by non linear regression
to provide estimates of the relevant kinetic parameters.
The O, transient experiments have not been analyzed
and accordingly only qualitative information have
been derived from these experiments. On the basis
of diagnostic criteria, the influence of both intrapar-
ticle catalyst gradients and external mass transfer
limitations were found negligible. Under these
hypotheses, the unsteady mass balance of NHj3 on
the catalyst surface and of NH; and NO in the gas-
phase were written (Egs. (1-3) of Table 1, respec-
tively), where Cnp, and Cno represent the NH; and
NO gas-phase concentration, respectively; r,, rq and
rno the rate of adsorption, desorption and of NO
consumption, respectively; v is the interstitial gas
velocity, z the reactor axial coordinate and €2 the
catalyst NH3 adsorption capacity. On the basis of

Table 1
Unsteady mass balances of NH; on the catalyst surface (1) and of
NH; (2) and NO (3) in the gas phase

06,
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preliminary fits of the experimental data, it was found
that the NH; adsorption occurs via a non-activated
process, described by the rate expression
ry = k%Cnp, (1 — Onp, ), with k9=constant. An acti-
vated kinetic rate expression was instead used for
NH; desorption (rq = kj exp(—Ea/RT)0nn, ). Differ-
ent dependence of E4 on Onp, have been used, includ-
ing Eg=constant (Langmuir) and more complicate
expressions that take into account the catalyst surface
heterogeneity. These included Temkin-type (Eq=
E5(1 — afnp,)), modified Temkin-type (Eq = E§
(1 —afRy,)) and  Freundlich  (Eq = E§exp
(—afnm,)) coverage dependence of Ey4, along with
more complicate empirical expressions. Also, differ-
ent rate expressions have been tested for the SCR
reaction (ryo). These always include a first order
dependency on Cyo, and various order dependencies
with respect to Onm,, including first-order
(rvo = knoCnofni;)  and  ‘modified” 6 kinetics
(}”No = kI\]()CI\]oefilH3 [l — exp(—@NHB/QI*\IH})]). In this
case the rate of reaction is considered independent
on Onp, above a critical NH; surface concentration
value (6Ry, ), in line with the results of the NH3 step
addition experiments reported in Fig. 2(A). Nice fits
of the experimental data for both the binary and the
ternary catalysts could be achieved by using a Temkin-
type NHj desorption kinetics (the Langmuir approach
fails in quantitatively describing the experimental
data) and the ‘modified’ # kinetics for ryo. A typical
data fit obtained in the case of the ternary sample is
reported as solid line in Figs. 1 and 2, whereas the
estimates of the kinetic parameters used in the data fit

Table 2

Estimates of the kinetic parameters for the SCR reaction over
V,05/TiO, and V,05-WO3/TiO, catalysts leading to the fits
reported in Figs. 1 and 2 (solid lines). Rate equations:
ra = k{Cxu, (1 — Onmy ) ra = kGexp(—Eq/RT)0nn, with Eq =
EZ(1 = abxn,): mvo = knoCnoby, [1 — exp(—Onm, /6y, )])

Parameters V,05-WO05/TiO, V,05/TiO,
k¢ (m*/mol s) 0.614 0.820

K5 (Us) 1.99x10° 3.67x10°
ES (kcal/mol) 23.4 25.8

« 0.448 0.310

Q (mol/m?) 270 209

ko (m*/mol s) 8.39x10° 1.08x10°
Eno (kcal/mol) 14.2 16.0

o 0.108 0.076

NH;

are reported in Table 2, along with those correspond-
ing to the binary sample. The optimal parameter
estimates yield an activation energy for NH;
desorption at zero coverage (EJ) close to 25 kcal/
mol for both catalysts. The slightly higher value of
the catalyst capacity (£2=270 vs. 209 molNH3/m3) of
the ternary catalyst may be due to its higher specific
surface area with respect to the V,0s/TiO, binary
sample (80 vs. 46 m%/g). An activation energy for the
SCR reaction close to 15 kcal/mol has been estimated
for both catalysts, in agreement with literature values
[18].

3.4. Relevance to the study of kinetic and
mechanistic aspects of the SCR reaction

The results of the dynamic study previously
reported are in many respect relevant to the study
of both kinetic and mechanistic aspects of the SCR
reaction. It is worth emphasizing that these aspects
could not be collected under steady-state conditions,
and points out that dynamic conditions are best suited
for mechanistic study of complex reactions. In parti-
cular, the NH; dynamic adsorption—desorption study
demonstrated that ammonia is strongly adsorbed on
the catalyst surface and that surface heterogeneity
must be considered when describing the NH;j
interaction with the catalyst surface. This is in line
with various characterization data showing the pre-
sence of different adsorption sites for ammonia,
including Lewis and Brgnsted acid sites [19,20].
Similar results have been obtained over both the
binary and the ternary catalyst, thus eventually indi-
cating that the acid characteristics of the two samples,
with respect to the NH; adsorption—desorption, are
similar.

The study of the dynamics of the SCR reaction
showed that the DeNO, reaction has a complex kinetic
dependence on the ammonia surface coverage. Indeed
the rate of the SCR reaction is a function of the
ammonia surface concentration for NH; coverage
below a characteristic ‘critical’ value, whereas a much
weaker dependence exists at high coverage. As
already suggested above, this indicates that a ‘reser-
voir’ of adsorbed ammonia species is present on the
catalyst surface. The ammonia ‘reservoir’ is likely
associated with the W and Ti surface species that are
exposed at the catalyst surface in the case of the sub-
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monolayer samples investigated in the present study.
These species effectively adsorb NHj3, but their reac-
tivity in the SCR reaction is limited [8,21] with respect
to the V sites. Accordingly, these Ti- and W-bonded
adsorbed ammonia species do not act as ‘spectators’ in
the SCR reaction but can be involved in the NO
consumption via desorption and subsequent fast re-
adsorption over available reactive V-sites, in line with
the results of the kinetic analysis.

The dynamic behavior of the SCR reaction could be
nicely fitted by assuming a first order dependence on
NO and a more complex dependence on the ammonia
surface concentration (zero-order at high NH; cover-
age and first-order below a ‘critical’ coverage Oy, ).
This suggests that the catalyst active sites represent
only a fraction of the total adsorption sites for ammo-
nia. As a matter of fact, in line with the hypothesis of V
being the active element in the SCR reaction, it has
been found that the ‘critical”’ NHj coverage fyy, is of
the same order of magnitude of the catalyst V cover-
age. An important implication of the mechanistic
considerations reported above is that in developing
a kinetic model a distinction should be made between
ammonia ‘adsorption’ and ‘reaction’ sites. Finally, the
analysis of the parameter estimates obtained over both
the binary and the ternary samples leads to additional
implications concerning the steady-state kinetics of
the SCR reaction. Indeed, being at steady-state
ra=rq+rno, it follows that r,~ry (i.e. NH; adsorp-
tion—desorption equilibrium) only if ryo is negligible
with respect to ryq (rno<Krq). From the values of the
kinetic parameters reported in Table 1 it is possible to
estimate the ry/ryo ratios at different reactor axial
position, different reaction temperatures and for dif-
ferent catalysts. It has been found that the values of the
rq/rno ratio do not change significantly between the
inlet and the outlet of the reactor, and decrease upon
increasing the temperature. The r4/ryo ratio is greater
than 1 at 553 K and in the case of the less active
vanadia/titania catalyst (r4/rno~10) but it is close to 1
at the same temperature over the most active vanadia—
tungsta/titania catalyst. This demonstrates that the
assumption of equilibrated ammonia adsorption, often
used in the derivation of steady-state kinetic expres-
sions for the SCR [22], is in fact not always appro-
priate, and specifically at high temperatures and over
very active catalysts, where not a single rate control-
ling step can be identified.

4. Conclusions

The major results of our study can be summarized
as follows:

1. Surface heterogeneity must be considered to
describe the kinetics of NHj adsorption—deso-
rption on TiO,-supported V,0Os-based catalysts: a
model assuming a non-activated NH; adsorption
process and a Temkin-type coverage dependence
of E4 nicely represents the dynamic data.

2. In contrast to NH3, NO does not adsorb appreciably
on the catalyst surface, in line with an Eley-Rideal
mechanism for the SCR reaction.

3. The rate of the DeNO, reaction is virtually inde-
pendent on the NH3 surface concentration for Onp,
above a characteristic ‘critical’ value that is of the
same order of magnitude of the V surface coverage.
This is explained by assuming that a ‘reservoir’ of
adsorbed NHj species (likely on W and Ti sites) is
present on the catalyst surface and is available for
the reaction via desorption and subsequent fast re-
adsorption over reactive V-sites, in line with the
results of the kinetic analysis.

4. A comparison among the estimates of the adsorp-
tion, desorption and reaction rates calculated at
different reactor axial position, temperatures and
catalysts indicates that the assumption of equili-
brated ammonia adsorption under steady-state
DeNO, conditions is likely incorrect, specifically
at high temperatures and over active catalysts.
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