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ABSTRACT

The reaction mechanism of the fast selective catalytic reduction (SCR) of NO, has been investigated by
means of a microkinetic model based on DFT calculations. First, potential additional reaction mechanisms
are presented that include the intermediate formation of Z7[NO,]* (x =1, 2) from the decomposition of
N,0, (y =3, 4) on a Brensted acid. The formed NO; reacts with ammonia to nirosamine or nitramide.
The DFT results are applied in a microkinetic model together with prior studies of Briiggemann et al.
The simulated conversion of NOy is in agreement with experimental data over a wide range of tempera-
ture. The activity of the H-ZSM5 for the fast SCR is based on the reaction sequence via Z"[NO,]", the
decomposition of nitrosamine and nitramide, and the reaction of nitrous and nitric acid with adsorbed
ammonia at low temperatures. Ammonia blocks the active sites at low temperatures while thermody-
namic limitations of the surface species N,O, restrict the conversion at high temperatures. Heat of forma-
tions and reaction rate constants were adjusted within the accuracy of the applied method for important
elementary steps to cope with experimental data.
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1. Introduction

Nitrogen oxides (NO, NO,), which are mainly produced in the
combustion of fossil fuels, are significant air pollutants, and strin-
gent emission standards have been legislated to regulate exhaust
gases [1,2]. The selective catalytic reduction (SCR) with ammonia
or hydrocarbons has proven to be an effective technology for the
abatement of NO, and has been in the focus of researchers for
the last two decades [3-5]. In particular, metal-exchanged zeolites
like the Fe/H-ZSM5 were found to exhibit a high activity for this
reaction [6]. The boosting effect of NO, upon addition to the reac-
tant gas [7-11] or via a pre-oxidation step within the SCR con-
verter was a crucial finding in the ammonia SCR. The highest
conversion is obtained with a NO,/NO, ratio of 50% which is known
by now as the “fast” SCR according to the stoichiometric equation

2NH; + NO + NO; — 2N, + 3H,0 (1)

Dosing a ratio above the 50% results in a slightly reduced activity
and an increased selectivity to unwanted N,O. The “NO,-SCR”
[12] marks the outer boundary with only NO, in the reactant gas.
Furthermore, metal-exchanged zeolites were also found to exhibit
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a significant activity for the selective oxidation of ammonia (SCO)
[13-20], which has to be considered a side reaction of the SCR.
However, based on the usual preparation from ion exchange to a
parent H-form zeolite, the final catalyst usually exhibits two
different active sites, the exchanged metal and the Brgnsted acid.
Brandenberger et al. [6] even stated an amount of at least 30% of
the latter one. While the standard SCR is known to be much slower
on the H-form zeolites than on the iron-exchanged catalyst, a signif-
icantly high activity was observed for the fast [7,10,11,21,22] and
the NO,-SCR [23]. Also for the SCO, a significant activity was
observed on the Brgnsted acid sites [14,15,24]. This raised the ques-
tion regarding the influence of the Brensted acids in iron-exchanged
zeolites. Long and Yang [11] concluded that the iron in Fe/H-ZSM5
is only responsible for the oxidation of NO to NO, while the fast SCR
is catalyzed by the Brgnsted acids only. In contrast, Devadas et al.
[7] and Griinert et al. [10] found a higher activity of the iron con-
taining zeolite for the fast SCR, too. Nevertheless, both groups
attributed an at least promoting effect of the Brensted acid to the
activity of the catalyst [25,26]. This is, according to Akah et al.
[15], also true for the SCO. Thus, in order to understand the mech-
anisms of the reactive H/N/O system in iron-exchanged zeolites,
analysis of important elementary steps on both active sites, the iron
and the Bregnsted acid, is crucial. Recently, we [27-29] have
established a reaction network for the H-form zeolite using density
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functional theory (DFT) that qualitatively accounts for most exper-
imentally observed phenomena (see Fig. 24 in Ref. [29]) for both the
SCR and the SCO. In general, we concluded that in the mechanism of
the fast and NO,-SCR, the intermediate N,O, (y = 3, 4) forms, which,
after the reaction with ammonia, leads to nitrous and nitric acid and
finally to nitrosamine and nitramide. For the SCO, we identified ni-
troxyl and hydroxylamine as key intermediates. However, in these
investigations, we only considered a direct reaction of the N,O,
with on Brgnsted acids adsorbed ammonia as the initial step of
the SCR. Richter et al. [30] pointed out that the dehydration of inter-
mediately formed nitrous acid could form the nitrosyl cation NO*,
which is known from organic chemistry to be capable of attacking
amines under the formation of N-nitroso amines. In the simplest
case, the reaction of ammonia with NO® forms nitrosamine
(NH,NO), which easily decomposes on H-ZSM5 into nitrogen and
water. In fact, the nitrosyl cations in H-form zeolites are well known
from several studies on the adsorption of NO, in these catalysts
[31-34] and correspond to an IR band at 2133 cm™. Lavalley and
coworkers [31] suggested the formation of NO* from the decompo-
sition of N,O3 adsorbed on a Brgnsted acid by forming nitrous acid.
The latter dehydrates then on a second acid site in analogy to the
mechanism proposed by Richter et al. [30] and Lavalley and
coworkers [31]. A combination of these two suggestions leads to a
reasonable reaction pathway for the fast SCR according to

ZH" +NO+NO; — ZH" —N,;0; —~ ZNO" + HONO (2)
ZH'" + HONO < Z.NO" + H,0 3)
ZNO" +NH; — ZH" + NH,NO (4)

In analogy, one can suggest the formation of a NO; species balanc-
ing the charge of the zeolite framework as was done by Busca and
coworkers [21]. The formation of this species could then either be
explained by the decomposition of nitric acid in analogy to reaction
(3) or by the decomposition of adsorbed N,O,4 forming nitrous acid
in analogy to reaction (2).

ZH" +NO, + NO, « ZH" — asN,0, <> Z.NO* + HNO; (5)
ZH" +NO, + NO, < ZH" — symN,0, <> ZNO} + HONO  (6)
ZH' +HNO; « Z.NOJ + H,0 (7)

Z.NO} + NH; < Z_H' + NH,NO, (8)

In analogy to reaction (4), the NO; species can then react with
ammonia (reaction (8)) to nitramide (NH,NO,) that decomposes
to nitrous oxide and water. Finally, an interchange of the two
NO; species according to

Z.NO} + NO < Z.NO* + NO, 9)

is at hand. The sequence of reactions (2)-(8) is in agreement with
the experimentally observed stoichiometry of the fast and the
NO,-SCR. Nevertheless, only a direct comparison of the theoretically
derived mechanisms with experiments allows for a final conclusion
of the accessible pathways. Microkinetic modeling has been applied
extensively with success in order to provide insight into the mech-
anisms of several heterogeneous catalyzed reactions [35-40]. Re-
sults from first principles methods like DFT can be used to
provide the required parameters for a kinetic model that then closes
the gap between microscopic and macroscopic quantities. The goal
of this work is to establish a microkinetic model based on our pre-
vious work [27-29] as well as to include the investigation of the po-
tential formation of NO; species according to Egs. (2)-(9). This
implies two parts, first, the analysis of the proposed additional
reaction mechanisms by using DFT and, second, the analysis of all

elementary steps of the system in a reactor simulation. In compar-
ison with experimental data, this analysis is supposed to provide
significant insight into the governing elementary steps of the com-
bined SCR and SCO system on H-ZSM5 and with that to allow for
suggestions on interactions of intermediates in the ion-exchanged
zeolites in further studies. This study is intended to present a basis
to which the contribution of metal ions can be added and to build
an understanding of the complex chemistry in the real catalyst,
starting from the most reduced catalyst, the parent H-form. The im-
pact of iron as metal ion is the subject of our present research.

2. Theory

As a representation of the active site for the analysis of reactions
(2)-(9), a cluster of 5 T-sites (see Fig. S1, Supporting information)
with the Si atoms, initially placed at their crystallographic posi-
tions [41] and saturated with hydrogen atoms, was used. The
framework cluster was cut from the unit cell so that it surrounds
the T12 site that was suggested to be the most probable position
of the Al [42-46]. The terminal Si atoms were saturated with
hydrogen atoms that were held fixed for all calculations on the cat-
alyst. The Brgnsted acid site is the hydrogen bonded to the bridging
oxygen atom. In order to include, at least to a certain extent, the
influence of the pore structure on the reactants and products, en-
ergy minimizations were executed for selected species of the com-
plete reactive system on a 23 T-sites containing portion of the
catalyst (Fig. 1). From Table S2 in the Supporting information, it
can be obtained that the impact of the larger cluster on the elec-
tronic energy as compared to the five T-atoms containing cluster
is only relevant if ammonia, water, or hydroxylamine is present.

All quantum chemical calculations on the catalyst were carried
out with the TURBOMOLE suite of programs [47] by using gradi-
ent-corrected density functional theory (DFT). We used Becke’s
3-parameter exchange functional [48] and the correlation
functional of Lee et al. [49] (B3LYP) together with the triple-{ basis
set with polarization functions (TZVP) [50] for all atoms and a very
fine numerical grid size (m5) [51]. Structure optimizations were

HOHOD®

Fig. 1. T23 cluster model of the acid site in the intersection of a straight and a zig-
zag pore of H-ZSM5 with three co-adsorbed ammonia molecules. Dangling bonds
are not shown.
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performed in Cartesian coordinates with an energy convergence
criterion of 1077 Ha, and the maximum norm of the Cartesian gra-
dient was converged to 10~4 Ha/bohr. The CBS-QB3 level was ap-
plied with Gaussian 03 [52] in order to obtain sufficiently
accurate heats of formation for those gas-phase intermediates for
which no reliable experimental data were available.

Transition states on one potential energy surface (PES) were
localized using first the growing string-method [53] to obtain an
approximate saddle point which was then refined by either the
modified dimer method [54] or the PRFO method [55]. In cases
of different spin states of reactants and products, a multiplier pen-
alty function algorithm (see Heyden et al. [56] for details) was ap-
plied to find the minimum energy crossing point (MECP) structures
on the seam of the two PESs.

For microkinetic modeling, CHEMKIN [57,58] was employed.
The required thermodynamic parameters of the species and the ki-
netic parameters for the reactions were derived according to stan-
dard statistical thermodynamics [59,60] and transition state theory
[61] on the basis of the DFT results. For the ad/desorption pro-
cesses, the theory of absolute rate [61] was applied for the desorp-
tion, assuming the barrier to be equal to the zero-point energy
(ZPE) corrected energy difference between the adsorbed and the
desorbed state. This implies a barrierless adsorption for which
the rate is obtained from the equilibrium constant and the rate
of desorption. Such an approach, which relies on the idea of tran-
sition state theory, neglects any difference in entropy of the ad-
sorbed state and an assumed transition state of desorption. This,
however, can result in a significant underestimation by several or-
ders of magnitude in the pre-exponential factor for loose transition
states as outlined by Chorkendorff and Niemantsverdriet [62].
Assuming that transition states of desorption are rather loose in
the case of physisorption, the corresponding rates of mechanistic
relevant steps can be expected to require significant fine-tuning.
Nevertheless, this approach is expected to yield reasonable first
estimates for the model.

The harmonic approximation was applied, and contributions for
the translational, rotational, vibrational, and electronic partition
function were considered for all gas-phase species while for the
zeolite cluster, only the vibrational and electronic contributions
were included. Enthalpy, entropy, and the heat capacity were
simultaneously fitted to the in CHEMKIN required seven-parame-
ter polynomial for all species using the algorithm of Spitzer et al.
[63]. In order to calculate rates for the crossing of PESs, adoptions
to adiabatic TST can be used [64,65]. According to Harvey [65], the
calculation of the thermal rate constant can be calculated, in good
approximation, as the product of a mean probability of surface
hopping and a hypothetical adiabatic rate constant resulting from
a transition state with the same relative energy and properties of
the MECP. While translational and rotational contributions are di-
rectly related to the structure of the MECP, the evaluation of the
vibrational contribution to the partition function requires the cal-
culation of an effective Hessian as outlined by Harvey et al.
[66,67]. It can be written as

+ &l H, (10)
8 — &l
with H; and H;, representing the Hessian matrixes and g; and g, the
gradients of the energy at the MECP on the PESs with spin state “1”
and “2”. It is derived from the Taylor expansion of a Lagrangian at
the MECP as outlined by Koga and Morokuma [68], and the signs
of the two fractions are dependent on the sign of the Lagrange
multiplier. The derivation is shown in Appendix A. Finally, the
translational and rotational degrees of freedom as well as the gradi-
ent difference (g;-g,) have to be projected out of the effective
Hessian (see Page and Mclver [69] for details). The surface ther-

(1
Hy=+—"—H
7 181 — &l 2

mally averaged hopping probability can be calculated from the Lan-
dau-Zener theory [70]. However, because the direct comparison of
calculated and experimentally measured reaction rate constants for
the decomposition of N,O3 and N,O, in the gas-phase revealed that
the theoretically derived pre-exponential factors of the Arrhenius
equation are rather too low, even without the hopping probability,
we set the latter in all cases equal to 1.

Furthermore, it is known that the accuracy of DFT in the calcu-
lation of relative energies as well as for reaction barriers is limited
[71] (£5 kcal/mol), usually allowing only for a qualitative analysis
of reaction pathways. According to Gokhale et al. [39], DFT can cap-
ture the essential aspects of the surface chemistry but fine-tuning
usually needs to be done to obtain a reliable microkinetic model.
Even though there are quantum chemistry techniques that can
provide nearly quantitative results for intrinsic reaction steps, as
recently shown by Hansen et al. [72], their application to reactive
systems with large number of elementary steps is not feasible be-
cause of the high computational cost. To obtain reliable heats of
formation of the surface species, the values were anchored to the
gas-phase species thermochemistry. This was done by relating
the heat of formation of the surface species to the corresponding
heat of adsorption of a gas-phase species on the empty active site.
For the latter, the heat of formation was set to Hy=0 (denoted as
HZSMS5 in the thermodynamic database S3). Because the heat of
formation of the gas-phase species is, in the best case, experimen-
tally measured or at least calculated with high level methods, inac-
curacies in the surface reaction enthalpies, which are computed
with the lower DFT level, can be corrected to a certain extent. Fur-
thermore, it is known that the generalized gradient approximation
(GGA) functionals in DFT do not include the long-range electron
correlations responsible for van der Waals forces. Grimme [73]
has calculated parameterizations for a DFT-D approach to include
damped atom pair-wise dispersion corrections of the form CgR™®
for several functionals. To correct the heats of adsorption, we have
applied this scheme to all surface species using the results from the
23 T-site containing cluster as far as available and approximated
values for the remaining species based on the comparison of the
T5 vdW contributions. This was done by either assigning the same
vdW values for similar structures, by adding a T23-T5 vdW differ-
ence or by adding a T5 contribution to a reference state for which a
T23 contribution is available. The applied method is documented
for all species in Table S1 in the Supporting information. This is a
compromise between accuracy and computational costs for the
calculations on the larger cluster. Finally, a common assumption
for the adsorption is the complete loss of the rotational and trans-
lational degrees of freedom of the adsorbate being transferred into
vibrational degrees. While this is reasonable for small molecules in
chemisorption in the case of physisorption, it might lead to a sig-
nificant underestimation of the entropy of adsorption. A potential
technique to overcome this problem is the reassignment of re-
stricted translational and rotational degrees of freedom in ex-
change of the corresponding vibrations. Dumesic et al. [39]
proposed a restricted translation in terms of surface diffusion. Rey-
niers and coworkers [74] reassigned contributions of the rotation
in a zeolite by including the principle moments of inertia repre-
senting the as free considered motion of the corresponding gas-
phase species. For translation, a movement within a plane perpen-
dicular to the active site was considered. The size of this plane was
related to a certain extent to the pore diameter and to the size of
the zeolite cages. We used the methodology of Reyniers and
coworkers [74] to obtain an order of magnitude estimate for entro-
py corrections for species that are rather loosely adsorbed or co-
adsorbed. This affects mainly N,O, species as well as HNO, co-ad-
sorbed to NO; (see Table S1, Supporting Information). The applied
values are based on calculations for physisorbed NO, and
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asymmetric N,O4 for which we obtained entropy corrections
AStrans = 3.8 cal/mol/K and AS;;.ns = 6.6 cal/mol/K for the 2D trans-
lation on a surface of A°/N, =700 pm 700 pm and AS;o = 3.1 cal/
mol/K and AS,, = 5.6 cal/mol/K for a 1D rotation at 600 K. It should
be noted that according to Cramer [60], the exchange of vibrational
frequencies by restricted translations or rotations should also af-
fect the contribution to the enthalpy. A low frequency that repre-
sents the harmonic oscillator approximation of a frustrated
translation or rotation results into a contribution of RT, but the
contribution of a free translation or rotation contributes only 0.5
RT per degree of freedom. Thus, at a temperature of 600 K, the ex-
change of four degrees of freedom leads to an underestimation of
the heat of adsorption of AE = 2.4 kcal/mol. With that, also the as-
signed heat of formation of the corresponding surface species is af-
fected. Though this value is not significant at first glance, it might
have a great impact in the case that the overall reaction exhibits a
high sensitivity on such an intermediate. Thus, this energy contri-
bution can also be taken into account in the fine-tuning of a micr-
okinetic model.

Despite the discussed potential corrections that can be applied
to improve the model, the uncertainties of the electronic energy as
calculated from DFT still remain and with that the rather qualita-
tive nature of the values. Nevertheless, significant insight into
the mechanisms of the reactive H/N/O system can be obtained
from such an approach.

3. Results and discussion

To complete our previous investigations of the fast and the NO,-
SCR on the H-ZSM5 [27-29], we present here the additional reac-
tion pathways according to Eqs. (2)-(9) by applying DFT. In the
second part, we will then discuss the results obtained from the
microkinetic modeling, involving also all the reactions of our pre-
vious theoretical investigations of the H/N/O system.

181
3.1. DFT Results for the fast and the NO,-SCR

Starting with the fast SCR, the reaction cycle is shown in Fig. 2
with the numbers being the zero-point-corrected energies relative
to the gas-phase and the empty catalyst. The energies are also
shown in the corresponding diagram (Fig. 3), and the structures
are presented in the Supporting information (Fig. S2). The mecha-
nism starts with the weak adsorption of NO, on the Brensted acid
(ST1). The subsequent co-adsorption of NO reveals only a negligi-
ble interaction between the two molecules (ST2). However, only
a small barrier of E*=1.4 kcal/mol, associated with the crossing
of the seam (S2) from the triplet to the singlet PES, needs to be
overcome to form asymmetric (as) N,Os (ST4). Alternatively, the
slightly less stable cis-trans (ct) N,O3 (ST3) is formed by overcom-
ing a barrier of E* = 4.5 kcal/mol (S1). Subsequently, the dimerized
nitrogen oxide decomposes whereby the NO becomes a nitrosyl ion
on the catalytic framework (Z"[NO]*) and the NO, takes up the
hydrogen from the surface by forming nitrous acid (ST5). In the
case of as-N,03 as starting point, this process exhibits an activation
energy of E* = 5.3 kcal/mol (TS1) while a barrier of E* = 0.1 kcal/mol
(TS2) was calculated for the ct-N,0s. Though the initial formation
of the asymmetric dimerized nitrogen oxide is preferred over the
cis-trans configuration, the subsequent decomposition of the cis-
trans species probably is faster because of the negligible small acti-
vation energy. Thus, both pathways can be expected to be accessi-
ble. As the next step, the nitrous acid desorbs from the catalyst
leaving the Z~[NO]" (ST6), which involves a heat of desorption of
AEges = 9.7 kcal/mol. Finally, ammonia adsorbs onto this species
(ST8) with a heat of adsorption of AE.qs=10.8 kcal/mol prior to
the reactive formation of nitrosamine (ST10). The ammonia
releases one proton to the catalyst by restoring the Brgnsted acid,
and the remaining amino radical takes up the NO® from the
surface. The barrier of this step was determined to be
E*=2.9 kcal/mol, represented by TS4. The formed NH,NO then
decomposes on the Brensted acid as described in Ref. [27].
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Fig. 2. Reactive cycle of the fast-SCR mechanism including transition states (TS) and a minimum energy crossing point (S). Numbers are zero-point-corrected energies relative
to the gas-phase and the empty catalyst. Additional black dotted arrows outline the relevant pathway.
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Alternatively, water co-adsorbs onto the Z"[NOJ" intermediate
(ST7) with a heat of adsorption AE,q4s = 8.9 kcal/mol. A subsequent
reaction, analogous to the mechanism with ammonia, leads to the
formation of nitrous acid (ST9) by overcoming a barrier of
E*=1.4 kcal/mol (TS3). Though the latter step is exothermic and
only exhibits a rather small barrier, within the framework of the

SCR also the reverse reaction could be of significance in terms of
a sink for the intermediate produced nitrous acid from the decom-
position of N,0s.

In the case of the NO,-SCR, the overview of the reaction cycle is
shown in Fig. 4 and the corresponding energy diagram is displayed
in Fig. 5. The structures of all species are shown in the Supporting

=0 o} e,
: - \
: N o | N—0 .,
i J $15.2 / Ts-9.6 © e
B . =J. N (e >
T > 0 H '  H N—o -HNO, /O\Al/o\ See fast SCR
"“ /0\ /0\ N2 | o) (l) -0.1
) Al 7 \AI/ \, 7 \AI/ N
% -3.4 s -11.6 -10.0 Ts |-NO,
13.8 |[+NO
3 +NO, 3.8 ITS 329
0
................. 0\ / O\
H /N \ o \
o (I) d © 1s11.7 © \ '|‘_°
A WanN H H  N7%Hono o o
Aot | o o 7 AN
: A AN /O\ / \AI/ \ “13.0
Fasnnnunnfs 1 ....... * Al 54* .
: -13.2 . R
E o :
| AN " :
N o N Q am” :
e N Ts122 |\ \_ :
> H e N—"O o H
-NH,NO, | I +NH, :
(o) /7 \ /0\ :
*/ \ I/ \* * Al :
-24.2 116
o _0 H :
N N\ H
/ o Q :
. o. T1s128 ./ \—o
-HNO, | o cl) +H,0
(o) lo) /7 N\ /7 N\ K
VAR YN . e, Al * :.
Al e, 1141
-12.5 :

Fig. 4. Reactive cycle of the NO,-SCR mechanism including transition states (TS) and minimum energy crossing points (S). Numbers are zero-point-corrected energies relative
to the gas-phase and the empty catalyst. Additional black dotted arrows outline the relevant pathway.
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Fig. 5. Energy profile of the NO,-SCR mechanism comparing three routes via symmetric, asymmetric, and cyclic-planar N,O4. Energies are zero-point-corrected.

information in Fig. S3. After the co-adsorption of two NO, (ST1),
the formation of a dimerized N,04 takes place by crossing the seam
from the triplet to the singlet PES in analogy to the fast SCR. Here,
three different structures are possible, a symmetric (sym) (ST3), an
asymmetric (as) (ST5), or a cyclic-planar (cp) N,O4 (ST 2). The low-
est barrier was calculated for the first case with a barrier of
E*=6.3 kcal/mol (S3), followed by the cyclic-planar isomer with
E*=11.6 kcal/mol (S2) and finally E* = 17.7 kcal/mol (S1) for the
asymmetric case. However, the formation of the cyclic-planar iso-
mer is less favorable than the asymmetric or symmetric N,O4 be-
cause of an endothermic reaction in contrast to an exothermic
heat of reaction for the latter two cases. The cp-N,04 can be trans-
ferred into the asymmetric isomer by overcoming a barrier of
E*=8.9 kcal/mol (TS2), but as can be seen from the energy dia-
gram, no benefit can be deduced from this alternative route as
compared to the direct formation of the as-N,04. Also the symmet-
ric isomer can be transformed into the asymmetric one, but be-
cause this process exhibits a rather high activation energy of
E*=46.1 kcal/mol (TS1), it can be excluded. Starting from the as-
N,04, the decomposition of the molecule results in the formation
of nitric acid and an NO* to balance the negative charge of the zeo-
lite framework (ST10). Here, the mechanism is in analogy with the
Z~[NOJ" formation from the decomposition of N;0s, and the bar-
rier, according to the transition state TS4, was calculated to be
E* = 2.0 kcal/mol. Finally, the desorption of nitric acid, with a heat
of desorption of AE4es=9.9 kcal/mol, leaves the nitrosyl ion on
the surface for the reaction with ammonia as described above. Sim-
ilarly, the decomposition of sym-N,0,4 leads to the formation of ni-
trous acid together with Z~[NO,]". This process exhibits a barrier of
E*=24.8 kcal/mol (TS3) and is endothermic by AE = 18.5 kcal/mol
(ST4). The desorption of the nitrous acid requires then a heat of
desorption of AEg4es = 7.6 kcal/mol. In analogy to the reaction with
Z"[NOJ", the Z"[NO;]"* (ST6) can also react with both ammonia and
water. In the first case, ammonia only weakly adsorbs with
AE 45 = 1.4 kcal/mol (ST8), but the subsequent reaction exhibits a
negligible activation energy of E* = 0.6 kcal/mol (TS7), which leads
to the formation of nitramide (ST13). The latter then decomposes
into N,O and water as was shown in Ref. [29]. Also in the case of
the reaction with water, only a rather small barrier of
E*=1.6 kcal/mol (TS6) was calculated. Similarly, to the reaction
with ammonia, the heat of adsorption for water is negligible
(ST9), but the formation of nitric acid (ST12) is exothermic. Thus,
the Z"[NO,]" can be seen as a rather short-lived intermediate in
the NO,-SCR. Finally, an interchange between the two NO; species
is also possible. Starting from NO, a reaction with NO only exhib-
its a barrier of E*=1.1 kcal/mol (TS5) to form NO, together with
Z7[NOJ" (ST11). Because of the exothermic character of this reac-

tion, this step might only be accessed within the framework of
the fast SCR, when both overall reactions, the fast and the NO,-
SCR, interact with each other. Similar to our discussion on nitrous
acid reactions, the nitric acid might decompose into water and NO;
in the reverse direction of the described mechanism involving TS6.
This would require to overcome a barrier of E*=25.3 kcal/mol.
Thus, two pathways for the NO,-SCR can be deduced from this
analysis to be of potential importance, depending on either first
the formation of sym-N,O4 or as-N,O4. The formation of the
symmetric isomer is followed by a rather high barrier for the
decomposition into nitrous acid and the NO;. While nitrous acid
decomposes into NO* as described in the pathway of the fast
SCR, NO; reacts with ammonia to nitramide. In the case of as-
N,Oy,, the initial barrier for the formation is higher than the corre-
sponding formation of the symmetric isomer, but the subsequent
decomposition into NO* and nitric acid exhibits only a negligible
activation energy. The highest barrier in this process is then the
decomposition of the nitric acid with a barrier similar in magni-
tude to the decomposition of sym-N,04. In both cases, the stoichi-
ometry leads to the formation of one nitrosamine and one
nitramide, which results in the equimolar formation of nitrogen
and N,O. This is in good agreement with the experimentally ob-
served values [23], at least at low temperatures. A firm conclusion
of preferred pathways cannot be drawn from the activation ener-
gies. This requires the microkinetic modeling discussed in the next
section.

However, a comparison of the presented pathways for the fast
and the NO,-SCR reveals, consistent with the experimental litera-
ture [11,22], a higher activity for the fast SCR. Both the formation
of the dimerized nitrogen oxide and the decomposition of the
resulting acid exhibit a significantly lower barrier for the fast SCR
as for the NO,-SCR.

A comparison of the new pathways with our previous results in
the initial formation of NH,;NO, from a reaction of N,O, co-ad-
sorbed on NH; reveals that the formation of the dimerized nitro-
gen oxides is slightly lower in both cases (as-N,O,) in the
absence of ammonia, but within comparable orders of magnitude.
However, in the presence of ammonia, as a first step, the
ammonium ion is activated by releasing a proton back to the cata-
lytic surface, which exhibits a rather high barrier of ~20 kcal/mol.
Thus, it can be concluded that the decomposition of the N,O,
species on the Bregnsted acid is favorable with respect to lower
activation energies. However, these steps require the adsorption
of NO, on a void active site that might be blocked by the strong
adsorbing ammonia. This leaves an uncertainty whether the pre-
sented pathways are active or blocked due to lack of free active
sites.
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3.2. Microkinetic modeling

In this section, we compare the results obtained from the micr-
okinetic model with the experimental literature. Reactor simula-
tions were performed in an ideal plug flow reactor with the
catalyst being evenly distributed. The number of active sites was
calculated based on the mass of the catalyst and its Si/Al ratio,
assuming that the number of aluminum atoms is equal to the num-
ber of active sites. The thermodynamic database of the gas-phase
species in CHEMKIN was obtained either from the database of
the Gas Research Institute [75] or created from experimental heats
of formations from the literature [76,77] in combination with cal-
culated contributions from translation, rotation, and vibration for
the temperature effect. For other gas-phase species, for which no
experimental values were available, the heats of formation were
calculated from related heats of reaction obtained with the
CBS-QB3 method. The values of all gas-phase species are listed in
Table 1. For the surface species, the heat of formation can be ob-
tained from the thermodynamic data (Table S4, Supporting infor-
mation). The reference states for the definition of the heat and
the entropy of formation of the surface species and the calculate
corrections are listed in Table S1 in the Supporting information.
In the column denoted with “extra”, the adjustments of the heat
of formations within the accuracy of the DFT are stated. The reac-
tion rates of all reversible elementary steps are listed in Table S3 in
the Supporting information for the applied direction. All adjust-
ments on the activation energies and pre-exponential factors are
stated as “Modifications”.

The subsequent discussion is subdivided into the adsorption of
ammonia, the NO,-SCR, the fast SCR, and the oxidation of
ammonia.

3.2.1. Adsorption of ammonia

It is well known that ammonia strongly adsorbs on Brgnsted
acids by forming ammonium ions [78]. While this is assumed to
block the oxidation of NO to NO, in the standard SCR [79], it sim-
ilarly might also inhibit the fast and NO,-SCR, depending on the ac-
cessed pathways. Therefore, it is expected that the adsorption of
ammonia has a significant impact on the reactivity of the SCR.
We considered the adsorption of ammonia in three layers in terms
of, first, the formation of the ammonium ion NH; with a Brensted
acid and, then, the co-adsorption of two further ammonia mole-

Table 1
Heat of formation of gas-phase species.

HY (keal/mol)

NH3 -10.97°
NO 21.56°
NO, 7.91°
N,O 19.60°
H,0 -57.80°
HNO 23.80°
t-HONO —18.34°
HNO; -32.10¢
NH,O0H -11.19¢
NH,NO 17.79¢
NH,NO, 0.35¢
as-N,0; 19.80°¢
ct-N,05 30.25¢
sym-N,0, 2.19°
as-N,0, 9.134
c-HNNO 53.66¢
NH,4NO, —38.29¢
NH4NO; -55.364
@ See Ref. [75].
b See Ref. [76].
€ See Ref. [77].

4 Calculated with CBS-QB3.

cules. Based on the implementation of the kinetics of elementary
steps in CHEMKIN, the ammonia adsorption is described as a Lang-
muir type isotherm (for details of the derivation see the Supporting
Information).

|:mm0]:| _ K4 'pNH3 +2-K;-K;- p%".,g +3.K;-Ky K3 - pI}‘”‘b
ol Tg | 1Ky paw, + K1 Ko PRy, + Ky Ko K3 PRy,

- Sites {mmol}

(11)

The corresponding elementary steps are also outlined in Table S3 of
the Supporting information in the section “General Adsorption”.
The ammonium ion is denoted as “NH3(S)”, the co-adsorbed state
of a second ammonia molecule as “NH3x2(S)” and of a third mole-
cule as “NH3x3(S)". The isotherm reflects the steady state behavior
of the microkinetic model for the ammonia adsorption in the ab-
sence of any reaction. Because of its potentially strong impact on
the SCR, we analyze here whether the enforced mathematical
description of the adsorption in CHEMKIN is capable to describe
ammonia adsorption experiments.

In Fig. 1, the threefold ammonia co-adsorption is shown on an
intersection of the straight and the zig-zag pore of the zeolite,
including a framework aluminum. This is in accordance with the
experimental literature in which adsorption sites are correlated
to the aluminum content [80,81] of the zeolite and a layer-by-layer
adsorption is suggested [82-86] as is applied here. The experimen-
tal heat of adsorption (144-158 kJ/mol [87,88], 150 k]/mol [89,90],
145 kJ/mol [81], 128 k]J/mol [85]) is in reasonable agreement with
our calculated value (137 kJ/mol) for the ammonium ion forma-
tion. Furthermore, Dumesic and coworkers [89] and Gorte and
coworkers [81] both found a sharp drop in the heat of adsorption
(to 70 kJ/mol and 85 kJ/mol, respectively) with increasing coverage
of ammonia on the surface above a certain limit prior to which the
heat remains rather constant. Gorte et al. have correlated this lim-
iting coverage to the number of Brgnsted acids available in the cat-
alyst and thus with the formed ammonium ions. For the co-
adsorption of ammonia to the ammonium ion, we calculated a heat
of adsorption of H,4s = 100 kJ/mol for the first and H,q4s = 68 kJ/mol
for the second molecule. These values are in good agreement with
the experimental value and thus can explain the reduced heat of
adsorption at higher coverages. In Fig. 6a and b, the adsorption iso-
therms from two independent experimental studies [82,90] are
compared to our calculated results of Eq. (11). In both sets, reason-
able agreement is obtained with only slight modifications in the
thermodynamic data. Specifically, we have used a slightly reduced
heat of adsorption for the first ammonia (H.qs = 127 kJ/mol), in
agreement with the value of Bonelli and coworkers [85]. For the
co-adsorption of ammonia, the reduction of heat of formations
leads to Hco-aqs = 95 kJ/mol for the first and Heoa4s = 77 kJ/mol for
the second molecule, in reasonable agreement with the experi-
mental data. However, for both isotherm measurements, the
Si/Al ratio had to be modified to avoid overestimation of the ad-
sorbed ammonia. For the data of Valyon et al. [82], the ratio was
modified from 33.4 to 50 and those of Auroux and coworkers
[90] from 18 to 26. Therewith, our results suggest that, regardless
of the overall aluminum content in the catalyst, a significant frac-
tion either does not contribute to the surface acidity (e.g., extra
framework aluminum) or is not accessible by ammonia. This
finding is supported by the fact that Auroux and coworkers [90]
found an amount of 720 pmol/g of strong acid sites from calori-
metric measurements, which correlates well with the modified
Si/Al ratio of 26, which corresponds to 640 pumol/g. Also Branden-
berger et al. [26] observed in SCR a 21% reduced Brensted acidity
in their H-ZSM5 sample, as was expected from the Si/Al ratio.
While heterogeneity of the active sites cannot be excluded,
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Fig. 6. Comparison of simulated and experimentally measured adsorption iso-
therms of ammonia on H-ZSM5. Data in (a) corresponds to Ref. [82] and in (b) to
Ref. [90].

according to Datka and Gil [91], most experimentalists report a
rather homogeneous acidity of H-ZSM5 [81,89,90]. At low temper-
atures (T =373 K, Fig. 6a), the calculated isotherm suggests the po-
tential co-adsorption of even a fourth ammonia molecule.
However, the isotherms at 473 and 523 K can also be represented
by considering only two layers of ammonia per active site and at
623 and 723 K even the ammonium ions are sufficient. Thus, in
the SCR, the adsorption in up to two layers is relevant at tempera-
tures above 500 K.

3.2.2. Modeling of the NO»-SCR

The kinetic modeling of the NO,-SCR is compared to the results
of Stevenson and Vartuli [23] who used a tubular reactor with an
inner diameter of 3.49 mm, a volume of the catalytic bed of
0.41 cm? and a length of 4.3 cm. At a volumetric flow of 1000 sccm,
0.019 g catalyst with a ratio of Si/Al =22 was used. The composi-
tion of the reactant gas was 500 ppm of both, NO, and NHjs, in
1% oxygen and He as balance. Conversions at 300, 350, and
400 °C were reported. Regarding the kinetic parameters of the
N,04 formation, comparison of the calculated gas-phase decompo-
sition of the symmetric isomer with experimental data [92]
revealed an overestimation of the activation energy by approxi-
mately 5 kcal/mol and a low pre-exponential factor. Therefore, in
all cases, the activation energy of the formation or decomposition
of N,04 was reduced correspondingly, and the pre-exponential

factor was increased by one order of magnitude for both isomers.
Our model was tuned further based on sensitivity analysis of all
reactions and the heat of formations of all surface species, as de-
scribed by Salciccioli et al. [40]. The sensitive reaction rates and
heat of formations (see Tables S1 and S3) were manually adjusted
within accuracy to capture approximately the conversion of NO, at
350 °C. Fig. 7 shows the conversion of NO, and the fraction of ac-
tive sites occupied by ammonia and the void sites vs. temperature.
Very good agreement between the model and the experimental
data is observed. Reaction path analysis reveals that the main path
entails adsorption of NO, on an empty active site followed by the
co-adsorption of a second NO, and the subsequent formation of
as-N,04. The latter decomposes into Z"[NO]* and nitric acid, which
desorbs to the gas-phase. Ammonia then adsorbs to the nitrosyl
ion and forms nitrosamine together with the restoration of the
Bronsted acid. The nitric acid adsorbs on a free active site and
decomposes into Z“[NO;]* by forming water, which desorbs to
the gas-phase. In analogy to the nitrosyl ion, ammonia adsorbs
on the Z"[NO,]" and forms nitramide. Nitrosamine and nitramide
then decompose into nitrogen and nitrous oxide respectively to-
gether with water. Thus, the initial stage of the mechanism, the
formation of NH,;NO, follows the suggested pathways of the pre-
ceding Section 3.1 while the decomposition of these intermediates
is described in our previous papers [27,29]. A direct reaction of
N,0,4 with the adsorbed ammonium can be neglected over the en-
tire range of temperature. The same is true for bimolecular reac-
tions of nitric acid. The bimolecular reaction of nitric acid with
an ammonium ion, as described in Ref. [29] to proceed via ad-
sorbed ammonium nitrate to nitramide, only slightly contributes
to the decay of the acid at low temperatures. A slight reduction
of the activation energy of the dehydration step and of the heat
of formation of the adsorbed ammonium nitrate leads to a signifi-
cantly higher contribution of this bimolecular reaction to the
reduction of nitric acid up to temperatures of 550 K. However,
the impact on the overall conversion of NO, is negligible. Thus, a
significant contribution of this reaction in the NO,-SCR mechanism
cannot be excluded but also not proven with our model. With that,
the relevant reactions can be summarized with the sequence of
reactions (5), (4), (7), and (8) for the formation of nitrosamine
and nitramide via NO* and NOJ. Furthermore, the decomposition
of NH,;NO,

NH;NO < N, + H,0 (12)
NH;NO; < N,O + H,0 (13)
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Fig. 7. Simulated conversion of NO, vs. temperature in comparison to data from

Ref. [23]. On the second axis, the coverages of ammonia and the void sites are
shown.
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and the reaction of nitric acid with adsorbed ammonia via ammo-
nium nitrate to nitramide and water are potentially relevant.

NH; + HNO; <~ NH4NO; — NH,;NO; + H,0 (14)

The detailed balances of the elementary steps are outlined in Table
S3 in the Supporting information, denoted with “NO, SCR, this
work”, “NH,;NO, decomposition”, and “NHs + HNOs”. NO"* is de-
noted as “NOZ” and NOJ as “ZNO,”. The pathway of reactions (5),
(4), (7), and (8) is also highlighted in the schematic of Fig. 4. Fur-
thermore, under our conditions, the oxidation of ammonia was
not found to significantly contribute to the conversion. This some-
what contradicts the observed stoichiometry of Stevenson and Vart-
uli [23] who stated a consumption of about 1.4 mol ammonia per
mole NO,, which they partially attributed to the SCO. In addition,
the lack of the ammonia oxidation in our simulation implies a con-
stant ratio of produced nitrogen to nitrous oxide (equal to one). This
is in agreement with the reports of Eng and Bartholomew [93] and
Busca and coworkers [21], but only at 300 °C for the results of Ste-
venson and Vartuli (they observed a decay of the N,O/N, ratio at
higher temperatures). This could be due to an additional reaction
mechanism relevant in the NO,-SCR at elevated temperatures or
to the partial decomposition of NO, to NO and oxygen, enforced
by thermodynamic equilibrium conditions.

From the sensitivity analysis, it can be concluded that the rate-
limiting step is the desorption of nitric acid from Z"[NO]" over the
entire range of temperature. The dependence of conversion on
temperature can be explained based on two main effects. At low
temperatures, the reaction is mainly limited by the strong ammo-
nia adsorption as ammonium ion, which blocks the active sites.
Thus, the Bregnsted acid is not available for the adsorption of NO,,
which is a pre-requisite for the subsequent formation of N,O4
and the decomposition to NO*. This can be seen in Fig. 7 where
an obvious correlation of the left shoulder of the conversion with
the void fraction of active sites is seen. No other species besides
ammonia is present on the surface in significant fraction. The de-
crease of conversion with elevated temperatures can be traced to
the thermodynamic equilibrium of as-N,04. A partial equilibrium
analysis (PE) [40] over the whole range of temperatures (Fig. S4,
Supporting information) reveals that above 600K all the steps
prior to the rate-limiting nitric acid desorption are in partial equi-
librium. The equilibrium surface coverages of the corresponding
species vs. temperature show that even though the surface
coverage of NO, increases up to ~750 K, the concentration of the
as-N,0,4 steadily decreases. Accordingly, the concentration of the
subsequent intermediate and the reaction rate of the rate-limiting
elementary step decrease with increasing temperature.

3.2.3. Modeling of the fast SCR

For the fast SCR, we compared our model against the data of
Schwidder et al. [10] with a tubular reactor of 6 mm inner diameter
and an assumed length of 5 cm. The amount of catalyst was 10 mg
with a ratio of Si/Al =14 and a flow rate of Q = 183.3 ml/min. The
composition of the reactant gas was 500 ppm NO, 500 ppm NO,,
and 1000 ppm ammonia in 2% oxygen and balance helium. Simi-
larly, as with the NO,-SCR, comparison of the gas-phase decompo-
sition of as-N,03 into NO and NO, from experiments [92] with our
simulations revealed an underestimation of the pre-exponential
factor by an order of magnitude. Thus, we have accordingly ad-
justed all N,O3 decompositions. Further fine-tuning, as described
in Section 3.2.2, was accomplished without further adjustment of
the NO,-SCR parameters. The resulting model is compared against
experimental data in Fig. 8a. It can be seen that the simulated and
the measured conversion curves vs. temperature agree quite well.
Yet, our model slightly underestimates at low temperatures
whereas above 725K, the NO, conversion significantly deviates.
This deviation supports our discussion on an additional reaction

step in the NO,-SCR capable to convert NO, without the produc-
tion of nitrous oxide. Fig. 8b shows the conversion of ammonia
in comparison to the combined conversion of NO and NO, and
the respective experimental data. While in both cases, the fast
and the NO,-SCR require an equimolar conversion of ammonia
and NO,, the combined NO, conversion curve reflects the ammonia
conversion in the absence of its oxidation. Thus, from the deviation
of the two curves, the influence of the SCO can be seen to be rather
small, starting at ~600 K. The deviation of the NO, curve from the
experimental data at high temperatures is clearly related to the
deviation of the NO,-SCR described above. It should be noted from
Fig. 8b that the experimental NO, conversion is higher than the
ammonia conversion over a wide range of temperature. This re-
flects also the uncertainty in the experimental data set, because
even in the absence of the SCO, this behavior would require the for-
mation of nitrogen without ammonia that is not plausible at these
reaction conditions. To check the influence of a potentially reduced
amount of accessible Bronsted acids on the combined NO, conver-
sion, an additional curve is shown in Fig. 8b, corresponding to 80%
of the amount of active sites derived from the Si/Al ratio. This anal-
ysis is done because the ammonia isotherms (Section 3.2.1) indi-
cate a reduced amount of Brgnsted acids compared to the total
aluminum present in the catalyst. The value of 80% is related to
the experimentally stated value of Brandenberger et al. [26]. It
can be seen that the impact of a reduction of active sites of about
20% on the conversion is small.

Reaction path analysis indicates that similarly to the NO,-SCR
pathway, the mechanism proceeds via the adsorption of NO, and
co-adsorption of NO prior to the formation of N,Os;. Here, the
asymmetric isomer is dominant, though to a certain extent, the
path via the cis-trans form is accessed, as well. The decomposition
of the dimer leads to Z"[NO]" and nitrous acid, which desorbs. The
nitrosyl ion reacts then with ammonia to nitrosamine that decom-
poses to nitrogen and water. The fate of the nitrous acid is depen-
dent on the temperature. While at elevated temperatures, it
decomposes on a free active site into the nitrosyl ion and water
and at low temperatures, it, at least in part, co-adsorbs to an
ammonium ion and reacts via ammonium nitrite to nitrosamine
and water. The relevant reactions can be summarized with the se-
quence of reactions (2)-(4) for the formation of nitrosamine via
NO* and the decomposition of the latter according to reaction
(12). Furthermore, the reaction of nitrous acid with adsorbed
ammonia via ammonium nitrite to nitrosamine and water is
relevant.

NH3; + HONO < NH4NO, < NH,NO + H,0 (15)

The detailed balances of the elementary steps are outlined in Table
S3 in the Supporting information, denoted with “fast SCR, this
work” and “NH; + HONO”. NO* is denoted as “NOZ”. Furthermore,
the pathway of reactions (2)-(4) is highlighted in the schematic
of Fig. 2. In addition, the NO,-SCR mechanism, as described in Sec-
tion 3.2.2, also contributes to a certain extent to the conversion of
NO,, but the pathway via N,03 is dominant. The rate-limiting step
with respect to the production of nitrogen was found to change
with temperature. At low temperatures up to 550 K, the co-adsorp-
tion of NO to NO, prior to the formation of N,Os3 is limiting. At high-
er temperatures, the desorption of nitrous acid from Z"[NO]* limits
the overall reaction. Furthermore, in the range between 600 and
750 K, the desorption of nitric acid from the nitrosyl ion becomes
important, i.e., an increase in the desorption rate causes a reduction
of the nitrogen formation. This is obvious in light of this step being
rate-limiting for the competing NO,-SCR and given the fact that in
this temperature range, NO, is nearly completely consumed. Thus,
an increase of the NO,-SCR rate would reduce the fast-SCR pathway.
The left shoulder of the conversion curve again correlates to the
strong adsorption of ammonia, which blocks active sites at low
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Fig. 8. (a) Simulated conversion of NO, NO,, and NH3 vs. temperature in comparison to data from Ref. [10]. (b) Simulated conversion of combined NO, and NHj vs.
temperature in comparison to the data of Ref. [10]. (c) Influence of 5% water on the conversion of NO,. (d) Comparison of the fast and the NO, at equivalent conditions.

temperatures. At high temperatures, the decreasing conversion is
due to the thermodynamic limitation of the N,O3 adsorbed on the
surface. Similarly to the NO,-SCR, Fig. S5 in the Supporting informa-
tion shows that at temperatures above 650 K, adsorption of NO,,
co-adsorption of NO, and formation of N,O5 are in partial equilib-
rium. The equilibrium concentration of the latter species, however,
has a maximum between 600 and 625 K after which it decreases
and, thus, causes the decrease in overall conversion.

In Fig. 8c, the influence of 5% water on the conversion of NOx in
the fast SCR is shown, and it can be obtained that the impact is neg-
ligible. The very slight deviation of the two curves results from an
additional blocking of the active site by water.

In Fig. 8d, a comparison between the fast and the NO, SCR is
shown at equivalent conditions (NH5; = NO, = 1000 ppm). For the
fast SCR, the elementary steps of the NO, SCR have been removed
from the model to eliminate their superimposing effect on the con-
version and thus to illustrate the activity of the actual fast SCR
only. Despite the conclusion drawn from the DFT results and the
comparison of the energy diagrams of the two pathways that the
fast SCR should be more active than the NO, SCR, higher conver-
sions are obtained for the latter. However, by increasing the
pre-exponential factor of the rate constant of the co-adsorption
of NO to adsorbed NO,, the fast SCR becomes slightly more active
than the NO, SCR up to the maximum of the conversion curve (dot-
ted line in Fig. 8d). It should be noted that within the adjustment of
the NO, SCR, the analog rate of the co-adsorption of NO, to
adsorbed NO, was increased as well. Thus, these considerations
reflect the qualitative character of our model that only allows for

the conclusion that both reactions exhibit a similar activity but
not which one is slightly more favorable. For such a conclusion, a
refinement of the relevant elementary steps with higher order
quantum chemical calculations as well as more experimental data
for adjustment and validation of the kinetic parameters would be
necessary.

To sum up, from the reaction path analysis for the NO, and the
fast SCR, it can be concluded that the mechanism, elucidated with
our model, combines aspects of several suggestions in the litera-
ture for various types of catalysts. The most common sequence of
reactions includes the disproportionation of N,Oy4 to nitrite and ni-
trate and the subsequent reaction of ammonia with these interme-
diates via ammonium nitrite to nitrogen and via ammonium
nitrate to nitrous oxide. The reaction of nitric oxide with a nitrate
to nitrite is the key step in the fast SCR. This was suggested by
Sachtler et al. [94,95] for Ba-NaY, by Koebel et al. [96,97] for a
vanadium-based catalyst and by Tronconi et al. [8], Krocher and
coworkers [6], and Iwasaki and Shinjoh [98] for Fe-ZSM5. Further-
more, from isotopic labeling on Fe-ZSM5, Sachtler and coworkers
[99] found that molecular nitrogen is formed from a 1:1 stoichiom-
etry between ammonia and a nitrogen oxide and suggested ammo-
nium nitrite as essential intermediate. In analogy to these
suggestions, we obtained the disproportionation of N,Os; and
N,O4, however, not by forming two acids as would be the case
for a reaction with water, but only one acid (nitrous and nitric acid,
respectively) together with a nitrosyl ion as balancing charge on
the zeolite framework. This is only in agreement with the sugges-
tions of Lavalley and coworkers [31]. The NO*, however, is readily
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consumed by ammonia to nitrosamine in accord with Richter et al.
[30] rather than reacting with water to nitrous acid. The proposed
reaction of nitrous or nitric acid with adsorbed ammonia via
ammonium nitrite and nitrate was observed to be relevant at
low temperatures, via the additional intermediate formation of
nitrosamine for the nitrite, as proposed by Richter et al. [30], and
nitramide for the nitrate. At high temperatures, we found the ni-
trous acid to decompose on a Bregnsted acid to nitrosyl, in agree-
ment with Richter et al. and Lavalley et al., and the nitric acid to
decompose to NO; that further reacts with ammonia to nitramide.
The suggested reaction of nitric oxide with a nitrate (here nitric
acid) was found to not proceed at all. The proposed mechanism
by Eng and Bartholomew [93] involves the direct attack of nitrogen
oxides on adsorbed ammonium ions. This was found not to pro-
ceed in our model, although it has to be mentioned that Eng and
Bartholomew considered a complex that involves two adjacent
occupied active sites. We only considered the reaction on one sin-
gle Bransted acid and, thus, the suggestion of Eng and Bartholo-
mew cannot be excluded. Despite the similarities and deviations
of our model with the widely suggested mechanism, as stated
above, it further has to be noted that these studies mainly refer
to ion-exchanged zeolites, or to vanadium-based catalysts. Deriv-
ing an analogy or transferring the mechanism to the H-form cata-
lyst is very speculative if one does not want to claim that it mainly
proceeds on the same type of site in all catalysts, e.g. the Brgnsted
acids.

3.2.4. Oxidation of ammonia

In order to account for the potential influence of the oxidation
of ammonia as a side reaction, we have included the SCO reaction
mechanism in the discussion on the NO,-SCR and the fast SCR.
Fine-tuning of this submechanism was carried out by comparing
to the data of Akah et al. [15]. The volumetric gas flow was set to
Q=200 ml/min with a reactant gas composition of 500 ppm
ammonia in 2% oxygen and balance helium. Furthermore, 0.1 g
catalyst with a ratio of Si/Al = 15 was employed, and we assumed
a tubular reactor with 6 mm diameter and 5 cm long as in the
modeling of the fast SCR. Fig. 9 shows the conversion of ammonia
vs. temperature. Reasonable agreement between simulation and
experiment is found. The mechanism consists of three parts as
described in detail in Ref. [28]. First, oxygen reacts with adsorbed
ammonia forming nitroxyl and water. Then, HNO reacts in an
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Fig. 9. Simulated conversion of NH; from reaction with oxygen in comparison to
data from Ref. [15].

intramolecular reaction to NO and adsorbed H,NO, which after
reaction with another nitroxyl molecule leads to hydroxylamine
and a second nitrogen oxide. The NH,OH finally reacts with a
third HNO to nitrosamine, which decomposes into nitrogen and
water.

NH; + 0, < HNO + H,0 (16)
HNO + HNO < H,NO + NO (17)
H,NO + HNO « NH,OH + NO (18)
NH,OH + HNO «» NH,NO + H,0 (19)

The detailed steps of reactions (16)-(19) are presented in Table S3
in the Supporting information, denoted with “NHs + O,”, “HNO + H-
NO”, “HNOH + HNO”, and “NH,0H + HNO”. However, this pathway
leads to a deviation in the selectivity of the reaction with respect to
nitrogen compared to experiments. While experiments suggest
selectivity to nitrogen of about 65%, our model predicts only 50%.
Even though we have included potential reactions of nitroxyl with
NO, none of them was found to be significant at these conditions
to account for this deviation. Thus, the most reasonable explanation
is oxidation of part of NO to NO, followed by the fast SCR mecha-
nism. Our proposed mechanism for this oxidation [27] is however
only capable of accounting for the low temperature conversion
(compare Halasz et al. [79]), but not for the high temperature re-
gime. Nevertheless, the rate-limiting step, the reaction of oxygen
with an adsorbed ammonium ion to adsorbed NH;00H*, was found
to be independent of temperature. Thus, the rates of the subsequent
steps producing NO and N, from the decay of nitroxyl do not signif-
icantly influence the overall reaction rate of the SCO, and thus, oxi-
dation of a fraction of NO to NO, is not expected to significantly
change the conversion vs. temperature. Furthermore, in the NO,-
SCR, the oxidation of NO is less relevant because the produced NO
directly reacts with NO, according to the fast-SCR mechanism.
Therefore, it can be concluded that the impact of the ammonia oxi-
dation on the fast and the NO,-SCR is only minor and is not ex-
pected to account for the observed deviation of the NO,-SCR at
high temperatures.

In contrast to the SCR reactions, the ammonium ion does not
block the active sites but actively participates in the reaction.
The maximum of the conversion at ~700K is related to the
decreasing amount of ammonia adsorbed on the catalyst. The left
shoulder of the curve is related to the rate-limiting initial reaction
of oxygen with the adsorbed ammonium ions.

4. Conclusions

The mechanisms of the three major sets of the selective cata-
lytic reduction of nitrogen oxides, namely the NO,-SCR, the fast
SCR, and the SCO, were analyzed using microkinetic modeling. In
a first part, additional pathways including the intermediate forma-
tion of Z"[NO,]" species, calculated with DFT, were presented and
compared to prior calculated mechanisms that involve the reaction
of NO, with adsorbed ammonium ions. It was concluded that,
based on activation energies, the reported new sequence of reac-
tions is more probable to be responsible for the activity of the H-
ZSM5 in the fast and the NO,-SCR though an uncertainty remains
with respect to the potential blocking of active sites by ammonia.
The microkinetic model, which includes the DFT-calculated reac-
tion mechanisms of our previous works [27-29] and of Section
3.1, showed reasonable agreement with different sets of experi-
mental data. First of all, the crucial adsorption of ammonia on
Brensted acids indicates co-adsorption of up to four ammonia mol-
ecules on an active site at low temperatures. In addition, our model
suggests that only a fraction of the framework aluminum is capa-
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ble to bind ammonia as ammonium ion. This might be explained
by a potential inaccessibility of a certain fraction of Brensted acids
within the microstructure of the zeolite. For the NO,-SCR, the
reaction was found to proceed in the following sequence. First,
NO, adsorbs and a second NO, co-adsorbs prior to the formation
of as-N,0,4 that then decomposes into nitric acid. The latter then
desorbs and leaves a nitrosyl ion on the catalyst that subsequently
reacts with ammonia to nitrosamine. The nitric acid decomposes
on an active site into water and Z [NO,]* that reacts with ammonia
to nitramide. Finally, nitramide and nitrosamine decompose into
water and nitrous oxide and nitrogen, respectively. Furthermore,
at low temperatures, nitric acid potentially reacts directly with
an ammonium ion to nitramide and water. The rate-limiting step
is the desorption of nitric acid, leaving the nitrosyl ion on the zeo-
lite. The observed maximum in the conversion vs. temperature was
related to the blocking of sites by ammonia at low temperatures
and to the thermodynamic equilibrium conditions of the interme-
diate as-N,04 at elevated temperatures. For the mechanism of the
fast SCR, in analogy to the NO,-SCR, it was concluded that as-N,03
is formed as intermediate on the active site, which then decom-
poses into nitrous acid together with the formation of a nitrosyl
ion. Here, the decomposition of the acid leads to a second nitrosyl
ion or, at low temperatures, the acid directly reacts with an ammo-
nium ion to nitrosamine and water. In addition, the superposition
of the NO,-SCR causes deviation in NO and NO, conversion. At high
temperatures, the desorption of nitrous acid from the nitrosyl ion
is rate-limiting in analogy to the NO,-SCR mechanism while, at
low temperatures, the co-adsorption of NO to NO, prior to the for-
mation of the intermediate as-N,Os is rate-limiting. The observed
maximum can be related to the blocking of the active sites by
ammonia at low temperatures and to the thermodynamic equilib-
rium of as-N,Os at high temperatures. Finally, the governing path-
way of the SCO entails the reaction of oxygen with an ammonium
ion to nitroxyl and water and subsequently a self-reaction of HNO,
which releases NO to the gas-phase and leaves H,NO on the active
site. The latter reacts with another HNO to hydroxylamine fol-
lowed by the reaction with a third nitroxyl to nitrosamine and
water. The limiting factors in this reaction were found to be the ini-
tial elementary step between the ammonium ion and oxygen and
at high temperatures the thermodynamic limitation of adsorbed
ammonia on the active site. The deviation between calculated
and experimentally observed selectivity toward nitrogen in the
SCO is attributed to oxidation of part of the produced NO to NO,
followed by the fast SCR mechanism. However, at the present con-
ditions for the SCR, the ammonia oxidation was found to have only
a minor impact. Thus, the deviation of the calculated NO,-SCR at
high temperatures (above 725 K) may be due to an additional reac-
tion mechanism or result from the decomposition of NO, to NO
and oxygen followed by the accession of the fast SCR.

In summary, based on first principles’ microkinetic modeling,
we have elucidated the reaction mechanism of the fast and the
NO, SCR on H-ZSM5 with Brgnsted acids as active sites. The re-
sults are to a large extent in agreement with experimental data,
and although our model is rather qualitative, several conclusions
were drawn beyond experimental findings. Furthermore, high
activities of ion-exchanged and H-form zeolites are observed for
the fast SCR at equivalent reaction conditions. Considering the
fact that metal-exchanged zeolites usually contain significant
amounts of Brensted acids, superposition of contributions of the
two different active sites and coupling in terms of intermediate
species or a direct interaction seems reasonable. Assuming a
transferability of the H-ZSM5 reaction mechanism to other
H-form zeolites, our results might provide new insights and con-
cepts for overall reaction mechanisms of a large group of zeolite-
based catalysts.
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Appendix A

Here, we show the derivation of the effective Hessian as was
proposed by Harvey et al. [66,67] based on the work of Koga and
Morokuma [68]. In addition, we show the corresponding derivation
for the algorithm applied in this work for finding minimum energy
crossing points.

Basis is the Lagrangian equation L for the determination of the
MECP
L(R,7) = E1(R) — 4- (E1(R) — E2(R)) (A1)
by minimizing the energy E; on one PES with the constraint that the
energies are identical on both PESs at the coordinates R* of the
MECP. The PESs only differ in the assigned spin state. At the MECP
the energy E; and the Lagrangian L are equal and with that their
respective Taylor expansions in the vicinity of this point with a dis-
placement AS along the hyperline of the crossing of the PESs
(seam). The seam can be defined as the 3N-7 dimensional subspace
of both PESs with the vector

X=VE(R)-VER) =8 -8, (A2)
being orthogonal to the seam at the MECP.

The derivatives of the Lagrangian with respect to the coordi-
nates R are

AL(R, )

(ak 4 _ VRLR,%) =g — 1+ (8 — &)= Ogr: (A3)
2
% = ViL(R,7) = VREy — i (VREr — ViEs)

= V2E; - (1= 1)+ ViE; - 4 (A4)

With these expressions the Taylor expansion of the energy E at the
MECP can be written as

Ei(R"+AS) =L(R" + AS, ") = L(R", /') + AS" - VRL(R", 1")
+% -AS" . VAL(R",2") - AS = E;(R", 2") +%- AS"
- VAL(R",)") - AS (A5)

by noticing that the first derivative of the Lagrangian at the coordi-
nates of the MECP is zero as a requirement of the definition of this
point to be a minimum on the hyperline of the crossing PESs. Thus,
in the Taylor expansion of the energy E; on either of the two PESs
the second derivative of the energy, and with that the Hessian,
can be expressed in terms of the second derivative of the Lagrangian
which combines contributions from both PESs according to (A4). Fi-
nally, only the Lagrange multiplier needs to be determined. It is di-
rectly obtained if the corresponding search algorithm for finding of
the MECP is applied. However, it can also be calculated indepen-
dently of the algorithm from Eq. (A3). 4 cannot be obtained directly
from this equation, but only its absolute value by making use of the
norm of the two gradients.

&(R) =/ - (8 (R) - g,R))
(R = 17| [&(R) - £:(R) 46)
P R gl

2:(R) — &R x|

In analogy, the separation of the two gradients prior to applying the
norm Yyields in combination with (A6)
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ER) &R X

The reintroduction of the Lagrange multiplier in Eq. (A3) allows for
the determination of its correct sign. Inserting the two expressions
(A6) and (A7) in (A4) results in the expression of the effective Hes-
sian (10). However, from a practical point of view it is straight for-
ward to only calculate the value of the Lagrange multiplier together
with its sign and then directly apply it in (A4) rather than calculat-
ing the absolute value of (1 — 1), as well. In the latter case, this
would also require the distinction of cases in order to obtain the
correct sign for the difference.

In this work we applied an algorithm with the governing equa-
tion for the Lagrangian

L(R,%) = E:(R) + Ez(R) — 7+ (E1(R) — E2(R)) (A8)
which minimizes the sum of the energies of the two PESs with the

constraint that the energies are equal at the coordinates of the
MECP. This results in the corresponding derivatives

OL(R, 2 )

AR GulR 1) =g +8 i (8 ~ 8= O (A9)
2

TR _ ViR 2) = V3E: + Vi, — 2+ (VRE: -~ V)

=VEE,-(1-7)+ViE - (1+4) (A10)

For the Taylor expansion, it has to be kept in mind that the Lagrang-
ian minimizes the sum of the energies of the two PESs.

E(R’ + AS) :%L(R* +AS, i) = % LR, %) + AST - VRL(R", /")

+% CAST-VEL(R', 1) - AS} = E(R", 7") +%  AST

-VRL(R,7) - AS (A11)
For the Lagrange multiplier one obtains the absolute value

 |81(RY) — & (R)|
and with that for the effective Hessian of the MECP

1 2 < [ |g1+g2q> 2 ( [ |g1+g2|}>}
Heyf == VgEy - (1 - |22 | + VREy - [ 1+ [ 2—2>2=
d 2{ R 181 — 8 R™2 181 — &l

(A13)

Both expressions, Eqs. (10) and (A13) yield the same result in the
frequency analysis of the MECP. Though the equation of Harvey
et al. is simpler at first, depending on the applied algorithm, it might
make sense to derive an alternative expression as shown here and
to use the optimized Lagrange multiplier from the MECP search
algorithm. Furthermore, this approach allows for the validation of
the Lagrange multiplier or the application of a corresponding equa-
tion like (A6), and (A12) to obtain a better start value in the search
algorithm.

It should be pointed out that the gradients and second deriva-
tives are used in mass weighted coordinates.

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jcat.2011.08.009.
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