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a  b  s  t  r  a  c  t

In  this  study,  a kinetic  model  is developed  for NH3-SCR  over  a  honeycomb-monolith-supported  Cu-
zeolites  using  intra-catalyst  axial  species  distribution  measurements.  An ammonia  TPD  experiment,
together  with  micro  calorimetry  data  were  used  for  tuning  the  ammonia  adsorption  and  desorption  prop-
erties. The  spatial  distribution  for  NO oxidation,  NH3 oxidation  and  NH3 “Standard”  SCR  were  modeled
between  200  and  400 ◦C. Four-step  protocol  measurements  were  employed  in  order  to validate  the  tran-
eywords:
H3 SCR
inetic modeling
patial distribution measurements
u zeolites
paci-MS

sient  functions  of the  model.  The  resulting  kinetic  model  provides  good  spatiotemporal  simulation  of  the
SCR  reaction  and component  reactions  throughout  the  monolith  catalyst  system.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

With the depletion of fossil fuel resources and global warming,
iesel and lean-burn gasoline engines are increasingly preferred for
heir advantageous fuel consumption and CO2 emissions. On the
ther hand, they suffer from high NOx emissions that contribute
o global acidification and air pollution in urban environments.
here are different concepts investigated for the catalytic reduc-
ion of NOx into H2O and N2. In one technology, urea is injected
nto the exhausts gas to form NH3, which is used as a reductant.
he selective catalytic reduction (SCR) of NOx proceeds on a down-
tream catalyst. In the quest for an efficient, cheap and non-toxic
atalyst for this application, special attention has been given to
etal-exchanged zeolites[1–6]. Zeolite catalysts are complex since

hey contain many sites with different properties and activity. The
ncorporation of metal atoms into the zeolite framework increases
his degree of complexity due to the various potential oxidation

tates of the metal and the heterogeneity of the reactive sites.
H3-SCR of NOx itself is a complex catalytic reaction which can be
escribed by many pathways depending on the NO2/NO ratio [3,7]

∗ Corresponding author. Tel.: +46 31 772 4390; fax: +46 31 772 3035.
E-mail address: louise.olsson@chalmers.se (L. Olsson).

ttp://dx.doi.org/10.1016/j.apcatb.2014.08.003
926-3373/© 2014 Elsevier B.V. All rights reserved.
and is often accompanied by side reactions such as NH3 oxidation,
ammonium nitrate formation [8–10] and N2O production [11]. Spa-
tially resolved experiments have been performed to understand
NH3-SCR over monolithic catalysts with SpaciMS [12] and Spaci-
FTIR [13,14]. Luo et al. [14] investigated SCR over a Fe/zeolite
catalyst and observed that the catalyst zone required to meet 80%
conversion decreases according to Standard SCR > NO2-SCR > Fast
SCR; i.e., Fast SCR requires the shortest catalyst length. With
increasing temperature up to 400 ◦C, which is in line with obser-
vations over a Cu/zeolite catalyst [12], the SCR catalytic zone shifts
to the front. In addition, Auvray et al. [12] provided information
on the NH3 adsorption and storage throughout the catalyst in SCR
condition and observed NH3 inhibition at low temperature in the
front of the monolithic catalyst.

Global and detailed kinetic models have been built and devel-
oped to understand the NH3-SCR reaction over the most common
catalysts: supported-vanadia catalysts [10,15], Fe-exchanged zeo-
lites [16] and Cu-exchanged zeolites [17]. These models include
side reactions, several possible routes for NOx reduction, such as
“Standard SCR”, “Fast SCR” and “NO2 SCR”[17], or those focused

on the nature and dynamics of the active sites [18–21]. Catalysts
for NOx-selective reduction are practically coated onto a mono-
lithic support and this system behaves like a plug flow reactor
along which chemical species concentrations evolve according to

dx.doi.org/10.1016/j.apcatb.2014.08.003
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2014.08.003&domain=pdf
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eactions, adsorption and release. The models found in the litera-
ure are built, fitted and validated based on effluent concentrations
nder various operating conditions. There is one kinetic model
vailable in the literature that is describing spatially resolved MS
ata for NOx storage and reduction [22]. However, there are to our
nowledge, no kinetic models available for NH3 SCR that uses spa-
ially resolved experiments. In-catalyst distributed measurements
nable kinetic parameters to be determined under actual operating
onditions, during which regular data for NH3 SCR yield substan-
ial conversion (often 100%) in a significant part of the temperature
nterval. Thus, there are large advantages of using spatially resolved

easurements. The objective of this study has been to develop a
inetic model for NH3-SCR using intra-catalyst concentration pro-
les of species relevant to the process. NH3 oxidation, NO oxidation,
tandard NH3-SCR, N2O formation, as well as NH3 adsorption and
esorption, have been included in the model. The validation of the
odel was performed by evaluating its capability to capture tran-

ient response to changes in the gas composition, i.e. switching NH3
r NO on or off.

. Experimental

.1. Catalyst

The catalyst used was a Cu-Beta, also denoted Cu-BEA, zeolite
repared as described in [23,24] and washcoated on a 400-cpsi
onolithic cordierite support. The silica-to-alumina ratio was  38

nd was prepared using Beta zeolite from Zeolyst International. The
opper content was 4.3 wt.%, as measured by inductively coupled
lasma and atomic emission spectrometry (ICP-AES). A cylindrical
atalyst core sample (25.4-mm long × 7.1-mm diameter) was used
or micro reactor analysis. The catalyst was pretreated for 2 h at
00 ◦C in a gas stream containing 205 ppm NO, 183 ppm NH3, 10%
2, 5% H2O and Ar balance, to simulate SCR exhaust conditions;

his treatment ensures sample thermal stability during subsequent
xperiments.

.2. Reactor setup and analytical technique

The system used to perform the experimental work has been
escribed in detail in a previous article [12]. The catalyst core sam-
le was wrapped in fiber glass insulation tape in order to minimize
as flow bypassing the catalyst and was placed in a quartz tube
ositioned in a reactor furnace. Quartz rods were placed in the
ube upstream and downstream from the catalyst to reduce axial
emperature gradients within the sample (only ±1 ◦C over the 25.4-

m long catalyst). Gases were supplied by mass flow controllers
nd were preheated and mixed before entering the flow reactor
n coiled tubing enclosed in a separate preheater furnace. All the
as lines were maintained at >200 ◦C and the catalyst internal tem-
erature was measured by a K-type thermocouple inserted in the
ample ca. mid-monolith from the reactor outlet. Analysis of the
ntra-catalyst gas composition was performed using SpaciMS, an
nstrument described elsewhere [25–29]. One fused-silica capil-
ary (Polymicro Technologies, 50-�m I.D., 185-�m O.D., ca. 2-m
ong) was inserted in the monolith from the inlet and mounted on

 translating system to sample the gas at any position along the
hannel. A second capillary was inserted in the reactor to mea-
ure the inlet gas composition. The capillaries were connected to a
ultiport valve, the outlet of which was linked to the mass spec-

rometer inlet. Thus, switching the valve allowed selecting the gas

eed for the mass spectrometer. The capillaries were maintained at
a. >200 ◦C throughout their entire length. The experiment was car-
ied out at the catalyst exit and six target intra-catalyst locations:
/2, 3/8, 1/4, 3/16, 1/8 and 1/16 of the total monolith length. For
vironmental 163 (2015) 393–403

the exit measurement, the capillary was actually positioned just
inside the catalyst outlet; this allowed exclusive sampling from the
measurement catalyst channel and not adjacent channels, which
would complicate the analysis due to channel-to-channel per-
formance (e.g., washcoat loading) differences. The experimental
sampling positions were corrected using ammonia oxidation and
SCR conversion as described in detail in [12]. The m/z  ratios mon-
itored were 15 for NH3, 28 for N2, 30 for NO, 44 for N2O, 46
for NO2 and 84 for Kr; despite these signal assignments, there
were numerous cross sensitivities which were considered in our
analysis.

2.3. Experimental procedure

The Cummins 4-step protocol [30] was used for analysis and
consists of four successive steps at constant flow and temperature:

• Step 1 (NO oxidation): 205 ppm NO, 10% O2 and 5% H2O in Ar.
• Step 2 (Standard SCR): 205 ppm NO, 183 ppm NH3, 10% O2 and

5% H2O in Ar.
• Step 3 (NH3 Saturation): 183 ppm NH3, 10% O2 and 5% H2O in Ar.
• Step 4 (NO oxidation): 205 ppm NO, 10% O2 and 5% H2O in Ar.

A low concentration of Kr was included for analytical purposes.
The total flow was 510 sccm (0 ◦C and 760 Torr standard conditions)
providing a space velocity of 30,000 h−1. To assess repeatability,
the 4-step protocol was repeated twice at each location and tem-
perature, and the second step was typically used for analysis. The
catalyst nature was  studied at 200, 325 and 400 ◦C. Fig. 1 shows
typical experimental concentration profiles obtained during the
protocol described above. The nitrogen balance was also added in
order to verify the stoichiometry of the various reactions. It can be
seen that the N-balance was closed during all steps.

3. Model

3.1. Reactor model

The model aims at reproducing the intra-catalyst evolution of
the reactions occurring during NH3-SCR. To simulate the behavior
of a honeycomb-type catalytic converter, the “aftertreatment anal-
ysis” mode of a commercial software, AVL BOOST, was used. The
dimensions of the monolith used led to the following geometric
surface area, GSA = 2649.6 m2/mmonolith. In order to optimize the
computation time, several assumptions were made. All the chan-
nels were assumed similar, which reduced the system to a one
dimension single channel model. The 1D channel was discretized
into 15 elements in a series, in which the mass balance (Eq. (1))
equation was  solved [31].

εg×∂�g×wk,g

∂t
= εg×∂�g×wk,g×vg

∂z
+ εg× ∂

∂z

(
�g×Deff×

∂wk,g

∂z

)

+ MGk,g×
I∑
i

vi,k×ṙi(c
L
k, Ts) (1)

εg is the volume fraction of the gas phase in entire system, �g

the density of the gas phase (kmol/m3), wk,g the mass fraction of
species k in gas phase, vi,k the stoichiometric coefficient of species

k in reaction i, ṙi(cL

k
, Ts) represents the molar reaction rate of the

surface reaction i, and MGk,g is the molar mass of gas phase species
k (kg/kmol). The transport of species from the bulk gas phase to
the surface was  included and described by the film model. Thus,
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he molar surface concentration (cL
k

of the component k) can be
valuated using

trans × kk,m × (cL
k − ck,g) =

I∑
i

ṙi × (cL
k, Ts) (2)

here ck,g is the molar concentration of species k in the bulk gas,
nd kk,m is the mass transfer coefficient of the individual species.
onsidering the low working temperature range, homogeneous gas

hase reactions were neglected in the model.

The reaction heat associated with NH3 SCR is small and, there-
ore, the simulations were considered isothermal, which also was
he case in several earlier NH3 SCR models [16–22].

able 1
quations and kinetics parameters for NH3 adsorption and desorption from TPD experim

Reaction Equation/reaction rate Pre-expone

NH3 adsorption NH3 + S1 → NH3-S1 (r.1f) r1f = k1f × �v × [NH3] 9279b

NH3 desorption
NH3-S1 → NH3 + S1 —(r.1b)
r1b = k1b × �S1−NH3

6.8 × 108b

a The unit for the reaction rate is kmol/(m3 s) and the gas phase concentrations are dim
b Fitted.
c Parameters from micro-calorimetry experiments.  ̨ = 0.39.

able 2
stimated kinetic parameters for NO oxidation, step 1 of the 4-step protocol.

Reaction Equation/reaction rate Pre-ex

NO oxidationc NO + 0.5O2 ⇔ NO2 (r.2)
r2 = k2f × [NO] × [O2]0.5 − k2b × [NO2]

2.5 × 1

a The unit for the reaction rate is kmol/(m3 s) and the gas phase concentrations are dim
b Fitted.
c Parameters for forward reaction, backward reaction from thermodynamic equilibrium

able 3
stimated kinetic parameters for NH3 oxidation, step 3 of the 4-step- protocol.

Reaction Equation/reaction rate Pre

NH3 oxidation 4NH3-S1 + 3O2 → 2 N2 + 6H2O + 4S1
(r.3)
r3 = k3 × �S1−NH3 × [O2]ˇ1

3.0

a The unit for the reaction rate is kmol/(m3 s) and the gas phase concentrations are dim
b Fitted.
5 ◦C and at the half of a Cu-BEA monolith. The nitrogen balance was calculated and

BOOST allows the user to define the axial position of the simula-
tion output. This option was  convenient and enabled us to extract
the simulated concentrations at the axial positions where the capil-
lary inlet was  experimentally placed for easy comparison purposes.

3.2. Kinetic model

The rate equations and kinetic parameters were user-defined
in a FORTRAN script executed by BOOST. The rate constants were

described by the Arrhenius Equation:

k = A exp
(

− EA

RT

)
(3)

ents.

ntial factora (kmol/(m3 s)) Activation energy (kJ/mol) Variance (s2)

0 1091

113.0c

ensionless.

ponential factor a (kmol/(m3 s)) Activation energy (kJ/mol)

04b 39.6 [34]

ensionless.

.

-exponential factora (kmol/(m3 s)) Activation energy (kJ/mol)

 × 106b 99.5 [34]

ensionless.
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Table  4
The variance calculated for steady-state NH3 oxidation and SCR. All components
involved in the respective reactions were taken into account in the calculations.

Reaction temperature NH3 oxidation SCR
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pathway, involving the formation of an adsorbed NH3-NO complex,
and the high-temperature pathway, involving a reaction between

T
E

200 C – 270
325 ◦C 1489 1040
400 ◦C 229 398

here A is the pre-exponential factor, EA the activation energy
J/mol), R the gas constant (8.314 J/(mol K)) and T is the temper-
ture (K). The pre-exponential factor and the activation energy of
ach simulated reaction were tuned to fit the experimental data
nd are tabulated (Tables 1–5).

.2.1. NH3 adsorption and desorption
The model included NH3 adsorption and desorption on catalytic

ites of the Cu-BEA, denoted S1 (see Table 1). It was considered
o be a non-activated step and the activation energy of adsorption
as set at 0, which has been the case in many NH3 SCR models

16,17]. Unlike adsorption, the ammonia desorption is an activated
rocess, the activation energy of which is coverage dependent. The
ctivation energy of NH3 desorption was expressed using a Temkin
sotherm, which considers the adsorbate–adsorbate interactions:

NH3,des = E0
NH3,des(1 − ˛�NH3 ) (4)

here  ̨ is a constant fitting parameter, �NH3 the NH3 coverage
nd E0

NH3,des is the activation energy for 0 coverage. An alterna-
ive explanation for the coverage dependent activation energy is
hat in zeolites there is a range of acidity for the sites, and a cov-
rage dependent barrier reflects this inhomogeneity. A coverage
ependent activation energy for NH3 desorption has been used

n many kinetic models [16,19,20,32] and is in line with micro-
alorimetric experiments by Wilken et al. [23]. Micro-calorimetry
xperiments on Cu-BEA powder from the same batch as is used
n this study resulted in an adsorption heat of 112.75 kJ/mol with

 coverage-dependence  ̨ of 0.39. These values were used in the
odel. NH3 adsorption followed by TPD was performed in order to

xperimentally measure the number of sites and to fit the adsorp-
ion/desorption parameters, which are reported in Table 1. Since no
torage of nitric oxide was observed, even at 200 ◦C, NO adsorption
as not taken into account.

.3. NH3 and NO oxidation

Zeolites are active for oxidation of NO and NH3 [6,33]. Oxi-
ation of NH3 by oxygen leads to an overconsumption of NH3
14] while NO2, produced by NO oxidation, improves the SCR pro-
ess via the “Fast SCR” mechanism. The oxidation of NH3 was
odeled according to the reaction of NH3, adsorbed on S1, and O2

resent in the gas phase. However, this is a global model, which
oes not imply that the oxygen is physically reacting from the

as phase. The only product formed during the experiment was
2, and therefore only one reaction was included in the model to
escribe ammonia oxidation. The steady-state concentrations of
H3 and N2 at various intra-catalyst axial positions during Step

able 5
quation and estimated kinetic parameters for ammonia SCR, step 2 of the 4-step protoco

NH3 SCR equation/reaction rate Pre-exponential fac

4NH3-
S1 + 4NO + O2 → 4 N2 + 6H2O + 4S1
(r.4)
r4 = k4 × �S1−NH3 × [NO] × [O2]ˇ2

4 × 1013b

a The unit for the reaction rate is kmol/(m3 s) and the gas phase concentrations are dim
b Fitted.
vironmental 163 (2015) 393–403

3 were used to tune the parameters. The tuning of NO oxidation
parameters followed the same approach. In the model, NO oxida-
tion was described as a global reaction dependent on NO and O2
concentration (Table 2). In the same way  as for NH3 oxidation, this is
a global kinetic model using gas phase concentrations but in reality,
the reaction occurs on the surface. These two reactions were stud-
ied independently to determine their kinetic parameters, which
were subsequently used in the simulation of NH3 SCR and among
the entire range of 4-step experiments aiming at validating the
model. The activation energies were taken from the experimental
kinetic study by Mihai et al. [34] over a Cu-BEA catalyst containing
4 wt.% Cu. The pre-exponential factors were determined by manual
tuning.

3.4. NH3 SCR

NH3 SCR in excess oxygen was modeled according to only
one reaction corresponding to the “Standard SCR”. The “Fast SCR”
and the NO2-SCR reactions were excluded to simplify the model
since NO2 was  not present in the gas feed and NO oxidation was
significant only at 400 ◦C, albeit at a significantly lower rate com-
pared to NH3 SCR. The activation energy for NH3 SCR was taken
from Arrhenius experiments presented by Mihai et al. [34] and
the pre-exponential factor was  manually tuned, similar to the
NO and NH3 oxidation reactions, to fit the experimental steady
state distributed concentrations of N2, NH3, and NO.  Since NO
oxidation and NH3 oxidation may  occur during lean SCR con-
ditions, these reactions were accounted for in the modeling of
the SCR step using the parameters determined in these previous
sub-models.

3.5. N2O formation

During SCR of NO with NH3, the formation of N2O has been
observed on various metal-exchanged zeolite catalysts [3,8,11].
Several pathways have been proposed for the N2O formation. There
is a correlation between NO2 and N2O since the production of
the latter increases with NO2 concentration [3,4]. N2O release has
been explained by the formation and subsequent decomposition of
ammonium nitrate, the direct oxidation of NH3 or SCR with a dif-
ferent stoichiometry. These side reactions should be avoided since
they consume NH3 and produce N2O, the emission of which is an
environmental issue due to its significant greenhouse gas potential.
The type of SCR catalyst and its operating temperature are among
the factors influencing N2O selectivity. On Cu-BEA zeolites, a high
N2O selectivity at low temperature (200 ◦C) as well as high (400 ◦C)
temperature has been noticed [12]; however, at 325 ◦C, the N2O
formation was  lower. Two  pathways were therefore included in
our model to simulate the N2O production: the low-temperature
adsorbed NH3 and NO (see Table 5). The reaction mechanism for
N2O production used in this paper was  developed in an earlier
study, using a broad range of temperatures and a varying NO2/NOx

ratio [35].

l.

tora (kmol/(m3 s)) Activation energy (kJ/mol)

107.8 [34]

ensionless.
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ig. 2. NH3 adsorption and temperature programmed desorption. The inlet ammo-
ia concentration was 183 ppm and the temperature 40 ◦C (Tcat = 56 ◦C).

.6. Model validation

Whereas the steady state distributed experimental data from
he 4-step protocol were used to determine the kinetic parameters
f the individual reactions, the transients associated with the vari-
us gas-composition steps in the protocol were used to validate the
odel. The entire protocol was therefore simulated and compared

o the experimental results.
The variance was determined according to:

2 =
∑

i(C
k
model,i − Ck

exp,i)
2

N − p

here N is the number of points considered, p the number of fitted
arameters, Ck

model,i the concentration of the species i calculated by

he model at the position k and Ck
exp,i is the measured concentration

f the species i at the position k.

. Results and discussion

.1. NH3 temperature programmed desorption (TPD)

The catalyst was exposed to a gas stream containing 183 ppm
H3 at low temperature (40 ◦C) in order to store NH3 until catalyst

aturation. A fraction of the stored amount was released when NH3
as removed from the flow, forming a long tail on the NH3 profile,
hich is in line with earlier studies [17,32,36]. The temperature was
rogressively increased at 5 ◦C/min to 600 ◦C in order to release
he remaining NH3 stored during the exposure. The quantitative
H3 outlet concentration profile is shown in Fig. 2. The amount
f adsorbed and released ammonia was calculated and used to fit
he number of active sites, which is a crucial parameter for the
inetic model. Adsorption was considered to be a non-activated
tep and the activation barrier was set to zero, as done in sev-
ral other studies [19]. The pre-exponential factors for adsorption
nd desorption were fitted to reproduce the shape of the asso-
iated data in Fig. 2. Due to the interaction between ammonia
olecules, or alternatively non-homogeneous strength of the acid

ites, a coverage-dependent expression was used for the activa-
ion energy of desorption (Eq. (4)). As described in Section 3.2.1,
he coverage dependent activation energy was determined using

icro-calorimetry. The fitted parameters are reported in Table 1
nd the results in Fig. 2 compare the experimental and simu-
ated NH3 TPD profiles. The model has a lower ammonia storage

ompared to the experiment and also there is a larger tailing of
he ammonia concentration after turning it off. The reason is that
he NH3 adsorption preceding the TPD experiments was made at
0 ◦C, and at this low adsorption temperature it is possible that
Fig. 3. NO oxidation (205 ppm NO, 10% O2, 5% H2O): experimental (solid lines) and
simulated (dotted lines) intra-catalyst NO and NO2 concentration profiles: (a) 325 ◦C
and  (b) 400 ◦C.

physisorbed ammonia is available on the catalyst, which was  added
in a kinetic model by Sjövall et al. [19] for SCR over Cu/ZSM-5.
Since the activity of the catalyst was  modeled at 200 ◦C and higher,
the physisorbed ammonia was not taken into consideration in this
study. The variance calculated for NH3 over the curve showed in
Fig. 2 was appended in Table 1. The number of S1 sites in the model
was 0.0257 mol/m2, i.e. 68.1 mol/m monolith (geometric surface area,
GSA = 2649.6 m2/m monolith).

4.2. NO oxidation

In Step 1 of the 4-step protocol, NO was added together with
oxygen and water vapor. Under these conditions, the oxidation of
NO into NO2 could take place provided that the temperature was
high enough. The oxidation of some NO was observed at 400 ◦C
(Fig. 3b) and, to a lesser extent, at 325 ◦C (Fig. 3a), whereas no
activity was noted at 200 ◦C. The extent of the reaction could be
measured along the catalyst and then modeled. The activation
energy of 39.6 kJ/mol, reported by Mihai et al. [34] for NO oxi-
dation over Cu-BEA catalyst containing 4 wt.% Cu, was used and
yielded good agreement with the experimental data shown in Fig. 3.
This value was  close to the activation energy reported by Olsson
et al. [17] on Cu-ZSM-5 (48 kJ/mol) and Metkar et al. on Fe-ZSM-5
(48 kJ/mol) and Cu-chabazite (56 kJ/mol) [32]. The model predicts
a rather linear evolution of NO and NO2 in the monolith, especially

at 325 ◦C. However, the experiment conducted at 400 ◦C showed a
linear evolution in the front half of the catalyst followed by a con-
stant NO and NO2 concentration in the rear half of the catalyst.
The decrease in the NO oxidation rate experimentally observed



398 X. Auvray et al. / Applied Catalysis B: Environmental 163 (2015) 393–403

Fig. 4. NH3 oxidation (183 ppm NH3, 10% O2, 5% H2O): experimental (solid lines)
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Fig. 5. NH3-SCR (183 ppm NH3, 205 ppm NO, 10% O2, 5% H2O): experimental (dot-
ted  lines) and simulated (solid lines) intra-catalyst NO, NH and N concentration
nd simulated (dotted lines) intra-catalyst NH3 and N2 concentration profiles: (a)
25 ◦C and (b) 400 ◦C.

t the monolith end is likely due to NO2 inhibition of NO oxida-
ion. This has been suggested for NO oxidation over Fe-ZSM-5 and
u-chabazite [37]. Because the experiments were carried out feed-

ng only NO, NO2 inhibition was not included in the model; our
ntra-catalyst results suggest the necessity of including the inhibi-
ion effect and more data would be needed for describing the trend
uch as the apparently greater inhibition at 325 ◦C than at 400 ◦C.
he parameters used in the simulation are shown in Table 2.

.3. NH3 oxidation

In the presence of O2 and water, ammonia was oxidized on
u-BEA at 325 and 400 ◦C. This reaction can occur in parallel dur-

ng NH3-SCR and it is therefore important to accurately determine
ts kinetic parameters. Fig. 4 shows the spatial evolution of NH3
nd nitrogen concentrations during Step 3 (NH3 oxidation) at both
25 ◦C (Fig. 4 a) and 400 ◦C (Fig. 4b). The activation energy was fixed
t a literature value [34]. Hence, by tuning only the pre-exponential
actor, excellent agreement at both temperatures was difficult to
btain. Since the NH3 oxidation was more significant at high tem-
erature, the data obtained at 400 ◦C were the focus of the fitting
rocedure. At 325 ◦C, the parameters reported in Table 3 resulted in

 slightly faster NH3 consumption compared to the experimental
esults. It should be noted that, at 325 ◦C, the last experimental
oint (position = 1 catalyst length) shows an unexpectedly high
2 value (N2/NH3,consumed = 1.27), which might be attributable to

easurement uncertainties; nevertheless, all other NH3 and N2

ata points from the experiments and modeling indicate the 2-to-1
H3:N2 stoichiometry, which is given by reaction 3 in Table 3. At
25 ◦C, both the model and the experiments show a rather linear
3 2

profiles: (a) 200 ◦C, (b) 325 ◦C and (c) 400 ◦C.

NH3 consumption and N2 formation along the monolith (Fig. 4a).
At 400 ◦C, the concentrations evolved rapidly in the front half of the
catalyst until full conversion was  reached. The model was able to
simulate intra-catalyst concentrations of N2 and NH3 during NH3
oxidation adequately at 400 ◦C (Fig. 4b), with a variance below 230
(Table 4). At 325 ◦C, the model overestimated NH3 oxidation and
as a result, the variance calculated was high. Since the activation
energy was fixed and NH3 oxidation was  modeled according to one

single reaction following Arrhrenius’ kinetic law, the tuning of the
reaction was limited to the pre-exponential factor. The activation
energy value used for NH3 oxidation (99.5 kJ/mol) was obtained
by Mihai et al. using Arrhenius plots for 4% Cu/BEA. This value was
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Fig. 7. N2O formation as a by-product of NH3-SCR. The inlet feed consisted in
183  ppm NH3, 205 ppm NO, 10% O2, 5% H2O. Experiment (solid lines) and simu-
ig. 6. Simulated NH3 coverage and fraction of free sites during NH3 SCR at: (a)
00 ◦C, (b) 325 ◦C and (c) 400 ◦C. Steady-state profile throughout the catalyst.

lose to the 97.36 kJ/mol reported by Sjövall et al. [19] on Cu-ZSM-5.
he reaction order of oxygen (ˇ1 in Table 3) was, in the simula-
ions, 0.6 and was tuned to separate experiments with varying O2
oncentration (results not shown here).

.4. NH3 SCR

The parameters determined previously for NO and NH3 oxi-
ation as well as for NH3 adsorption and desorption were held
onstant and used when tuning the NH3-SCR parameters. The reac-
ion order of oxygen (ˇ2 in Table 5) was determined as described
or �1, and the value of 0.5 was used in the simulations. The catalyst
as active for SCR at all three temperatures. In addition, side reac-

ions occurred, yielding N2O. However, due to the low NO oxidation
ctivity, reactions involving NO2, such as “Fast SCR” and NO2 SCR”,
ere not taken into account by the model. During the SCR step,

mmonia is the key component since it is involved in NH3 stor-
ge, NH3 oxidation, NH3-SCR and N2O formation. A good agreement
etween the model and measurements was observed for the intra-
atalyst concentration profiles of NH3, NO and N2. The experimental
oncentration profiles at 200 ◦C (Fig. 5a) show a rather linear evo-
ution in the front half of the monolith. At 325 ◦C (Fig. 5b), this trend
pplies only through the front quarter of the catalyst where almost
omplete consumption of ammonia is reached. At both tempera-
ures, the model slightly overestimates the reaction rate in the front
f the catalyst. At 400 ◦C, the rapid consumption of NO and NH3 in
he catalyst front as well as the exponential shape of the profiles
Fig. 5c) are accurately reproduced by the model. The model slightly
verestimates NO consumption throughout the catalyst whereas
he gap between experimental and simulated N2 profiles is mostly
ttributable to experimental uncertainties on N2 measurements,
eading to an N-balance of ≈110% throughout the entire catalyst.
n general, the model agrees well with the SCR experimental data.
he activation energy of SCR (107.8 kJ/mol) measured by Mihai et al.
34] was relatively high for a 4 wt.% Cu-BEA zeolite catalyst while
ower values were obtained for Cu/BEA with lower copper load-
ngs. The high activation energy resulted in a high pre-exponential
actor in order for the SCR to occur at a significant rate at low tem-
erature. Using this pre-exponential factor (4 × 1013 kmol/(m3 s))
esulted in a good agreement of the model at 200 ◦C (Fig. 5a)
nd excellent results for the 400 ◦C case (Fig. 5c), data verified

y the low variance at these temperatures (Table 4). Since the
arameter optimization was based on the 200 and 400 ◦C, the
greement was less good at 325 ◦C in the front part of the catalyst
Fig. 5b).
lation (dotted lines) intra-catalyst N2O concentration profiles: (a) 200 ◦C, (b) 325 ◦C
and (c) 400 ◦C.

4.5. NH3 coverage

The SCR catalyst is capable of storing ammonia as observed in
our experiment during Steps 2 and 3. Simultaneously, our model
includes the consumption of surface NH3 by the reaction with NO
and oxygen and the equilibrium of surface NH3 with gas phase NH3.
According to these factors, NH3 surface coverage, defined by the
number of sites occupied by NH3 divided by the total number of

sites was calculated along the catalyst length. Fig. 6 presents the
calculated NH3 coverage during SCR (Step 2) at steady state. It was
observed that ammonia coverage decreases through the catalyst
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Table  6
Equations and estimated kinetic parameters for N2O formation during NH3-SCR.

Reaction Equation/reaction rate Pre-exponential factora (kmol/(m3 s)) Activation energy (kJ/mol)

N2O formation (direct—high temperature) 2NH3-S1 + 2NO + O2 → N2O + N2 + 3H2O + 2S1 (r.5) 1.7 × 1016b 140.0 [35]
r5 = k5 × �S1−NH3 × [NO] × [O2]

N2O formation (indirect—low temperature)
Surface complex formation NH3-S1 + NO → S1-NH3-NO (r.6f) 1 × 104b 0 [35]

r6f = k6f × �S1−NH3 × [NO] × �v

Surface complex dissociation S1-NH3-NO → NH3-S1 + NO (r.6b) 1 × 108b 34.0 [35]
r6b = k6b × �S1−NH3 NO

Surface complex decomposition 2S1-NH3-NO + O2 → N2O + N2 + 3H2O + 2S1 (r.7) 2 × 106b 29.0 [35]

re dim

f
e
a
g
t
a
i
t
N
t
t
t
d
e
e
t
a
0
i
a
c
[

4

a
t
t
p
c
a
a
f
h
f
l
f
f
t
c
f
m
u
t
c
T
r
i
a
s

r7 = k7 × �S1−NH3 NO × [O2] × �v

a The unit for the reaction rate is kmol/(m3 s) and the gas phase concentrations a
b Fitted.

rom the inlet to the outlet. The operating temperature has a major
ffect on the NH3 surface coverage since desorption becomes faster
t higher temperature and the equilibrium is shifted towards the
as phase. The NH3 SCR reaction also occurs at a higher rate when
he temperature rises. In addition, ammonia oxidation might occur,
lthough the rate compared to SCR was significantly lower in the
nterval studied. A correlation can be established between the loca-
ion where the NH3 coverage reaches zero and the location where
H3 is fully consumed, at all three temperatures. At 200 ◦C (Fig. 6),

he ammonia coverage was near zero close to the outlet where
he ammonia gas phase concentration was zero; note that the dis-
ributions in the rear of the catalyst are limited by the reported
ata density and that the actual distribution in this region is not
xpected to be linear. At 325 ◦C (Figure 6), the null ammonia cov-
rage and ammonia concentration were observed from 3/16 of the
otal length. The coverage at 400 ◦C was very close to zero already
t the inlet position (Fig. 6). At 200 ◦C, the NH3 coverage was over
.5 in the entire front half while at 325 ◦C, it was significant only

n the front of the SCR catalyst. These coverage simulation results
re consistent with our experimental measurements of distributed
overage at 200 and 325 ◦C in terms of both shape and spatial extent
cf. Fig. 9 and associated discussion in reference [12]].

.6. N2O formation

NH3-SCR catalysts convert NO into N2 and may  produce N2O
s a side product. N2O formation should be minimized to obtain
he N2 selectivity as close to 100% as possible. The Cu-BEA catalyst
ested in the present study produced N2O during SCR in various
roportions depending on the temperature (Fig. 7). The outlet N2O
oncentration was 18 ppm at 200 ◦C, 11 ppm at 325 ◦C and 15 ppm
t 400 ◦C. The production of N2O has therefore no linear temper-
ture dependence and cannot be explained by only one reaction
ollowing Arrhenius’ kinetic law. Instead, the N2O concentration is
igher at 200 and 400 ◦C than at 325 ◦C, describing two  peaks of

ormation, at low and high temperature. Delahay et al. [11] corre-
ated the presence of CuO aggregates to the low temperature N2O
ormation. Centi et al. [38] suggested that N2O formation originates
rom the decomposition of ammonium nitrate intermediate, at low
emperature. At high temperature, Delahay et al. [11] postulated
opper ions or copper dimers [CuOCu]2+ as active species in the
ormation of N2O. Thus, two paths are proposed to model N2O for-

ation and a mechanism developed by Supriyanto et al. [35] was
sed in this study. The low temperature path involves the forma-
ion of a surface NH3-NO complex that decomposes into N2O. This
omplex is, in the model, formed on the sites S1 (see Table 5, r6f).
his complex formation is reversible and the backward reaction,

6b, is also shown in Table 5. The reversibility is crucial for describ-
ng the lower N2O formation at 325 ◦C. The NH3-NO complex can
lso decompose to form N2O (see Table 5, r7). The lower thermal
tability of the NH3-NO complex at 325 ◦C vs. 200 ◦C is the reason
ensionless.

for the lower N2O at 325 ◦C in the model, which is in agreement
with the measurements. The second N2O formation path is active at
high temperature and has therefore a high activation barrier. It con-
sists of the reaction of NH3 adsorbed on S1 sites with gas phase NO
and O2 to produce N2O; this is shown in Table 5 as the ‘direct—high
temperature’ reaction. Since this is a global reaction step, gas phase
NO and O2 were used for simplification. However, the real mecha-
nism functions through adsorbed species. By using these two N2O
mechanisms, it was possible to account for the relatively high N2O
formation at low (200 ◦C) and high (400 ◦C) temperatures and the
lower production at intermediate temperature (325 ◦C). The reac-
tion equations and optimized kinetic parameters are reported in
Table 5, where the activation energies were taken from Supriyanto
et al. [35] (Table 6).

The results in Fig. 7 suggest that N2O formation, like the SCR
reaction, becomes faster when the temperature increases. Indeed,
the slope of the N2O profile at the catalyst inlet increases with tem-
perature. However, the outlet N2O concentration did not follow the
temperature since the highest integral N2O production occurred at
200 ◦C (Fig. 7a) and the lowest at 325 ◦C (Fig. 7b), as previously dis-
cussed. At 200 ◦C, the low temperature route mostly contributes to
N2O production whereas at 400 ◦C, the N2O profile was not affected
by the low temperature mechanism. The N2O profiles, calculated
by our model, well match the experimental profiles at all three
temperatures.

4.7. Model validation: 4-step protocol transient behavior

The transient aspects of the 4-step protocol were used to vali-
date the model. Each step showed transient phenomena like NH3
storage (Steps 2 and 3), non-steady state reaction (all steps) and
the reaction between gas species and stored species (Step 4). The
full transient protocol was  simulated using the optimized kinetic
parameters fitted to the steady state intra-catalyst axial concentra-
tion profiles. The NO, NH3, N2 and N2O profiles at 0.5L and 200 ◦C
were compared to the simulation results (Fig. 8). The compari-
son is shown for position 0.125L and 0.25L at 325 ◦C (Fig. 9) and
400 ◦C (Fig. 10), respectively. The results shown are representa-
tive of different settings, namely temperature and axial position.
In addition, these positions are all within the SCR zone of the cat-
alyst at their respective temperature, which means that the NH3
concentration during the SCR step was  not null and can be com-
pared. The variance was  calculated over each step and reported in
Table 7. In the first example, at 200 ◦C and 0.5L, the model yields
excellent agreement with the experiments (see Fig. 8). At this posi-
tion, both the steady-state spatial profiles and the transient curves
of NO (a), NH3 (b), N2 (c) and N2O (d) match well. In the first step,

NO oxidation was  not significantly occurring, which was accurately
described by the model. Thereafter, ammonia was added to the feed
gas mixture, resulting in the SCR reaction. Large ammonia storage is
apparent. Since the ammonia coverage was  increasing during Step
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Fig. 8. Full transient 4-step protocol as model validation: experiment (solid lines)
and simulation (dashed lines) intra-catalyst concentration profiles at 200 ◦C and 0.5L
location; the three vertical dashed lines indicate the progressive transition times
between protocol steps 1–4: (a) NO, (b) NH3, (c) N2 and (d) N2O.

Fig. 9. Full transient 4-step protocol as model validation: experiment (solid lines)
and simulation (dashed lines) intra-catalyst concentration profiles at 325 ◦C and
0.125L location. (a) NO, (b) NH3, (c) N2, (d) N2O.
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Fig. 10. Full transient 4-step protocol as model validation: experiment (solid lines)
and simulation (dashed lines) intra-catalyst concentration profiles at 400 ◦C and
0.25L location: (a) NO, (b) NH3, (c) N2 and (d) N2O.

Table 7
The variance of the transient experiment, calculated for each of the four steps.

Step 200 ◦C 0.5L 325 ◦C 0.125L 400 ◦C 0.25L

1-NO oxidation 4a 20 29
2-SCR 72 1145 111
3-NH3 oxidation 205 1433 82

4-NO oxidation 269 261 80

a Variance measured over the last 5 min  of the step.

2, the reaction rate for SCR was  increasing. This reaction resulted
in an increased NO conversion with time, which the model well
predicted. In addition N2O was observed during this step. In Step
3, NO was turned off and further ammonia storage was visible fol-
lowed by a breakthrough. In Step 4, ammonia was shut off and
NO started, causing the stored ammonia to react with NO to form
N2 and N2O. The N2O peak and the NO consumption were over-
estimated, which increased the variance (Table 7) but in general,
the model well described the transient features of the four-step
protocol, as confirmed by the low variance (Table 7).

At 325 ◦C and the 1/8L position (Fig. 9), the model had too high
ammonia SCR rate illustrated by the lower steady-state concentra-
tions of NO and NH3 (Fig. 5b). The slight overproduction of N2 in
Step 2 and Step 4 is consistent with this prediction. NH3 oxidation
was also overestimated using an activation energy of 99.5 kJ/mol
[34], as shown by the NH3 level during Step 3 in Fig. 4b. These vari-
ances are consistent with the steady-state spatial results in Figure 5.
With a variance greater than 1000, one can conclude that the accu-
racy of the model was  less good for the Steps 2 and 3 at 325 ◦C and
at the 1/8 position. Nonetheless, the transient progression of the
three species to reach steady state was  in good agreement with the
experimental profiles during all four steps. The concentration pro-
file features for N2 were particularly well-captured by the model.
The N2 peak at the beginning of Step 4 well matched the experiment
and the N2 level during SCR was also close to the experimentally
measured values. N2O was  well-described by the simulation in Step
4 (Fig. 9d) at 325 ◦C, as shown by the appearance of the character-
istic peak immediately after the change of the gas composition.
This peak at the beginning of Step 4 is the result of NO in Step 4
reacting with the large quantity of stored ammonia on the catalyst
surface from Step 3 to form N2 and N2O until the surface ammonia
is depleted.

Fig. 10 shows the experimental and simulated concentrations
at 400 ◦C after the front quarter of the catalyst. The transient con-
centration changes were again captured well by the model. The
steady state concentrations of all compounds including N2O were
in general agreement with the experiments during SCR and consis-
tent with the steady state spatial results in Fig. 5. Note that, at this
high temperature, the coverage of ammonia (Fig. 6) on the surface
is low, which results in rapid outlet gas changes when changing the
inlet gas composition, which was  not the case at low temperature
(compare to Fig. 8). The variance calculated at 400 ◦C was  low for
all four steps (Table 7).

5. Conclusions

The NH3-SCR of NO over a honeycomb-monolith-supported Cu-
BEA catalyst was modeled at three temperatures: 200, 325 and
400 ◦C. In this study, intra-catalyst spatially resolved gas composi-
tion data were used instead of integral effluent values to determine
the kinetic parameters of various reactions. The kinetic parame-
ters of NH3 adsorption and desorption were determined through

an ammonia TPD experiment and previous calorimetric measure-
ment. NO oxidation was  described by a global reaction depending
on NO and oxygen concentration. In addition, the spatial profile
of NH3 oxidation was  modeled separately. These submodels were
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sed together when the simulation of NH3-SCR was performed.
eactions involving NO2 were not considered in this model due
o low NO oxidation activity and only NO in the feed was used.
he steady state concentration of NH3, NO and N2 at different pos-
tions along the catalyst during NH3-SCR was well predicted by the

odel.
Two routes were envisaged to model the N2O formation. To

redict the low temperature N2O production, the formation of a
urface complex was proposed. According to this route, N2O pro-
uction decreases with temperature due to thermal decomposition
f the NH3-NO surface complex, which agrees well with the lower
2O concentration at 325 ◦C. The reaction between NO, NH3 and
2 yielding N2O with the adequate stoichiometry represents the

econd route and is responsible for the N2O production at high
emperature.

To validate the model, the entire experiment, composed of a
eries of concentration steps, was simulated. The model could
eproduce, with a good temporal agreement, the transition from
O oxidation (Step 1) to SCR (Step 2), the NH3 storage in the NH3
xidation step (Step 3) following the SCR step and the reduction
f NO by the stored ammonia in Step 4 (NO + O2 + H2O), yielding a
haracteristic N2 and N2O puff.
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