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A B S T R A C T

Cu/SSZ-13 is a catalyst commonly used for selective catalytic reduction (SCR) of nitrogen oxides (NOx) in
diesel engine exhaust. Standard configurations are based on SCR preceded by an oxidation catalyst, however,
a close-coupled SCR configuration appears relevant for upcoming regulations addressing cold-start emissions.
Two often discussed ion-exchanged Cu sites in Cu/SSZ-13 are denoted ZCuOH and Z2Cu, where Z represents an
Al atom in the zeolite framework. Mild hydrothermal aging (HTA) causes Cu redistribution within the catalyst;
ZCuOH sites transform into more stable Z2Cu species. In this work, the effect of mild HTA on NH3, NO, SO2, and
CO oxidation is studied on a commercial Cu/SSZ-13 sample. Temperature-programmed reaction experiments,
performed in a lab reactor, and previously published catalyst characterization data using H2-TPR, NH3-TPD,
and DRIFTS were used to build and validate a mathematical model. It couples the kinetics of the oxidation
reactions with ZCuOH and Z2Cu concentration evolution during mild HTA. The model uses two distinct rate
coefficients for ZCuOH and Z2Cu sites, allowing prediction of the catalyst activity during aging. The results
suggest that the rate coefficients for the studied reactions on Z2Cu are effectively nil, so the observed activity
in NH3, NO, SO2, and CO oxidation can be attributed solely to ZCuOH sites.
1. Introduction

Selective catalytic reduction (SCR) is the current standard tech-
nology for abatement of nitrogen oxides (NOx) from diesel engine
ehicles exhaust and Cu/SSZ-13 catalysts are commercially used for
his purpose [1–3]. The overall reaction for the standard SCR can be
ritten as:

H3 + NO + 1
4
O2 ⟶ N2 + 3

2
H2O (1)

Current configurations of diesel exhaust aftertreatment systems in-
clude at least the following units: a diesel oxidation catalyst (DOC),
a diesel particulate filter (DPF), an SCR catalyst, and an ammonia
slip catalyst (ASC) [4]. In such a configuration, the SCR catalyst may
face hydrothermal aging during regeneration of the diesel particulate
filter [2,5]. Recently, in an effort to reduce cold-start emissions of NOx,
close-coupled configuration (cc-SCR) has been proposed, where the
CR is placed directly at the outlet of the engine, upstream of the other
atalyst components. This approach has been shown to effectively re-
uce NOx slip due to accelerated catalyst warm-up [6–8]. However, the
catalyst is exposed to higher temperatures and increased concentrations
of CO, hydrocarbons, and soot, as well as SO2, in the close-coupled
configuration. Thus, the oxidation reactions that would normally take
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place on an upstream DOC become relevant for a close-coupled SCR
catalyst and co-determine its performance. Therefore quantifying the
oxidation rates over an SCR catalyst is ultimately needed to predict
overall efficiency.

The Cu/SSZ-13 catalysts used for SCR have Cu ions exchanged into
the structure of the SSZ-13 zeolite. Copper can be present in the catalyst
in the form of mono- and multinuclear framework sites, as well as
extra-framework CuO nanoparticles [9–11]. Two main framework sites
are often described as present in the Cu/SSZ-13 catalyst: Z2Cu and
ZCuOH [2,3], where Z represents an Al atom in the zeolite framework.
Their distribution in the catalyst depends on various factors, such as
the silica-to-alumina ratio and Cu loading [12–15]. It has been shown
that the Z2Cu species is preferably populated first at lower Cu loadings,
followed by ZCuOH at higher loadings [9]. Cu ions can be solvated by
H2O and NH3, which provides these species with mobility in zeolite
cages. Literature shows that the solvated species, as well as static
dimers and oxygen-bridged dicopper (Cu–O–Cu) species, are prevalent
in the low-temperature region, whereas at higher temperatures when
H2O and NH3 would desorb from the catalyst, monomeric Cu bound to
the zeolite has been proposed as the active SCR site [10,11,16–18].
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Several mechanisms lead to a loss of Cu/SSZ-13 catalyst activity
during its lifetime. The most important pathways are hydrothermal
aging (HTA) and sulfur poisoning [1,19–23]. Sulfur poisoning is related
to SO𝑥 in the exhaust gas. The SCR catalyst performance after sulfur
poisoning can be partially restored by periodic high-temperature regen-
eration treatment [1,24,25]. When oxygen is present in the feed, SO2
an be oxidized to SO3. Previous studies suggest that the extent and
echanism of sulfur poisoning on Cu/SSZ-13 by SO2 and SO3 is not
quivalent, with more severe impact when the feed contains SO3 [1,
5]. There is also evidence that Z2Cu sites are less susceptible to sulfur
poisoning than ZCuOH, and that the poisoning under dry conditions is
strongly correlated with SO2 oxidation on ZCuOH sites [1].

Mild hydrothermal aging leads mainly to the transformation of Cu
sites [1]. In particular, the Cu ions tend to move from ZCuOH sites to
more stable Z2Cu positions, which is accompanied by a loss of Brønsted
acid sites ZH [1,19,26–28]:

CuOH + ZH ⟶ Z2Cu + H2O (2)

emperatures above 750 ◦C accelerate the dealumination of the zeolite,
hich has a more severe impact on the zeolite structure and catalyst
ctivity [23].
Framework Cu site distribution affects the SCR catalyst operation in

everal ways. Ammonia adsorption and temperature programmed des-
rption (TPD) experiments suggest that after mild HTA, NH3 desorption
ccurs at lower temperatures, which correlates with the transformation
rom ZCuOH towards Z2Cu sites by which the density of strong Brøn-
ted acid sites decreases [2,26–29], see Eq. (2). While the SCR reaction
tself seems to be independent of ZCuOH or Z2Cu site type at low
emperature, the NH3 oxidation activity decreases with ZCuOH-to-Z2Cu
ransformation during catalyst aging [1,2,22]. At high temperatures,
lower NH3 oxidation rate was observed on aged samples and this
henomenon was shown to positively affect NOx conversion during the
toichiometric SCR reaction, as less NH3 was consumed in parasitic
xidation [1,2].
Recently, Khurana et al. [30] conducted a study on NO oxidation

under dry conditions using Cu/SSZ-13 samples with various densities of
Z2Cu and ZCuOH species. Although neither of the monomeric sites was
directly linked to the reaction, the amount of ZCuOH species affected
the oxidation activity indirectly as a precursor to Cu-oxo dimers, which
were identified as the active sites for NO oxidation. In contrast, the
Z2Cu site was found to be inactive in NO oxidation [12,31]. This is
onsistent with a study of Akter et al. [32], in which Cu/CHA samples
with lower Cu loadings showed no detectable dry NO oxidation activity
(due to practically all Cu sites being populated as Z2Cu), while the
samples with higher Cu loadings (containing substantial amount of
ZCuOH sites) were active.

CO oxidation has been mostly studied as a titration technique for
quantifying proximal ZCuOH sites and Cu dimers. Recent studies imply
that at lower temperatures under dry conditions, ZCuOH sites are
indirectly responsible for CO oxidation to CO2 [30,33,34]. Iacobone
et al. [33] further suggests that after adding water, both Z2Cu and
ZCuOH species are hydrolyzed and therefore active in CO2 evolution.
However, at higher temperatures, the water-mobilized species become
less stable, and static Cu species become active sites for the oxidation
reactions [34].

The goal of this work is to investigate the impact of mild hy-
drothermal aging on the steady-state kinetics of NH3, NO, SO2, and
CO oxidation in a range of SCR operating temperatures. We compare
the trends in catalytic activity for the individual reactions and identify
similarities between them. We aim to develop a model that couples the
Cu site transformation kinetics with the kinetics of oxidation reactions
on individual Cu sites, allowing the prediction of the evolution of SCR
catalyst activity during mild hydrothermal aging.
2

Fig. 1. Cross-section view of the Cu/SSZ-13 washcoat on monolith channels, obtained
by scanning electron microscopy. Red lines indicate the substrate/coating boundaries,
yellow lines mark external surface of the coated catalyst layer.

2. Experimental setup

The Cu/SSZ-13 catalyst used in the experiments was supplied by
Cummins Inc and washcoated on a cordierite monolith structure with
square channels and a cell density of 300 cells per square inch (cpsi).
The Si:Al ratio in the SSZ-13 zeolite was 9.5 [26] and the copper
loading was 3.1 wt% (484 μmol∕g coating) [29]. Smaller cylindrical
samples were obtained by core-drilling the original monolith; the sam-
ple geometry can be found in Table 1. The geometrical parameters for
the channel and catalytic coating were evaluated from cross-section
SEM image analysis, Fig. 1. Procedure used for the washcoat geometry
calculation is described in detail in Supplementary Material. This en-
sures that the correct amount of active Cu/SSZ-13 catalyst is considered
in our calculations and enables proper scaling to different catalyst
loadings (e.g., other monolith configurations or catalyst powder tests).

The samples were wrapped with ceramic fiber strings and placed
into a quartz tube located inside a Lindberg BlueM tube furnace with
30 cm long heated zone. The catalyst temperature was measured with
K-type Omega thermocouples placed upstream and downstream of the
monolith. Tubing upstream and downstream of the reactor was heated
to 150 ◦C using heat tape, and insulated to prevent water condensation
on the surface of the tubing. An FTIR MKS 2030 was used to monitor
the reactor outlet concentrations of CO, CO2, H2O, NO, NO2, NH3, SO2
and SO3.

Before the experiments, the samples were degreened by exposing
to 10% O2, 7% H2O, 8% CO2 and balance N2 at 550 ◦C for 4 h. This
catalyst state is referred to as ‘‘degreened’’. The mild hydrothermal
aging exposure was performed with the same gas concentrations but
at 600 ◦C for 10 or 25 h. These hydrothermally aged samples are
referred to as ‘‘HTA-600 10h’’ and ‘‘HTA-600 25h’’, respectively. The
catalytic activity of the degreened and aged samples was tested using
the selected component – 200 ppm NH3, 200 ppm NO, 200 ppm CO, or
50 ppm SO2 – in a mixture of 10% O2, 8% CO2, and 7 or 0% H2O (wet
or dry, respectively). Prior to each reaction experiment, the sample was
treated in 10% O2 at 500 ◦C for 1 h to ensure that Cu is oxidized to
CuII. Steady-state conversions were then measured at 200, 250, 300,
350, 400, 450, 500, and 550 ◦C. At each temperature, the catalyst
activity was stabilized for approximately 30 min to reach steady state.
As will be demonstrated later in Section 4, catalyst aging during the
reaction experiments was negligible compared to the HTA procedure
lasting several hours at 600 ◦C. The total gas flow rate in all reactor
experiments was 1360 cm3/min at standard conditions, corresponding
to GHSV of 62 000 h−1.
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Table 1
Parameters of the investigated Cu/SSZ-13 catalyst sample.
Parameter Value

Length, 𝐿 2.9 cm
Diameter, 𝐷 0.75 cm
Channel density 320 cpsi
Channel void fraction, 𝜀g 0.679
Wall thickness 150 μm
Washcoat thickness 50 μm
Washcoat density, 𝜌w 800 kg/m3

Washcoat vol. fraction in solid phase, 𝜑w 0.361
Total Z site concentration in washcoat, 𝛺Z 837 mol/m3

The quantification of sites was adopted fromWei et al. [2] who stud-
ed the SCR reaction (1) on the same degreened and hydrothermally
ged catalyst samples. NO+NH3 temperature programmed reduction
(NO+NH3-TPR) was used to count the total amount of Cu reducible
by NH3+NO, which corresponds to the combination of ZCuOH and
Z2Cu [35–37].

After hydrothermal aging, the total amount of SCR reducible Cu did
not change, which indicates that no Cu oxide particles were formed
during our HTA treatments in the sample, and that the ion-exchanged
ZCuOH and Z2Cu species are responsible for any changes in Cu distri-
bution

After hydrothermal aging, the total amount of SCR reducible Cu did
not change, which indicates that no Cu oxide particles were formed
during our HTA treatments in the sample and that the ion-exchanged
ZCuOH and Z2Cu species are responsible for the change in Cu dis-
tribution. Z2Cu site density was measured by H2-TPR experiments
as proposed by Luo et al. [29]. The ZCuOH density was obtained
by subtracting the amount of Z2Cu calculated by H2-TPR from the
total reducible Cu amount obtained by the NO+NH3-TPR experiments
reported by Wei et al. [2]. Brønsted acid site (ZH) densities were
calculated by the amount of NH3 desorbed at high temperature dur-
ng NH3 temperature programmed desorption (NH3-TPD) experiments
reviously published [2]. A shift from high- to low-temperature NH3
esorption peaks correlated with the decrease of ZH site concentration
hat accompanies Cu transfer from ZCuOH towards Z2Cu species.

. Mathematical model

.1. Transport equations

The SCR monolith sample was described using a heterogeneous 1D
lug-flow model considering a coated catalyst layer on the channel
all [38–42]. The model consists of component mole balances in the
lowing gas (3), inside the pores of the catalytic coating (4) and on
he surface of the catalyst (5), as well as enthalpy balances of the solid
hase (6) and of the flowing gas (7).
𝜕𝑐𝑘(𝑧, 𝑡)

𝜕𝑡
= −

𝜕(𝑢 ⋅ 𝑐𝑘)
𝜕𝑧

+
𝑘c𝑎
𝜀g

𝑐
(

𝑦s𝑘 − 𝑦𝑘
)

, 𝑘 = 1,… , 𝑁𝑘 (3)

𝜕𝑐s𝑘(𝑧, 𝑡)
𝜕𝑡

=
𝑘c𝑎

𝜀s(1 − 𝜀g)𝜑w
𝑐
(

𝑦𝑘 − 𝑦s𝑘
)

+ 1
𝜀s

𝑁𝑖
∑

𝑖=1
𝜈𝑘,𝑖𝑟𝑖, 𝑘 = 1,… , 𝑁𝑘 (4)

𝜕𝜃𝑚(𝑧, 𝑡)
𝜕𝑡

= 1
𝛺Z

𝑁𝑖
∑

𝑖=1
𝜈𝜃𝑚,𝑖𝑟𝑖, 𝑚 = 1,… , 𝑁𝑚 (5)

𝜌s𝑐sp
𝜕𝑇s(𝑧, 𝑡)

𝜕𝑡
= 𝜆s

𝜕2𝑇s
𝜕𝑧2

+
𝑘h𝑎

1 − 𝜀g
(

𝑇 − 𝑇s
)

− 𝜑w

𝑁𝑖
∑

𝑖=1
𝛥𝐻r,𝑖𝑟𝑖 (6)

𝜌𝑐p
𝜕𝑇 (𝑧, 𝑡)

𝜕𝑡
= −𝑢𝜌𝑐p

𝜕𝑇
𝜕𝑧

+
𝑘h𝑎
𝜀g

(

𝑇s − 𝑇
)

(7)

The partial differential equations are complemented with the fol-
owing boundary conditions: (i) 𝑐𝑘 = 𝑐in𝑘 and 𝑇 = 𝑇 in at the inlet
(𝑧 = 0), and (ii) 𝜕𝑇 s∕𝜕𝑧 = 0 at both inlet and outlet (𝑧 = 0 and 𝑧 = 𝐿,
respectively). All the reactions considered are exothermic. Though the
3

Table 2
Rate laws considered for NH3, NO, SO2 and CO oxidation reactions on Cu/SSZ-13
catalyst. The reaction rates 𝑟𝑖 are calculated from local component mole fractions in
washcoat pores 𝑦s𝑘; the superscript ‘‘s’’ is omitted here for the sake of brevity.

Reaction Rate law

RHTA ZCuOH + ZH ⟶ Z2Cu + H2O 𝑟HTA = 𝑘HTA exp
(

− 𝐸a,HTA

𝑅𝑇

)

𝜃ZCuOH 𝜃ZH 𝛺Z

R1 2NH3 +
3
2
O2 ⟶ N2 + 3H2O 𝑟1 = 𝑘1 exp

(

− 𝐸a,1

𝑅𝑇

)

𝑦NH3
𝑦O2

R2 NO + 1
2
O2 ⟷ NO2 𝑟2 = 𝑘2 exp

(

− 𝐸a,2

𝑅𝑇

) (

𝑦NO 𝑦0.5O2
−

𝑦NO2
𝐾eq

2

)

R3 SO2 +
1
2
O2 ⟷ SO3 𝑟3 = 𝑘3 exp

(

− 𝐸a,3

𝑅𝑇

) (

𝑦SO2
𝑦0.5O2

−
𝑦SO3
𝐾eq

3

)

R4 CO + 1
2
O2 ⟶ CO2 𝑟4 = 𝑘4 exp

(

− 𝐸a,4

𝑅𝑇

)

𝑦CO 𝑦O2

adiabatic increase of temperature is within 2 ◦C for the low reactant
concentrations examined in this work, the enthalpy balances were not
excluded, therefore this model is general at a negligible additional
computational cost.

The mass (𝑘c) and heat (𝑘h) transfer coefficients’ profiles along the
monolith channel are calculated using correlations proposed by Ra-
manathan et al. [43]. The numerical solution of the partial differential
equations is obtained by the finite difference method with 20 spatial
discretization intervals using a semi-implicit integration scheme with
quasi-linearization of reaction rates, implemented in Fortran.

3.2. Reaction kinetics

The reaction kinetics are incorporated into the model equations
through reaction rates 𝑟𝑖, see the right-hand sides of Eqs. (4), (5), and
(6). Thus, the reaction terms 𝑟𝑖 affect concentrations of gas and surface
components, including Cu sites speciation. The considered reactions
and their rate laws 𝑟𝑖 are listed in Table 2.

The kinetics of Cu site transformations during mild hydrothermal
aging (HTA) of Cu/SSZ-13 catalyst is considered first order in ZCuOH
as well as in Brønsted acid sites ZH, see reaction RHTA in Table 2. The
aging rate law is in agreement with the aging kinetics model proposed
by Daya et al. [27]. The total number of Z sites (i.e., Al atoms in the
zeolite framework) remains constant during mild hydrothermal aging:

1 = 𝜃ZCuOH + 𝜃Z2Cu + 𝜃ZH (8)

Note that the dimensionless site concentrations 𝜃ZCuOH, 𝜃Z2Cu and
𝜃ZH are normalized by 𝛺Z, which is the total concentration of Z sites
present in the zeolite (moles of sites per volume of catalytic coating).
The calculation takes into account the number of Z sites present in each
species. Thus, the concentration of Cu sites in the form of ZCuOH can
be expressed as 𝜃ZCuOH 𝛺Z and in the form of Z2Cu as

1
2 𝜃Z2Cu 𝛺Z. The

oncentration of framework Cu sites is assumed constant:

ZCuOH + 1
2
𝜃Z2Cu = constant (9)

The kinetic parameters for Cu site transformation during mild hy-
drothermal aging were evaluated from ZCuOH and Z2Cu site concen-
trations measured in the degreened and aged catalyst sample by the
characterization techniques described in Section 2.

The employed steady-state reaction kinetics of NH3, NO, SO2, and
CO oxidation are listed in Table 2. NO and SO2 oxidation may become
limited by thermodynamic equilibrium, while NH3 and CO oxidation
are practically irreversible in the studied range of temperatures. The
reaction 𝑖 takes place on ZCuOH and Z2Cu sites with different rates
and the overall pre-exponential factor 𝑘𝑖 is obtained as a combination
reflecting individual Cu site concentrations:

𝑘𝑖 = 𝑘𝑖,ZCuOH 𝜃𝑛ZCuOH 𝛺Z + 𝑘𝑖,Z2Cu
1
2
𝜃𝑛Z2Cu 𝛺Z (10)

As can be seen in Table 2, the activation energy was considered site-
independent because the slope of conversion-vs-temperature curves
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measured with the degreened and aged catalyst sample did not change
significantly.

The proposed scaling of catalyst activity with the number of sites
does not depend on a particular rate limiting step (adsorption, surface
reaction, or desorption). On the other hand, the number of sites in-
volved in the reaction (single vs. dual Cu site mechanism) might affect
the dependence on the site concentration. It has been reported that
the low-temperature SCR mechanism involves mobile Cu dimers [16],
which leads to 2nd order in Cu site concentration [37]. The role of
Cu dimers was reported and confirmed at lower temperatures (below
250 ◦C), mainly in the presence of water and/or ammonia that solvate
and mobilize Cu ions. It is known that another reaction mechanism
evolves on Cu/SSZ-13 at higher temperatures [44]. Our work covers
a wide range of operating temperatures up to 550 ◦C and a significant
teady-state conversion of NO, CO, SO2 and NH3 is achieved only
bove 250 ◦C. Thus, the impact of the low-temperature mechanism on
ur results is minor. Furthermore, 1st order in Cu site concentration
s expected for oxidation reactions involving Eley-Rideal mechanism
n single atom catalysts [45]. Thus, we first performed computations
ssuming 1st order in Cu site concentration using 𝑛 = 1 in Eq. (10).
ubsequently, we repeated the simulations considering 2nd order in Cu
ite concentration using 𝑛 = 2 in Eq. (10) and compared the results of
oth approaches.
The kinetic parameters for individual sites were evaluated by min-

mizing the differences between the measured and simulated outlet
oncentrations of the key component 𝑘 in the given reaction (NH3,
O, CO or SO2), considering a set of data points 𝑗 at temperatures
00–550 ◦C. The least-squares approach was employed, defining the
bjective function 𝑆 as:

=
𝑁𝑗
∑

𝑗=1

(

𝑦sim𝑘,𝑗 − 𝑦exp𝑘,𝑗

)2
(11)

A simplex method [46] was used for minimization of the objective
unction 𝑆 individually for each reaction. The procedure included the
ollowing steps. (i) Using the measured data for the degreened sample,
ptimum activation energy 𝐸a,𝑖 was found together with an overall
re-exponential factor 𝑘𝑖. (ii) The complete set of experimental data
ncluding both degreened and aged samples that differed in ZCuOH
nd Z2Cu site densities was then used for evaluation of pre-exponential
actors 𝑘𝑖,ZCuOH and 𝑘𝑖,Z2Cu, employing equation (10). In this second
tep, the previously obtained activation energy 𝐸a,𝑖 was already fixed.
urthermore, a binding condition was used that enforced the values of
𝑖,ZCuOH and 𝑘𝑖,Z2Cu to provide the same overall pre-exponential factor
𝑖 for the degreened catalyst as obtained in the first step.
In the following text, the results obtained with rate coefficient 𝑘𝑖

ecomposed to 𝑘𝑖,ZCuOH and 𝑘𝑖,Z2Cu according to Eq. (10), utilizing the
ctual site densities 𝜃ZCuOH and 𝜃Z2Cu predicted by the hydrothermal
aging kinetics 𝑟HTA, Table 2, will be denoted as ‘‘predicted’’. These
results were further compared to the ‘‘best fit’’ obtained with a single-
parameter fitting of effective rate coefficient 𝑘eff𝑖 directly to the data
measured for the aged samples. Thus, the 𝑘eff𝑖 represents the best pos-
sible fit for the given catalyst state independent of site concentrations,
while equation (10) predicts the reaction rate from the actual ZCuOH
and Z2Cu site fractions.

4. Results

The simulated ZCuOH and Z2Cu concentration evolution during
mild hydrothermal aging is shown in Fig. 2. A simultaneous decrease
in ZCuOH and an increase in Z2Cu sites is predicted with hydrothermal
ging time. The simulation results are in good agreement with the
xperimental data obtained by characterization techniques discussed in
ection 2, see the black crosses in Fig. 2. The corresponding values of
site fractions in the degreened state and after 10 and 25 h of aging are
summarized in Table 3.
4

Fig. 2. Fractions of ZCuOH and Z2Cu sites during hydrothermal aging of the Cu/SSZ-13
catalyst sample at 600 ◦C (solid line) and 550 ◦C (dashed line) as predicted by the HTA
model. Colored points mark the catalyst states examined in this work and black crosses
experimental data from catalyst characterization.

Table 3
Concentrations of active sites at different stages of hydrothermal aging as predicted by
the model.
HTA time (h) 0 10 25

Coverages normalized by 𝛺Z

𝜃ZCuOH (–) 0.355 0.272 0.194
𝜃Z2Cu (–) 0.215 0.380 0.536
𝜃ZH (–) 0.430 0.348 0.270

Site concentrations per washcoat volume

Cu as ZCuOH (mol/m3) 297 228 163
Cu as Z2Cu (mol/m3) 90 159 224
Brønsted sites ZH (mol/m3) 360 291 226

As already mentioned, the concentration of Cu sites in the form
of Z2Cu is

1
2 𝜃Z2Cu 𝛺Z because 𝜃Z2Cu is based on the number of Z sites

involved. The rate coefficient for Cu migration during hydrothermal
aging at 600 ◦C is 1.98 × 10−5 s−1. Considering the activation energy
𝐸a,HTA = 175 kJ/mol proposed by Daya et al. [27] for a similar type of
Cu/SSZ-13 catalyst, our HTA rate corresponds to the pre-exponential
factor 𝑘HTA = 5.85 × 105 s−1. For comparison, Daya et al. [27] reported
pre-exponential factor 𝑘HTA = 5.09 × 105 s−1, which is close to the 𝑘HTA
alue obtained from our characterization data.
Fig. 2 also shows the evolution of ZCuOH and Z2Cu site concen-

rations at 550 ◦C as predicted by the HTA model, considering the
ctivation energy 𝐸a,HTA = 175 kJ/mol [27]. Note that 550 ◦C was
he maximum temperature reached only for the last 30 min during
he reaction experiments. Thus, the catalyst aging during the reaction
xperiments was negligible compared to the HTA procedure lasting 10
r 25 h at 600 ◦C.
After identification of the aging kinetics and quantification of ZCuOH

nd Z2Cu sites, we focused on the kinetics of NH3, NO, SO2 and CO
xidation over the degreened and hydrothermally aged samples. The
inetic parameters of individual reactions were evaluated using two
pproaches. The first approach used two independent pre-exponential
actors for ZCuOH and Z2Cu sites, Eq. (10), enabling predictions of
he aged catalyst activity based on the actual site concentrations. We
tarted with the 1st-order dependence on site density (𝑛 = 1) and then
ested also the 2nd-order (𝑛 = 2) in Eq. (10) for comparison. The second
approach aimed on the identification of an effective pre-exponential
factor that provides the best fit of the experimental data at the given
aging state, independent of the actual site concentrations.

Fig. 3 shows the results of experiments and simulations for NH3
oxidation on the degreened, 10 h, and 25 h aged samples. Almost no
reaction is observed at 200 ◦C. With increasing temperature, the outlet
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Table 4
Evaluated kinetic parameters for the studied oxidation reactions considering 1st-order dependence on ZCuOH and Z2Cu site
concentrations, 𝑛 = 1 in Eq. (10).
Reaction Conditions 𝑘𝑖,ZCuOH (s−1) 𝑘𝑖,Z2Cu (s

−1) 𝑘degreened𝑖
(molm−3 s−1)

𝐸a,𝑖 (kJmol−1)

R1 (NH3) wet 1.67 × 107 0 5.26 × 109 63.9
R2 (NO) wet 1.56 × 104 0 4.64 × 106 41.4
R3 (SO2) dry 1.71 × 103 0 5.08 × 105 29.1
R4 (CO) wet 1.09 × 108 0 3.24 × 1010 80.0
R4 (CO) dry 1.42 × 107 0 4.22 × 109 64.9
p
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Fig. 3. Steady-state conversions during NH3 oxidation on the degreened and hydrother-
ally aged (HTA) Cu/SSZ-13 catalyst, wet conditions. Points — experimental data,
ashed lines — simulation results with the rate coefficient 𝑘𝑖 depending on 𝜃ZCuOH
redicted by the HTA model, solid lines — the best fit with an effective rate coefficient
eff
𝑖 .

H3 conversion gradually increases due to increasing reaction rate.
he degreened catalyst exhibits the highest extent of NH3 oxidation.
atalytic activity decreases for the 10 h and 25 h aged samples,
esulting in lower outlet NH3 conversions. The simulated curves match
he trends observed in experiments. For the 10 h aged sample, the 1st-
rder prediction based on ZCuOH and Z2Cu site concentrations (dashed
urve in Fig. 3) provides results close to the best possible fit of the
xperimental data (solid curve in Fig. 3). For the 25 h aged sample,
he deviation between the 1st-order predictive approach and the best fit
f the measured data points increases — the actual activity is slightly
ower than predicted. Nevertheless, the prediction based on ZCuOH and
2Cu site concentrations is still reasonably good.
The evaluated kinetic parameters in Table 4 reveal that zero pre-

xponential factor of NH3 oxidation on Z2Cu sites is identified by the
ptimization method for the 1st-order dependence in Eq. (10), sug-
esting that the catalyst activity is correlated just to the concentration
f ZCuOH sites. Note, the value of zero for the parameter 𝑘𝑖,Z2Cu is
btained when the optimization method only allows the parameter
alue to reach this physically meaningful limit. Formally, it would be
ossible to achieve results closer to the best fit in Fig. 3 if there was
negative contribution of Z2Cu sites in the 1st-order predictive model,
ut obviously this is not physically meaningful. Thus, the interpretation
f the obtained results is: the decrease in catalytic activity observed
n experiments corresponds to, and even slightly exceeds, the loss of
CuOH sites in the tested sample. The remaining rows of Table 4
ndicate that the same conclusion can also be made for the NO, SO2,
nd CO oxidation reactions.
Considering the identified value of 𝑘𝑖,Z2Cu = 0, Eq. (10) simplifies

o:

𝑖 = 𝑘𝑖,ZCuOH 𝜃𝑛ZCuOH 𝛺Z (12)

o that the reaction rate coefficients effectively depend only on ZCuOH
ite concentration. As already explained, mild hydrothermal aging
5

i

Fig. 4. Steady-state conversions during NO oxidation on the degreened and hydrother-
mally aged (HTA) Cu/SSZ-13 catalyst, wet conditions. Points — experimental data,
dashed lines — simulation results with the rate coefficient 𝑘𝑖 depending on 𝜃ZCuOH
predicted by the HTA model, solid lines — the best fit with an effective rate coefficient
𝑘eff𝑖 .

does not affect significantly the concentration of Z sites in the zeolite
structure, hence 𝛺Z is constant. The intrinsic rate coefficient on ZCuOH
site 𝑘𝑖,ZCuOH remains constant as well. When equation (12) for the aged
catalyst is divided by the same equation using the parameters of the
degreened catalyst, a simple formula is obtained that can be used for
the 𝑘aged𝑖 prediction:

𝑘aged𝑖

𝑘degreened𝑖

=

(

𝜃agedZCuOH

𝜃degreenedZCuOH

)𝑛

(13)

To test if the 2nd-order dependence on Cu site concentration re-
orted at lower temperatures [37] is relevant for the studied reactions
n a broad temperature range examined in this work, we repeated
he simulations using 𝑛 = 2 in Eq. (13). The NH3 conversion curves
redicted by a 2nd-order model go below the measured data, see
he dotted lines in Fig. 3. This indicates that the loss of catalytic
ctivity observed in the experiment is lower than would correspond
o the 2nd-order dependence on ZCuOH site concentration. However,
he 2nd-order predictions are a bit closer to the best fit compared to
he 1st-order predictions. The corresponding root mean square errors
RMSE) for the simulated NH3 conversions in Fig. 3 are provided in
upplementary Material, Table S1.
The measured and simulated outlet conversions during NO oxida-

ion are depicted in Fig. 4. Note that the NO oxidation rate becomes
imited by reaction equilibrium above ca. 450 ◦C and the outlet NO
onversion decreases at temperatures above 500 ◦C, which is captured
orrectly by the model for both the degreened and aged samples. The
oss of NO oxidation activity predicted for the aged sample using the
st-order dependence on ZCuOH site concentration (dashed line) is
ery close to the best possible fit of the measured data (solid line).
n contrast, the 2nd-order prediction results in conversions that are too
ow, overestimating the catalyst deactivation for NO oxidation. The cor-
esponding root mean square errors for the simulated NO conversions
n Fig. 4 are provided in Supplementary Material, Table S2.
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Fig. 5. Steady-state conversions during CO oxidation under (a) dry and (b) wet
onditions on the degreened and hydrothermally aged (HTA) Cu/SSZ-13 catalyst. Points
experimental data, dashed lines — simulation results with the rate coefficient 𝑘𝑖

depending on 𝜃ZCuOH predicted by the HTA model, solid lines — the best fit with an
ffective rate coefficient 𝑘eff𝑖 .

CO oxidation was examined both in dry (0% H2O) and wet (7% H2O)
conditions, Fig. 5. It can be seen that the presence of water affects
the CO oxidation rate to a different extent on the degreened and aged
samples. The degreened sample exhibits somewhat lower activation
energy under dry conditions (the corresponding 𝐸a values are provided
n Table 4), but the aged sample performs better under wet condi-
ions, Fig. 5a,b. Ambivalent effects of water depending on structural
arameters of the zeolite cages were already reported for the low-
emperature SCR reaction [47]. Water effects on the reaction kinetics
ay include both inhibition and promotion, which requires additional
haracterization of the catalyst structure and more detailed reaction
echanisms to be addressed in future studies. We can only speculate
hat water inhibits CO oxidation at lower-to-intermediate temperatures
ut acts as a CO oxidant at high temperatures, which would explain
he behavior observed in Fig. 5a,b. For CO oxidation, the predictions
using a 2nd-order dependence on ZCuOH site concentration match
the experimental results much better than the 1st-order predictions.
Under wet conditions, Fig. 5b, the 2nd-order prediction is practically
identical with the best possible fit. For dry conditions, the measured
outlet conversion is lower than predicted, which means that even the
2nd-order model underestimated the actual loss in catalytic activity.
The corresponding root mean square errors for the simulated CO
conversions in Fig. 5 are provided in Supplementary Material, Table S3.

SO2 oxidation results under dry conditions are plotted in Fig. 6. The
corresponding experiment under wet conditions was not performed due
to extensive SO adsorption, formation of H SO , extremely long times
6

𝑥 2 4 s
Fig. 6. Steady-state conversions during SO2 oxidation on the degreened and hydrother-
mally aged (HTA) Cu/SSZ-13 catalyst, dry conditions. Points — experimental data,
dashed lines — simulation results with the rate coefficient 𝑘𝑖 depending on 𝜃ZCuOH
predicted by the HTA model, solid lines — the best fit with an effective rate coefficient
𝑘eff𝑖 .

Fig. 7. Relative rate coefficients 𝑘aged𝑖 ∕𝑘degreened𝑖 as predicted by the hydrothermal aging
model using 1st or 2nd order in ZCuOH (dark and light blue bars, respectively) and
obtained by the best fit of the measured data (hatched bars). All the values are
normalized by the corresponding rate coefficient on the degreened sample 𝑘degreened𝑖
(red line as a reference).

needed to reach steady state due to acid formation and inconsistency
in closing the mass balance due to FTIR cell limitations. Similar to NO
oxidation, SO2 oxidation can be potentially limited by thermodynamic
quilibrium at high conversions and increased temperatures. However,
his limitation plays only a minor role under the studied range of
perating conditions; just the last temperature point is slightly affected.
he decrease in SO2 oxidation rate on the aged sample predicted by the
st-order model depending on the changes in ZCuOH sites concentra-
ion matches the measured data and is practically identical to the best
ossible fit, see the red dashed and solid line in Fig. 6. The 2nd-order
predictions overestimate aging impact on SO2 conversions, see the red
dotted line in Fig. 6. The corresponding root mean square errors for
the simulated SO2 conversions in Fig. 6 are provided in Supplementary
aterial, Table S4.
Table 5 and Fig. 7 provide a summary comparison of predicted

nd fitted rate coefficients 𝑘𝑖 for NH3, NO, SO2, and CO oxidation
or the hydrothermally aged samples. Note that all 𝑘𝑖 values in Fig. 7
re normalized by the corresponding rate coefficient on the degreened

degreened
ample, see 𝑘𝑖 in Table 4. The ‘‘best fit’’ values closely reflect
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Table 5
Overall pre-exponential factors for the catalyst hydrothermally aged at 600 ◦C: 𝑘𝑖 predicted by Eq. (13), using 1st-order (𝑛 = 1) or
2nd-order (𝑛 = 2) in ZCuOH site concentrations, compared to 𝑘eff𝑖 fitted directly to the measured data (best fit).

Reaction Conditions Aging (h) Predicted 1st order Predicted 2nd order Best fit
𝑘𝑖 (molm−3 s−1) 𝑘𝑖 (molm−3 s−1) 𝑘eff𝑖 (molm−3 s−1)

R1 (NH3) wet 10 4.03 × 109 3.08 × 109 3.59 × 109

R1 (NH3) wet 25 2.87 × 109 1.57 × 109 2.13 × 109

R2 (NO) wet 25 2.53 × 106 1.38 × 106 2.23 × 106

R3 (SO2) dry 25 2.78 × 105 1.52 × 105 2.71 × 105

R4 (CO) wet 25 1.77 × 1010 9.67 × 109 9.31 × 109

R4 (CO) dry 25 2.31 × 109 1.26 × 109 6.42 × 108
the measured reaction rates, while the predicted values relate the rate
coefficients to the actual concentration of ZCuOH sites, see Eq. (13) and
Table 3. Direct comparison of the predicted rate coefficients 𝑘𝑖 to the
best fitted 𝑘eff𝑖 in Table 5 reveals how appropriate the correlation be-
tween ZCuOH and the rate coefficient is. Additional measures in terms
of root mean square error are provided in Supplementary Material,
Tables S1–S4. The predictive model assuming 1st-order dependence
on ZCuOH site density is very close to the best fit for NO and SO2
oxidation. The 1st-order prediction is less accurate in case of NH3
oxidation, but still usable. Both 1st-order and 2nd-order provide compa-
rable accuracy for NH3 oxidation and the obtained results do not allow
clear discrimination between them. The only case that is clearly better
described by the 2nd-order dependence on ZCuOH site concentration is
CO oxidation, where the reaction rate observed experimentally on the
aged catalyst is noticeably lower than the 1st-order prediction.

5. Conclusions

The developed kinetic model includes the gradual transformation of
ZCuOH sites into Z2Cu during mild hydrothermal aging of a Cu/SSZ-13
catalyst and its impact on NH3, NO, SO2, and CO oxidation rates in a
broad range of temperatures. The combined experimental and modeling
results suggest negligible rates of the studied reactions on Z2Cu sites
and a close correlation of the overall reaction rates to the concentration
of ZCuOH sites, which is of 1st order for NO, NH3 and SO2 oxidation,
while CO oxidation exhibits a 2nd-order dependence. The model pro-
vides a reasonably accurate prediction of the aged catalyst’s activities
for NH3, NO, SO2, and CO oxidation reactions as the reactions follow
similar trends with mild hydrothermal aging. The proposed coupling of
Cu site transformation kinetics with the kinetics of oxidation reactions
provides a powerful tool for predictive simulations of SCR catalyst per-
formance in terms of changes with time and under realistic operating
conditions. In particular, the changes in NH3 oxidation rates are crucial
for precise urea dosing and SO2 oxidation represents a key step in the
sulfur poisoning mechanism, and all reactions are important to consider
for close-coupled SCR configurations.

Nomenclature

𝑎 momentum flux correction factor, 1
𝑐𝑝 heat capacity, J kg−1 K−1

𝑐 molar concentration, molm−3

𝐷 diameter, m
𝐸a activation energy, Jmol−1

𝛥𝐻r reaction enthalpy, Jmol−1

𝑘𝑖 pre-exponential factor of rate coefficient
for reaction 𝑖, s−1

𝑘HTA pre-exponential factor of hydrothermal
aging rate, s−1

𝑘c mass transfer coefficient, m s−1
7

𝑘h heat transfer coefficient, J s−1 m−2 K−1

𝐿 length, m
𝑛 order in Cu sites, 1
𝑁 total number of elements in a set, 1
𝑅 universal gas constant, Jmol−1 K−1

𝑟𝑖 reaction rate per volume of catalytic
washcoat, mol s−1 m−3

𝑆 sum of squares, 1
𝑇 temperature, K
𝑡 time variable
𝑢 linear velocity, m s−1

𝑦 molar fraction, 1
𝑧 spatial coordinate
Greek letters
𝜀 porosity, 1
𝜆 heat conductivity, Wm−1 K−1

𝜈 stoichiometric coefficient, 1
𝜑w volume fraction of catalytic washcoat in

solid phase, 1
𝜌 density, kgm−3

𝜃 surface site coverage, 1
𝛺Z aluminum site concentration in zeolite

framework, mol m−3 washcoat
Subscripts and superscripts
eff effective
exp measured (experimental)
g gas
𝑖 index of reaction
in inlet
𝑗 index of measured data point
𝑘 index of gas component
𝑚 index of surface component
out outlet
s solid
w catalytic washcoat
Z aluminum site in zeolite framework
Abbreviations
ASC ammonia slip catalyst
cc-SCR close coupled selective catalytic reduction

of NOx
cpsi channels per square inch
DOC diesel oxidation catalyst
DPF diesel particulate filter
DRIFTS diffuse reflectance infrared

Fourier-transform spectroscopy
FTIR Fourier-transform infrared spectroscopy
GHSV gas hourly space velocity
HTA hydrothermal aging
RMSE root mean square error
SCR selective catalytic reduction of NOx
SEM scanning electron microscopy
TPD temperature programmed desorption
TPR temperature programmed reduction
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