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Passive NOy adsorption (PNA) has been recently developed as a promising technology for controlling the NOy
emissions during the cold start period. In this work, we illustrate a CO-assisted mechanism by combining
experimental and kinetic modeling studies. Pd/SSZ-13 has been synthesized, characterized and evaluated as a
PNA in low-temperature NOy adsorption and temperature program desorption cycles, to represent multiple cold
start periods. The gas compositions were also systemically changed, where both the effect of varying NOy and CO

feed was evaluated in the presence of high water and oxygen contents. A kinetic model was developed to
simulate the profiles of NO and NOs, including three initial Pd sites (ZPd(IDZ", Z [PAIDOH]" and PdO). It is
concluded from XPS and in situ DRIFTS experiments, flow reactor measurements and modelling observations
that CO reduces Pd(II) species to Pd(I)/Pd(0) species, which increases the stability of the stored NOx species,
resulting in a release above the urea dosing temperature. The model could well describe the experimental fea-
tures, including the effect of CO. In addition, the model was used for full-scale catalytic converter simulations.

1. Introduction

The market of vehicles has largely increased with the growth of the
global economy, accompanied with rising concerns for the produced
NOy [1]. NOy emissions from vehicles can be reduced significantly using
techniques, such as NHj Selective catalytic reduction (SCR) [2,3] and
Lean NOy traps (LNT) [4,5]. However, with kinetic restrictions at low
temperature for lean NOy traps and the issue of ineffective urea dosing at
low temperature (<200 °C) for SCR, neither of the systems can effec-
tively control NOy emissions during the cold start period [6]. Therefore,
a promising technology was recently developed to employ a Passive NOy
absorber (PNA) upstream of the SCR unit in the aftertreatment system.
The NOy in the exhaust is stored in the PNA at low temperature during
the cold start period. Thereafter, it is thermally released at higher
temperature (at and above ~ 200 °C), which is feasible for urea dosing
[7,8] at which the NOy is subsequently converted in the SCR process.

There is a growing interest in Pd zeolites for PNA due to their
tolerance to HyO and sulfur [6,9]. Particularly, small-pore zeolites with
palladium, such as SSZ-13, have been shown to be an effective material
with a relatively high NOyx desorption temperature [10,11]. The basic
understanding of NOy adsorption on Pd based zeolites under conditions
including NOy + Oz + H20, with or without CO, has been initially
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developed. It was found that the adsorption sites were mainly ionic Pd>*
in the zeolite framework (ZPd(II)Z and Z [Pd(I)OH] ™) and PdOy sites
on the external surfaces of the zeolites [12-15]. Oxygen is present in
almost all reported passive NOy adsorption tests since a high level of
oxygen is always present in diesel and lean-burn gasoline vehicle ex-
hausts. The O, accelerates nitrate formation and NOy adsorption [13],
also it triggers the regeneration of the PNA under higher temperature
[16]. The presence of HoO has also been reported to severely suppress
the NOy adsorption on Pd sites at 80 ~ 100 °C, and inhibit the adsorption
of multiple NOy species on single Pd sites [12,17]. Although it is widely
reported that an increased adsorption of NOy and higher desorption
temperature appears after adding CO [12,13,18,19], no consensus has
been reached on the precise roles of CO on passive NOy adsorption. Some
of the recent works demonstrated that the presence of CO resulted in
more stable NO species due to either simultaneous NO and CO co-
adsorption, or that CO reduces the Pd phase [8,12,20,21]. It should
also be mentioned that under high CO concentrations it has been
recently found that Pd/zeolites deactivate [22].

To further investigate the reaction mechanism of PNA a few kinetic
models have been developed. Ambast et al [16]. developed a kinetic
model for a PNA process using H/ZSM-5 and Pd/ZSM-5, focusing on the
change of Pd species during PNA tests under gas mixtures including 5
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ppm NO3 / 400 ppm NO / 2% Os/ 7% H20. Furthermore, they further
developed a kinetic model in their recent paper [23] using Pd/SSZ-13
including 2 initial Pd sites (Z-Pd%*Z-, Z[PAOH] ™), as the active sites
during uptake of NO, CO and CyH4. A PNA kinetic model using PtPd/
CeO,-ZrO, was also developed, proving that the NOx could be adsorbed
on Ce*" forming nitrites and nitrates [24].

Herein, based on the aforementioned experimental and kinetic
modeling study, we are establishing a kinetic model which can describe
the NOy storage behavior in multicycle PNA test under different NOy and
CO concentrations. Experimentally we find an irregular effect by
changing CO concentration, influencing the reaction network, which
also needs to be described our developed model. In addition, another
objective in this work is to ascertain the precise role of CO addition in
enhancing NOy stability based on experiments and kinetic modelling.
Pd/SSZ-13 was synthesized and tested for multi-cycle NOy adsorption
and temperature program desorption (TPD) experiments with varying
inlet gas composition (200-400 ppm NOy, 0-400 ppm CO, 8%0,, 5%
H»0). Characterizations were conducted for the as-prepared catalyst and
the spent catalyst to gain insight into the Pd species during the multi-
cycle PNA test. Three initial Pd sites, ZPd(IDZ, Z [Pd(IDOH]" and
PdO were used as a base for the model. It was concluded from both
experiments and kinetic modelling that low concentrations of CO
reduced Pd(II) sites to lower valence Pd(I)/Pd(0), subsequently
enhancing the adsorption of NOy. The model could describe the exper-
imental findings well. Furthermore, a full-scale catalytic converter
model was further developed to demonstrate the influence of spatial and
temporal temperature gradients on PNA during cold-start simulations.

2. Experimental methods
2.1. Catalysts synthesis

SSZ-13 with Si/Al = 12 was synthesized according to a previously
reported hydrothermal method [25,26]. Briefly, 0.8 g NaOH (Sigma-
Aldrich) was first dissolved into 66 g deionized water, then 17.68 g of
the structure directing agent (TMAda-OH, Sigma-Aldrich) was added
into the mixture while stirring. Subsequently, 1.38 g Al(OH)3 (Sigma-
Aldrich) and 12 g fumed silica (7 nm average particle size, Sigma-
Aldrich) were added into the mixture with vigorous stirring until the
gel was fully homogenized. The gel was then sealed into two 75 mL
autoclaves (stainless steel using a Teflon liner). Then the autoclaves
were put into sand baths on hot plates with continuous stirring, and kept
at 160 °C for 96 h. After the hydrothermal synthesis the sample was
separated and washed 3 times with deionized water, separated using
centrifugation, and then dried at 120 °C overnight. The produced
powder was then calcinated in static air at 600 °C for 8 h to obtain Na-
SSZ-13. H-SSZ-13 was obtained by ion-exchange of the Na-SSZ-13.
Briefly, the Na-SSZ-13 powder was mixed with 100 mL deionized
water and 43.2 g NH4NO3 and heated to 80 °C in a water bath for 2 h.
Then the sample was separated and washed via centrifugation. This ion-
exchange procedure was repeated twice to ensure the Na™ cations were
fully exchanged by NH4". Then the sample was dried at 120 °C over-
night and calcined at 600 °C for 8 h to obtain H-SSZ-13.

Pd was added to the SSZ-13 by the incipient wetness impregnation
method using Pd(NO3), solution to obtain 1 wt% Pd loading. After the
impregnation, the sample was dried at 100 °C overnight and subse-
quently calcinated at 500 °C for 5 h in air.

2.2. Monolith preparation

The synthesized Pd/SSZ-13 was coated on a honeycomb-structured
cordierite monolith with a cell density of 400 cpsi. The cordierite
monolith was first cut to a uniform cylinder with a length of 2 cm and a
diameter of 2.1 c¢m, followed by calcination at 550 °C for 2 h to remove
any contaminants. The Pd/SSZ-13 powder was mixed with boehmite
binder (Dispersal P2) with a ratio of 95:5 (weight), then dissolved into
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1:1 ethanol/water (volume ratio) to obtain a slurry. The slurry was
deposited by droplets spread over all the channels of monoliths until the
slurry began to completely pass through all the channels. After deposi-
tion, the excess slurry was purged out using a flow of hot air at 90 °C.
The coating and purging process was repeated until the loading of the
washcoat reached 700 mg. Subsequently the coated monoliths were
calcined at 500 °C for 5 h.

2.3. Characterization

The Pd, Si and Al content of the catalysts was analyzed using
Inductively coupled plasma sector field mass spectrometry (ICP-SFMS).
These measurements were conducted by ALS Scandinavia AB.

The pore structure of the samples was determined at 77 K by a Ny
adsorption—desorption method using a Micromeritics Tristar II 3000
Analyzer. The Brunauer-Emmett-Teller (BET) method was applied to
determine the specific surface area.

Environmental scanning electron microscopy and corresponding
energy-dispersive X-ray spectroscopy (ESEM-EDS) analyses of the
coated monoliths were obtained with a Quanta200 ESEM equipped with
an Energy dispersive Xray (EDX) system (Oxford Inca).

X-ray diffraction (XRD) analysis was conducted with a SIEMENS
diffractometer D5000 operating at 40 kV and 40 mA, employing the
graphite-filtered Cu Ko radiation (A = 1.5418 A) at room temperature.
The samples were scanned from 5° to 50° with a rate of 1°/min.

X-ray photoelectron spectroscopy (XPS) analysis was conducted
using a PHI5000 VersaProbe III-Scanning XPS Mircroprobe™ with an X-
ray source of monochromatic AlKa X-ray (hv = 1486.6 eV). Energy
resolution with 100 pm beam (i.e. FWHM) was 0.673 eV. The system
was aligned with Au (83.96 eV), Ag (368.21 eV) and Cu (932.62 eV). The
measurements were aligned with the adventitious carbon peak (C1s) at
284.8 eV before conducting chemical state analysis. Before the XPS test,
the powder sample was placed in a crucible in the flow reactor and
pretreated using the following procedure: The sample was first
degreened at 750 °C for 1 h using 400 ppm NO, 8% O and 5% H0 in Ar
balance, with a total flow rate of 750 mL/min, then it was pretreated at
550 °C for 30 min with 8% O and 5% H0. The sample was thereafter
exposed to 200 ppm NOy (containing 1.8% NOs), 0/200/400 ppm CO,
8% O3 and 5% H,0 in Ar balance, kept at 80 °C for 45 min, and then
increasing the temperature to 550 °C, with a rate of 20 °C/min and kept
at 550 °C for another 15 min. After this treatment the sample was cooled
down under the same feed gas, and thereafter sealed into a N atmo-
sphere to prevent re-oxidization until the XPS measurement was
performed.

In-situ diffuse reflectance infrared Fourier transformed spectroscopy
(DRIFTS) was conducted with a Bruker Vertex 70 spectrometer, to
determine the adsorption form of NO and CO on Pd/SSZ-13. The spec-
trometer was equipped with an MCT detector and scanning was done at
4 cm~! resolution. The sample (~20 mg) was placed into a sealed diffuse
reflection chamber equipped with KBr glass windows on both sides. The
sample was first degreened at 750 °C for 1 h using 400 ppm NOy, 8% O4
and 1% H,0 in Ar balance for 1 h, then it was pretreated at 550 °C for 30
min with 8% O, and 1% H30. After cooling the chamber down to 80 °C,
the background was collected. The sample was exposed to 200 ppm NOx,
8% O3 and 1% H50 in Ar for 30 min to saturate with NO adsorption, and
then 400 ppm CO was introduced into the chamber with continuous
scanning (1 scan/min).

2.4. Flow reactor experiments

The PNA samples were tested in a flow reactor. Detailed information
about the flow reactor equipment is reported in our previous study [27].
Briefly, the monolith was placed in the quartz tube reactor and two
thermocouples were respectively placed in the center of the monolith
and upstream of the monolith. The inlet flow rates of gases were
controlled with several mass flow controllers (Bronkhorst). Water was
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evaporated via a Bronkhorst controlled evaporation and mixing system.
The outlet gases were analyzed by an FTIR spectrometer (MKS Multigas
2030). The scheme of the reactor system is shown in Scheme S1.

The first PNA test involved multiple cycles using different NOy
concentrations. The total flow rate was set to 750 mL/min (i. e., 6500
h~! based on the monolith volume). The sample was first degreened at
750 °C for 1 h using 400 ppm NOy, 8% O and 5% H,0 in Ar balance.
Prior to all the NOx and TPD cycles, the PNA sample was pretreated at
550 °C for 30 min with 8% O, and 5% H>O. The experimental procedure
for all the cycles included NOy adsorption and TPD to represent multiple
cold start periods. For cycle 1, the sample was exposed to 200 ppm NOx,
8% 02 and 5% H,0 in Ar balance for 45 min at 80 °C after the pre-
treatment. This was followed by a temperature ramp to 550 °C with a
rate of 20 °C/min, while exposing the catalyst to the same gas mixture.
Then the reactor was kept at 550 °C for another 15 min. After this cycle,
a pretreatment for the next cycle was performed. For testing the
reproducibility of the NOy adsorption and TPD, Cycle 2 was repeated
with the same inlet condition as cycle 1. For cycles 3-4 and cycles 5-6
the feed NOy concentration was respectively set to 300 ppm and 400
ppm. Cycle 7 was then conducted with the same condition as cycles 1-2
to check the stability of the PNA sample after multi-cycle tests. It should
be noted that there was a small amount of NO5 in the NOy gas, with a
molar proportion of NO3/NOy = 1.8 mol%.

The second PNA test involved multiple cycles using different CO
concentrations. The pretreatment, adsorption and TPD procedures were
the same as the first PNA test except the NOy and CO concentration in
feed. The NOy inlet concentrations in all cycles were set to 200 ppm,
while the CO inlet concentration was set to 200 ppm for cycles 1-2 and
400 ppm for cycles 3-4. Cycle 5 was then conducted with the same
condition as cycles 1-2 to check the stability of the PNA.

Detailed information of the procedure, gas concentrations and tem-
peratures are summarized in Table S1.

The same procedures in first and second PNA test were conducted
again for empty monolith. The NOy profiles obtained in this empty test
were further used in transient kinetic rate calculation and kinetic
modeling.

The transient rate of NOy adsorption (RNOy) was calculated ac-
cording to the following Eq. (1) [28-30]:

F.
RNOx(molg™'s™") :WTyNOX(Z](\)IOX(I) — Znox(t)) (@)

where Fr and W respectively represent molar flow rate and catalyst
weight, Z%o0x and Znox are dimensionless concentrations of NOy in
empty test and in evaluation, where Z;*(t) = yi(t)/yif. In this equation
yi(t) is the mole fraction of NOy at a given time and y;' is the mole
fraction of NOy in feed (i, e, 200/300/400 ppm).

3. Kinetic modeling
3.1. Reactor model

The kinetic modeling of the catalyst was conducted with a one-
channel model using the Aftertreatment Module embedded in AVL
BOOST™ software, version 2020 R2. The kinetic model was addition-
ally used to assess the performance of a real-life sized catalyst consid-
ering spatial non-uniformities during a transient cold-start phase. For
this purpose the kinetic model at hand has was plugged into a 1D
catalyst model provided by the Aftertreatment Module of AVL CRUI-
SE™ M, version 2020 R2. The material properties of thermal conduc-
tivity and specific heat capacity were adopted from the CRUISE'™M M
property database for cordierite material. All the nomenclature of pa-
rameters used in model description is shown in Table 1. The model
contains two gas boundaries (inlet and outlet) and catalyst as elements,
as shown in Scheme S1.

For the simulations in the AVL BOOST™ software for the kinetic
model development, the discretization of the channel was set to 20 grid
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Table 1
The nomenclature of parameters in model description.
Parameter Definition Unit
A Pre-exponential factor for reaction i st
dhya Hydraulic diameter of the channel m
Eaji Activation energy for reaction i J/mol
E° A Activation energy for reaction i at zero coverage J/mol
GSA Geometric surface area per reactor volume m!
Ki;m Mass transfer coefficient of species k mol/(m? s)
k; Rate constant for reaction i st
MGk, Molar mass of gas phase species kg/kmol
T Reaction rate for reaction i mol/(m? s)
Ts Temperature at catalyst surface K
t Time H
Vg Gas velocity m/s
Vik Stoichiometric coefficient of species k in reaction i -
Wig Mass fraction of species k in gas phase -
Yk Mole fraction at the reaction layer of specie k -
L Mole fraction in the gas bulk of specie k -
z Spatial coordinate in axial direction m
o Coverage dependence in reaction i -
g Volume fraction of gas phase in entire system -
(€] Site density
Ok Coverage of species k mol/m?
Pg Density of the gas phase kmol/m*
Q Surface site density of storage site j kmol/m?

points along the axial direction. The mass-transfer inside the washcoat
was modeled using five grid points. The gas species mass balance
equation of the model is shown in Eq. (2)[31]:

nr

ap, X Wi,
Pg * Wis +MGy, Z ik X 1i(yi, Ty, Ok) 2

€, X =&, X
8 ot 8

0p, X Wig X g

0z

the corresponding coverage of component k on the surface was
defined by Eq. (3)%8:

69 nr

SH(©x Gs) = Zv,»_k % 1i(ye, Ti 00) @)
where GSA is the geometric surface area per unit reactor volume,

which is defined by Eq. (4)[31]:

GSA
dh)'d

= 4 x (cell density) 4

The external mass transfer from the gas bulk to the surface of the
PNA was simulated according the film model, which is defined by Eq. (5)
[31]

nr

GSA X ki % (yi —¥2) = Zvi.k X 1i(yk, Ty, Ok) ()

A constant pore diffusion model was set for the mass transfer in the
washcoat, where all the effective diffusivities of the gas components
were set to 5 x 10'6m2/s, according to Chatterjee et al [32]. This
approach has also been used in several of our previous models [33-38]
for aftertreatment systems.

Owing to the low heat of reaction during the NOx adsorption and
TPD, as well as the low concentration of the reactant species, the heat
balance was not solved in the kinetic model development simulations.
This approach was widely used in previous models involving NOx
adsorption [33,35,37,39,40]. The reaction temperature in the model
was set to the catalyst temperature measured in the monolith during the
NOy adsorption and TPD tests.

For the converter modeling, the mass transfer and heat transfer were
calculated via Transport property data embedded in AVL CRUISE™ M,
which comprises a list of molecular parameters for the calculation of
species viscosities, thermal conductivities and diffusion coefficients of
multi-component gas mixture, according to Kee R. J. et. al.[41].
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3.2. Kinetic model

The reaction rate expressions were defined by ANSI C programming
language embedded in the AVL User Coding Interface™. The reaction
rate was calculated via the Arrhenius Equation, as shown in Eq. (6):

—Eai
ki = A;e®) (6)

The storage and release of NOx on Pd sites is important for passive
NOy adsorption. It is widely accepted that the activation energy of NOy
adsorption is a non-activated step [16,42,43], and was therefore set to 0.
For the NO/NO,, desorption, a linear dependence based on coverage for
the activation energy was used for Cu/ZSM-5 [42]. We used the same
approach in the current work, using an activation energy for desorption
determined via a Temkin isotherm, as shown in Eq. (7):

Eno, des = E;\)/ondes(l — abo,) )

4. Results and discussion
4.1. Catalyst characterization of Pd/SSZ-13

It has been reported that Pd/SSZ-13 is adequate for passive adsorp-
tion of NOy owing to its considerable NOy adsorption ability, H,O and
sulfur resistance [10,13,44]. Thus Pd/SSZ-13 with a Pd loading of ~ 1%
was synthesized and used for NOy adsorption and TPD. The properties of
the as-prepared Pd/SSZ-13 were determined via several characterization
methods. The measured Pd loading was 0.98% and the Si/Al ratio was
12.0. The specific surface area and pore volume of Pd/SSZ-13 were 659
m? g ! and 0.30 cm® g ! respectively, which were calculated from a Ny
adsorption-desorption isotherm. The XRD pattern of Pd/SSZ-13 is
shown in Figure S1. All the peaks could be attributed to the SSZ-13
zeolite. The absence of peaks from palladium oxide species was
mainly due to the low Pd loading and high Pd dispersion.

ESEM-EDS was conducted to measure the thickness of the washcoat,
as shown in the EDS mapping in Figure S2. The clear Al and Si signals of
the zeolite assisted in distinguishing the washcoat from the cordierite.
Compared to Pd/SSZ-13 washcoat, the cordierite structure contains
more Al but less Si, leading to the clear contrast between washcoat and
monolith. It could be measured from Figure S2 that the washcoat
thickness of the monolith sample was 70 + 40 pm.

4.2. NOy adsorption and TPD on Pd/SSZ-13

We first evaluated the Pd/SSZ-13 sample for NOy passive adsorption

A
600 =6 200 ppm Oy P 600

Q - NO (300 ppm NO,) ‘

a8 NO (400 ppm NO,) 252C !

& 500 - - - NO, (200 ppm NO,) LA

c -~~~ NO, (300 ppm NO,) !

2 NO, (400 ppm NO,) G

g 400 400 ppm NO, A \ 400 S

g o \ 0]
' \ g

5] A | E

Lg) 300 / 300 ppm NO,,_A |\ ‘ [i \ g

/ NIRVAN
& //’__—J M N—
z 200—{/,/,20_@@:—/\\’: i\ 200 12
\ 4/
o iy T
100 ; Temp N
v .
0 . : e ; 0
0 1000 2000 3000 4000 5000

Time on stream (s)
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without the presence of CO (i.e., 200-400 ppm NOy/ 8% O2/ 5% H0/
balance Ar). Before evaluation, a degreening procedure was conducted
at 750 °C for the as-prepared Pd/SSZ-13 sample in order to increase the
amount of ion-exchanged Pd species [44]. To describe multiple cold
start periods, the sample was tested with multi-cycle passive NOy
adsorption and release, including a pretreatment procedure with Oy and
H,0 between each cycle. The detailed procedure is shown in Table S1.
The NOy adsorption and release cycle was repeated in each conditions to
test the reproducibility, as shown in Figure S3. A comparison of NO and
NO,, profiles between cycle 2 and cycle 7 (repeated experiments) are
shown in Figure S4, demonstrating that there is no deactivation of Pd/
SSZ-13 during multi-cycle tests using the examined inlet gas feed. It
could be inferred from the result that the Pd/SSZ-13 was completely
regenerated between the cycles. Therefore, the profiles of all the cycles
could be analyzed separately. Cycle 2, cycle 4 and cycle 6 were chosen to
evaluate the result with 200 ppm, 300 ppm and 400 ppm inlet NO,
respectively. The concentration of outlet NO, NO5 and NOy as well as
reaction temperature are shown as the function of time on steam in
Fig. 1.

The adsorption branch at 80 °C during the first 45 min in Fig. 1A
demonstrates that the outlet NO concentration becomes stable after
around 1500 ~ 2000 s, indicating that saturation of NO was reached.
The NO;, profiles are shown in Figure S5 and it should be noted that the
NO; concentrations are below 5 ppm during the NO adsorption for all
NO concentrations. Owing to the sudden opening of the mass flow
controllers initially in the NO adsorption, there were some overshoots of
NO concentration in inlet gas, which is therefore also observed in the
outlet NO signal. The transient rate of NOy adsorption was further
calculated as shown in Figure S6. It could be seen that with increased
NOy concentration, the transient NOy adsorption rate was increased.
After 2700 s, the temperature started to increase to 550 °C with a rate of
20 °C/min, and several NOy desorption peaks were found. There is one
NO consumption peak at 166 °C observed and two NO desorption peaks
at 252 °C and 371 °C, respectively, while the NO5 desorption peak only
appears at 166 °C. Based on the desorption profiles we suggest that these
peaks could be attributed to three different Pd sites, which is clearer in
the NOy profile as shown in Fig. 1B. After the temperature reached
550 °C (~4100 s), NO was partially oxidized by O3 and produced NOs,
while there is no NO or NO released from Pd sites due to the same NOy
concentration in inlet and outlet. Thus, some NO oxidation occurred
over the sample. Note that empty reactor tests were performed to ensure
that the NO oxidation occurred over the catalyst. It should be pointed
out that the first NOy desorption peak is at 166 °C, a temperature which
is ineffective for urea dosing and subsequent SCR treatment, while the

600 600
—— NO, (200 ppm NO,)

- 550 4 NO, (300 ppm NO,) :
E 500 NO, (400 ppm NO,) A
o f \
= 450 ,‘\J \
'.g 400 + 400 ppmNO, A | | a \-,-W_ 400 6‘
o v ’L/ \ <
£ 350 / [ o
8 3004, 300 ppm NO, N ] E
c / ) ©
3 ‘ v ’/\/\ \ @
(_))< 250 4 [ \ a
3 2004/ 200 ppm NO, | V. ,\,_______ 200 g
z \ /,_—/""-'_/\ \/ /i 2

150 4, i

|
100 “ Temp
501
0 T T T T 0
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Time on stream (s)

Fig. 1. NO & NO,, profiles (A) and NOy (B) profiles for NOy adsorption & TPD with different concentration of NOy in inlet. Reaction conditions: 200/300/400 ppm
NOy (containing 1.8% NO»), 5% H>0, 8% O, in Ar with the flow rate of 750 mL/min. The data were selected from cycle 2 (200 ppm), cycle 4 (300 ppm), cycle 6 (400

ppm) respectively.
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other two NOx desorption peaks are above the minimum urea dosing
temperature.

The NO,/Pd ratio was also calculated based on the Pd loading and
NOy transient adsorption and desorption branch, as shown in Table 2. It
could be seen that the NO,/Pd ratio for different inlet NOy concentra-
tions is 0.61 ~ 0.68, indicating that the Pd sites were saturated by NOx
during the adsorption using a gas condition of 200 ppm NOy. It is also
reported in previous works that the NOy/Pd ratio on Pd/SSZ-13 under
the existence of HyO is around 0.45 ~ 0.78 [16,23]. Owing to the sup-
pression of HoO on NOy adsorption the NO,/Pd ratios are<1. The NOy/
Pd was also influenced by the dispersion of PdO clusters. Furthermore, it
could be seen the NOy/Pd was similar in transient adsorption branch and
in desorption branch, indicating that all the absorbed NOy species were
eventually released in the TPD process. The different adsorbed NOy
species from different inlet NOy concentrations released at the same
temperature, indicating the adsorption sites or active sites are less
affected by NOy concentration.

4.3. Kinetic model for passive NO, adsorption over Pd/SSZ-13

Based on the NOy adsorption and TPD profile from Pd/SSZ-13, we
developed a multi-site kinetic model to describe the mechanism of
passive NOy adsorption. The reaction steps are shown in Table 3, with
the corresponding parameters in Table S2. It is widely accepted in pre-
vious works that Pd>" cation sites are responsible for NOy adsorption in
Pd supported zeolites [8,12,45]. The Pd?* cations can bind to two Al
(ZPd(IDZ’) or only one Al and be charge balanced by an OH group
(Z [PA(IDOH] ™) [13,17,20]. Therefore, we use ZPd(I))Z and Z [Pd(I)
OH]™ as initial sites on Pd/SSZ-13, which is also consistent with our
previous work [15]. The NO can adsorb on these sites at 80 °C during the
NOy adsorption branch. These reactions are described by reactions R1
and R3. Note that the NOy/Pd (as listed Table 2) is lower than 1, thus
multiple NO adsorption on a single site is not considered. Furthermore,
due to the small amount of NO; in the inlet gas, NO5 adsorption on Z'Pd
(I1)Z" was also considered (reaction R2). The interaction between NO
and Pd?* cation sites have previously been investigated by Mei et al. and
Ambeast et al [16,20]. using density functional theory (DFT) simulations.
They found that the binding energy of Z’Pd(II)Z"NO is much higher than
that of Z [PAIDOH]*-NO'®?°, Furthermore, the activation barrier of
7 [PA(I1)OH] " reduction by NO is only half of that of ZPd(II)Z" reduc-
tion [20]. Therefore, it could be deduced that the Z' [Pd(IDOH] ™" site is
easily reduced by adsorbed NO species to form ZPd(I)° when the tem-
perature increases, as described in reaction R4. The reduced site Z'Pd(I)”
shows the highest NO stability after adsorption (reaction R5) among all
the Pd?*/Pd™ cation sites[16,17,20]. Therefore, according to the results
in Fig. 1A, the NO desorption peaks at 252 °C and 371 °C were assigned
to the NO desorption on ZPd(II)Z" and Z'Pd(I), respectively. Accord-
ingly, the NO consumption peak and the corresponding NO; formation
peak in the beginning of temperature ramp (166 °C) could be described
by the reduction of Z [PA(IDOH] ™. Furthermore, it has been demon-
strated that the Pd/SSZ-13 sample was not deactivated after a multi-
cycle test as in Figure S4, which indicates that the initial sites (Z’Pd(II)
Z and Z'[PAIDOH]™) should return to their original form after the
pretreatment. Therefore, in the pretreatment procedure prior to the
next-cycle, Z’Pd(I) sites are re-oxidized back to the initial Z [PA(IDOH] "
sites (reaction R6) under the inlet-gas condition containing only O3 and

Table 2
NOy/Pd calculated from NOy profiles in Fig. 1.
NOy in feed (ppm) NO,/Pd-ad.” NO,/Pd-de.”
200 0.61 0.64
300 0.65 0.67
400 0.68 0.64

@ Calculated from transient adsorption branch
b Calculated from desorption branch
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Table 3
Reaction Mechanism for passive NOy adsorption on Pd/SSZ-13.

Reaction Reaction Step Rate formation

R1 Z'PA(IDZ+NO = Z'Pd r1 = kif¥10s1yn0 - Kip¥10s1-80
(IDZ-NO

R2 Z'Pd(I)Z+NO, = Z'Pd Iy = kzﬂ‘lemymz - kop¥16s1.NO2
(ID)Z'—NO,

R3 Z’[PA(IDOH]"+NO = r3 = k3/¥20s21¥Nn0 - k3pP20s21-N0
Z[Pd(IDOH]" — NO

R4 2Z[PAUDOH]" — NO = 14 = kad¥20521.n0)> - KapW20s22¥20520-
ZPd(I) + ZPd(I) — NO NOYNO2YH20
+ NO, + HyO

R5 Z'Pd(I) + NO = ZPd(I) rs = Ksf¥20s22yN0 - kspP20s22.N0
— NO

R6 2ZPd(D) + Ho0 + 0.505 16 = kef¥20522)1120y02">kep(¥20521)*
= 27’ [Pd(INOH] "

R7 PA(IDO + 2NO + 1.50, r7 = k7f\P39531YNOZYO21'5-k7b\1’39532
= Pd(NO3),

R8 Pd(NO3)2 + NO=Pd(I) rg= ksﬂ‘39532YN0-k8b‘P39531YN03
O + 3NO,

R9 2NO + Oy = 2NO, Tg = kaYNOZYOZ'k%YNOZZ

Thermodynamic restriction

Reactions Overall reaction Restriction on parameters
2R3 + R4- NO + 0.50, = NO, AHnoox = 2[Eg3-Eps(1-0p30s3n0)] + (Ega-
R5 + R6 Eb4) - [Efs-Ebs(1-atb50s4n0)] + (Efs-Ene) A
Snoox = 2RIN(Ag3/Aps) + RIn(Ags/Apg) -
RIn(A¢s/Abs) + RIn(Ags/Apes)
R7 + R8 3NO + 1.50; = 3NO, AHnoox = (Ef7-Ep7) + (Efs-Ebg) ASnoox =

RIn(A¢/Ab7) + RIn(Ags/Apg)

Storage sites:¥1:ZPd; ¥2:ZPdOH; ¥3:PdO
Storage species: S1: ZPd(I[)Z" S21: Z' [PA(I[)OH] " S22: Z'Pd(I) S31: PA(I1)O S32:
Pd(NO3),

H>0.

The steps involving NO and NO3 adsorption are assumed to be non-
activated, thus the activation energy of them are set to 0. The activation
barriers of some reactions on Pd/ZSM-5,Pd/BEA and Pd/SSZ-13 were
investigated by DFT studies [16,20], and these values are used in the
current model after slight tuning. Moreover, the reactions occurring on
Z'[PA(IDOH] ™" sites (Reactions R3-R6) must meet the thermodynamic
restriction for the overall NO oxidation, as shown in Table 3.

The reactions occurring on Z'Pd(I)Z sites (R1, R2) and Z[Pd(II)
OH]" sites (R3-R6) were first modeled separately, as shown in Fig. 2A
and 2B respectively. The storage capacity of these two sites was tuned to
2 mol/m® (ZPd(IDZ") and 2.2 mol/m® (Z' [PA(I))OH]*) based on con-
verter volume. However, it was found in Fig. 2B that the NO con-
sumption peak and NO, generation peak at 166 °C are much smaller
than the those in experiments, while the NO desorption peak attributed
to Z’Pd(I)- NO at 371 °C matched well with the experimental profile.
This result demonstrates that there are also other reactions which
consume NO and generate NO, around 166 °C. During the synthesis of
Pd/SSZ-13 via the impregnation method, there are a small amount of
PdO species also generated outside the framework of SSZ-13, in the form
of nanoparticles or clusters [12,15]. These PdO species provide for a low
NO adsorption amount owing to the limited number of exposed surface
sites. In order to describe this feature, reactions R7 and R8 were added
where PdO species react with NO in the presence of O; to form Pd(NO3),
(reaction R7), which subsequently decomposes back to PdO species with
NO, release (reaction R8) [12,15,46]. The storage capacity of PdO sites
was tuned to 1.7 mol/m® based on the converter volume. Herein, it
could be deduced that the formation and decomposition of Pd(NOg3)s
also occurred at ~ 166 °C in the NOy adsorption and TPD test. Based on
this mechanism, simulation of adsorption on PdO sites only was also
conducted and is shown in Fig. 2C. Notably, the reactions occurring on
the PdO site (R7, R8) also must meet the thermodynamic restrictions for
NO oxidation, as shown in Table 3.

Based on the reaction mechanisms on the three sites (Z’Pd(IDZ’,
Z’ [PA(I)OH] " and PdO), the overall simulation was conducted as shown
in Fig. 2D. NO oxidation can occur through reactions (R3-R6). However,
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Fig. 2. Kinetic modeling of the contribution of each individual Pd site according to: A: ZPd(IDZ’, B: Z' [PA(II)OH] ™, C: PdO; D: Overall modeling of all three Pd sites.

these reactions were not enough to describe the continuous NO oxida-
tion occurring at high temperature. In order not to further complicate
the model we added one global reaction step (R9) to describe the
continuous NO oxidation. The agreement between experimental data
and predicted model are satisfactory in both NO and NO; concentration,
as shown in Fig. 2D. A more detailed examination of the process can be
done by the model-predicted coverages of Pd species during the NOy
adsorption and TPD (Fig. 3). The coverages of NO and NO, adsorbed on
Z'Pd(I)Z" were gradually increasing in the beginning of adsorption
branch and all ZPd(II)Z sites were occupied after ~ 1500 s (Fig. 3A).
When the temperature started to increase, adsorbed NO; and NO
released successively, leaving 100% empty ZPd(II)Z" sites at high
temperature.

The model-predicted coverages on Z [Pd(IOH]" is more compli-
cated as shown in Fig. 3B. 7 [PA(II)OH] " first absorb NO in the begin-
ning of the adsorption branch to from Z [Pd(I)OH]" NO,
accompanied by a low percentage (7%) of reduction to Z'Pd(I)” — NO.
With increasing temperature, two Z[PA(IOH]"™ —NO sites were
reduced by one of the absorbed NO to form ZPd(I)” —NO and ZPd(I)”
(reaction R4). Subsequently the empty ZPd(I)" absorbed NO immedi-
ately to form another ZPd(I)” —NO. NO was released from Z'Pd(I)" when
the temperature increased to 371 °C (~3600 s), resulting in 100% empty
Z'Pd(I) sites in the following TPD. Furthermore, a long-term modeling
including NO adsorption, TPD and pretreatment procedures was simu-
lated as shown in Figure S7. It could be seen that Z'Pd(I)” reacts with Oy
and Hy0 after the inlet NO was turned off, leading to 100% Z'[Pd(II)
OH]" at the end of pretreatment. Thus, returning all Pd species back to
their original states.

The model-predicted changes of PdO species during the NOy
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Fig. 3. Model-predicted coverage (mean values) of different species on sites A:
Z'Pd(IDZ, B: Z[PAIDOH]" and C: PdO.
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adsorption and TPD is showed in Fig. 3C. It could be seen that the NO
adsorption on PdO is very slow, in accordance with previous works
[15,46]. More PdO converted to Pd(NO3); when temperature started to
increase. Shortly after the start of the temperature ramp, the dissociation
rate of Pd(NO3), exceeded the formation rate, resulting in the re-
generation of PdO.

The model was further verified by PNA multi-cycle tests with
different inlet NOy concentrations, the procedure of which is shown in
Table S1 (test 1, cycle 1-6). Fig. 4A shows the inlet NOy concentration
and reaction temperature, and Fig. 4B shows the outlet NO & NO,
concentration from the model and experiment. Moreover, magnified
results of cycle 2, cycle 4 and cycle 6 are shown in Fig. 5. The model well
describes the multi-cycle test including the NO and NO, outlet with
different NOy concentrations in the feed. The initial Pd sites (ZPd(IDZ’,
Z’[PA(I1)OH] ™ and PdO) were all returned to their original states in the
end of every cycle, indicating there is no deactivation of Pd/SSZ-13
during multi-cycle test, which is in accordance with the experimental
results presented in Figure S4.

4.4. CO assisted NO, adsorption and TPD on Pd/SSZ-13

The effect of CO on passive NOy adsorption was further investigated
in this work. A multi-cycle test of Pd/SSZ-13 with 200 ~ 400 ppm inlet
CO was conducted with the procedure including pretreatment, NOy
adsorption and TPD, same as the multi-cycle test without CO in Section
4.3. The detailed procedure is shown in Table S1, test 2. During the NOy
adsorption and TPD process, the inlet gas composition (200/400 ppm
CO, 200 ppm NO, 5% O3, 7% H0 balanced in Ar) was constant. Pre-
vious work reported that high CO concentrations may deactivate the
supported metal catalyst by inducing agglomeration or blocking of the
active sites [22,44]. To check the deactivation in our case, with low CO
concentrations, cycle 5 was conducted using the same condition as cycle
1, 2 after the multi-cycle test. No obvious change could be found be-
tween the cycle 2 and cycle 5 profiles as shown in Figure S8, indicating
that there is also no deactivation for Pd/SSZ-13 in the presence of 200 ~
400 ppm CO during the number of cycles examined in this work.
Accordingly, the NO and NO; profiles of all the cycles could also be
analyzed separately. Cycle 2 and cycle 4 were chosen to respectively
represent the evaluation data with 200 ppm and 400 ppm inlet CO,
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while the profile of cycle 2 in test 1 was chosen as the data without CO.
The concentration of outlet NO, NO, and NOy as well as the reaction
temperature are shown as a function of time on stream in Fig. 6.
Although there was CO present in the feed, only trace amount of N2O
(<0.2 ppm) was detected during the NOy adsorption and TPD procedure.
This is because the high activation barrier of CO oxidation by NO (177
kJ/mol) [47]. Under excessive O, the reaction between CO and NO was
intensively suppressed.

It could be seen from the adsorption branch in Fig. 6A that saturation
with NO adsorption was reached at ~ 1000 s. The transient NOy
adsorption rate was further calculated as shown in Figure S9. After
adding CO, the time point that NOy adsorption rate reaches to maximum
was delayed, and it did not increase compared to the rate without CO.
Comparing the desorption peaks without CO addition, the position of the
three peaks were the same (166 °C, 252 °C and 371 °C) as with CO
addition, whereas the area of all the peaks are considerably changed.
The NO, peak at 166 °C was markedly decreased, resulting in that the
reduction of Z' [Pd(I)OH] " and PdO by NO was suppressed. It could be
further deduced that these two Pd sites may be reduced by CO instead of
NO, in accordance with previous works [12,48]. The NO desorption
peak at 371 °C was increased using 200 ppm CO but decreased back
when the CO concentration increased to 400 ppm. On the contrary, the
NO desorption peak at 252 °C was increased using 400 ppm CO.
Furthermore, at higher temperature, NO oxidation to continuously
produce NO; also occurred in the presence of CO. The NOy profiles with
0-400 ppm CO are shown in Fig. 6B. After adding CO into the feed gas,
all the NOy was released above 200 °C, which is beneficial since it is
above the temperature that urea can be dosed for downstream SCR
system. The calculated NOy/Pd ratio is shown in Table 4, demonstrating
the NOy/Pd ratio with CO feed is almost the same as that without CO,
and absorbed NOx species were completely released in the TPD process.
This is consistent with the result in Table 2, that indicated the Pd sites
are saturated with 200 ppm NO, and the multi-species adsorption is
strongly suppressed by H;O. Based on these results, it could be
concluded that the presence of CO with 200 ~ 400 ppm has a positive
effect by increasing the release temperature of NOy, instead of pro-
moting the NOy adsorption amount over Pd/SSZ-13.

Although it is widely accepted the presence of low CO concentration
assists the passive NOy adsorption, the role of CO is still being debating
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in recent works [12,13,18,19]. There are two possibilities suggested: (1)
CO induces the formation of co-adsorbed Pd(II)(NO)(CO) species, and
consequently enhances the NOy storage [13,18,49]; (2) Pd species
reduced by CO show a more efficient ability in NOy adsorption
[8,12,20]. We here first assess these two possibilities for our Pd/SSZ-13

with our used reaction conditions as a prerequisite for updating the PNA
model with the addition of CO. To understand the (CO)(NO) co-
adsorption as well as its influence on NOy adsorption, the CO + CO4
(COy) concentration profile during the NOy adsorption and TPD pro-
cesses was plotted as shown in Fig. 7. It should be noted that the sudden
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Table 4
NO,/Pd calculated from NOy profiles in Fig. 6.
CO in feed (ppm) NO,/Pd-ad.’” NO,/Pd-de.”
0 0.61 0.64
200 0.67 0.69
400 0.64 0.68
@ Calculated from transient adsorption branch
b Calculated from desorption branch
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Fig. 7. CO + CO; and the corresponding temperature profiles. The calculated
(CO + CO,)/Pd is also given.

spike around 800 s for the 400 ppm case is due to water condensation
and evaporation. It could be seen the COyx concentration immediately
reached the inlet CO concentration in the beginning of the adsorption
branch, indicating that there is only minor CO adsorption on Pd/SSZ-13.
This result is more obvious in the desorption branch where there is only
a small COy desorption peak in the beginning of the temperature
ramping (160 °C, ~3000 s). Compared to the NOy/Pd ratio (0.64 ~
0.69), the calculated COx/Pd (0.04 ~ 0.06) was extremely low. With
careful consideration, even if a small amount of CO is absorbed during
the NOy adsorption, it still could not explain the large differences
observed experimentally between the experiments in the presence and
absence of CO. Moreover, all COx was released below 200 °C (Fig. 7) and
the CO effect was observed also above this temperature.

Adsorption of NO and CO on Pd/SSZ-13 at 80 °C was further deter-
mined by in situ DRIFTS under the presence of 1% H20 and 8% O, as
shown in Fig. 8. The bands around 1319-1452 cm ™! were attributed to
Pd nitrate and nitrite species[18]. The bands at 1865 cm™! can be
attributed to Pd**—NO according to Gupta et al.[21] and Khivantsev
et al.[13]. We also find a peak at 1813 cm ™! and peaks in this region
(1805 cm1[13,21] and 1810 ecm ™ }[50]) has previously been assigned
to Pd*—NO for Pd/SSZ-13.

It could be seen that most of Pd?* cations were reduced even at 80 °C.
Furthermore, the peaks at 1950 cm™! and 2146 cm™! resulted from
Pd®*—CO vibrations [13,18]. Compared to the NO adsorption peaks, the
CO adsorption peaks were much lower, verifying the fact that there is
only minor CO adsorption on Pd/SSZ-13. Based on the COx desorption
amount in Fig. 7 and DRIFTS in Fig. 8, it could be deduced that for-
mation of PA(II)(NO)(CO) species is likely not the main reason for the
different stability of the NOy species in our experiments.

To further examine the other possibility that Pd species were reduced
by CO which influenced the NOy adsorption strength, Pd species treated
under different CO concentrations were further investigated by XPS.
Degreened Pd/SSZ-13 powder samples were first treated according to
the NOy adsorption and TPD test procedure with different CO concen-
trations (i.e, the procedures of cycle 2 in test 1, cycle 2 and 4 in test 2 as
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Fig. 8. DRIFTS spectra obtained during exposure to 200 ppm NO, 400 ppm CO,
1% H,0 and 8% O, at 80 °C with Pd/SSZ-13.

shown in Table S1). The XPS spectra of these samples are shown in
Fig. 9. The peak positions of Pd(II) and Pd(I) were close [12,51-53], and
it is difficult to deconvolute peaks that are close with high accuracy. We
therefore instead only analyzed the XPS peak using Pd(ID)(Ep(Pd3ds/2)
= 337.6 eV, Ey(Pd3ds /) = 342.8 eV) and Pd° (Ey(Pd3ds,») = 335.9 eV,
Ep(Pd3ds ) = 340.6 eV) reference peaks [51-53], to get information
about the degree of reduction. But of course, there will also be some Pd
(D) species, and thus the amounts of Pd" and Pd° should not be viewed as
absolute numbers, but instead used for comparing the reduction degree
between different samples. It could be seen from Fig. 9 that there is no
Pd® in the absence of CO, while there is respectively 14% and 59% of Pd®
sites after experiments with 200 ppm and 400 ppm CO, respectively.
These results strongly demonstrate that CO facilitates the reduction of
Pd sites during passive NOy adsorption. Meanwhile, the absence of the

Pdl  Pdo Pd'  Pdo

Intensity (a. u.)

Binding Energy (e.v.)

Fig. 9. Pd 3d XPS spectra for the Pd/SSZ-13 samples treated in 550 °C under A:
200 ppm NO, 5 % H;0, 8 % O, in Ar; B: 200 ppm NO, 200 ppm CO, 5 % H,0, 8
% O in Ar; C: 200 ppm NO, 400 ppm CO, 5 % H50, 8 % O, in Ar.
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NO; peak in Fig. 6A with the existence of CO could also further support
that the Pd species was reduced by CO instead of NO. It is reported that
the reduced metallic Pd cluster shows a strong interaction towards NO
species [54,55] with a binding energy of 220 ~ 250 kJ/mol, which is
similar to that of ZPd(I)" sites (245 kJ/mol). Furthermore, the Pd° site
in the zeolite is also reported to strongly absorb NOy species [20].
Accordingly, it is deduced that in our experiments it is the Pd species
reduced by CO that increase the stability of the adsorbed NOy species.

4.5. Kinetic model for CO assisted passive NO, adsorption

Based on the experimental results described in Section 4.4 for CO
assisted NO adsorption and TPD on Pd/SSZ-13, we included new reac-
tion steps for CO in the multi-site kinetic model described in Table 3. The
additional reactions are shown in Table 5, with the corresponding pa-
rameters in Table S2. The main mechanism for the influence of CO is the
reduction of the Pd sites as it was observed in the XPS analysis (Section
4.4). ZH"-Pd(0) and metallic Pd, which are respectively formed from
reduction of 2Z'Pd(I)* and PdO, were therefore included in the model.

The results in Fig. 6A show that the NOy desorption peak is absent,
and this suggests that the reactions which produce NO5 (R2, R4, R7 and
R8) were restricted by the presence of CO. We propose that the reason
for this is the reduction of different Pd sites and NOx species in the
presence of CO, since the CO reduction ability is higher than NO [56].
First we suggest a reaction where the adsorbed NO, on Z’Pd(I1)Z" (Z'Pd
(INZ"—NO; produced in R2) could be further reduced by CO, as shown in
reaction R10. According to a previously reported DFT study, the acti-
vation barrier for Z' [Pd(II)OH]" reduction by CO is much lower than
that by NO, and importantly, the Pd species could be reduced to a lower
valence [20]. Therefore, reactions R11 and R12 were added to the model
to describe the consecutive reduction of Z [Pd(IDOH] " to ZPd(I)" and
ZH*-Pd(0). The addition of low CO levels changes the binding strength
of NOy on Pd sites, but does not lower the NOy adsorption capacity. It is
therefore necessary to also add NO adsorption and desorption on the
reduced Pd sites, i.e. NO storage on ZH'-Pd(0) (reaction R13). The
regeneration of Pd/SSZ-13 to its initial state after each cycle must be also
considered, since the cycles are also reproducible in the presence of CO
(Figures S7). Reaction R14 was therefore added to describe the reox-
idation of ZH"-Pd(0) to ZPd(D*.

For the PdO species, three additional reactions were added into the
model (reactions R15-R17). It is widely accepted that the PdOx species
are easily reduced to metallic Pd as the active sites during CO oxidation
[48,51,52,57]. Furthermore, given the absence of a NO3 peak in Fig. 6A,
the formation of PA(NO3), was inhibited. Based on these findings, the

Table 5
Additional reaction steps for passive NOy adsorption on Pd/SSZ-13 assisted with
CO.

Reaction  Reaction Step Rate formation

R10 ZPd(I)Z—NO, + CO — ZPd(II) Ti0 = kwﬁl‘lem,mzyco
Z'—NO + CO,

R11 2Z [PAIDOH]" —NO 4+ CO - 2ZPd 111 = kllf(q’zeszl-No)ZYCo
(D" —=NO + H,0 + CO,

R12 2ZPd(D)" —NO + CO + H,0 — 112 = K12/(¥20522-0)*Y co¥ 20
2Z'H*-Pd(0) —NO + CO,

R13 Z'H"-Pd(0) + NO = Z'H"-Pd(0) 113 = K13/¥20s23yN0— K135W20s23-
—-NO NO

R14 2Z’H"-Pd(0) + 0.505 = 2ZPd(D) + 14 = k1af(¥20523)*y02"° -
H,0 K1ap(¥20522)*Vi20

R15 PA(IO + CO — Pd(0) + CO, 115 = K15/¥30s31Yc0

R16 Pd(0) + 0.50, — PA(IDO Iie = k16ﬁ*‘395333’020'5

R17 Pd(0) + NO = Pd(0) —NO 117 = K17/¥30s33YN0-K175P30533.

NO
R18 2CO + 0, — 2C0, 115 = Kigfyco Yoz

Storage sites:¥1:ZPd; ¥2:ZPdOH; ¥3:PdO
Storage species: S1: ZPd(I)Z" S21: Z' [PA(INOH]* S22: Z'Pd(I) S23: ZH*-Pd(0)
S31: PA(IDO S32:PA(NOs3), S33: Pd(0)
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reduction of PdO by CO (reaction R15) and the oxidation of Pd by O,
during pretreatment (reaction R16) were added into the model. The NO
adsorption on the metallic Pd site was also added (reaction R17), since
the overall amount of NOy stored did not decrease with CO addition.
Note that a large amount of CO oxidation (complete conversion) was
observed at high temperature. Thus a global step for CO oxidation was
also added (reaction R18).

Based on the kinetic model shown in Table 3 and Table 5, the overall
simulations with the existence of 200 ppm or 400 ppm CO were con-
ducted as shown in Fig. 10. The agreement between the experimental
data and model is satisfactory for both CO levels. Furthermore, mean
coverages of Pd species are also provided from the simulations, as shown
in Fig. 11. Compared to the coverages without CO in the inlet (Fig. 3),
the fraction of all the Pd adsorption sites are changed with the existence
of CO. The main change concerning Z'Pd(I[)Z" species is the ratio of
absorbed NO and NO,. After adding CO, most of the adsorbed NO, was
reduced by CO and generated NO, leading to a higher fraction of Z'Pd(II)
Z—NO in the adsorption branch. With the increased CO concentration,
the Z’Pd(I1)Z"—NO fraction became higher. In the desorption branch, NO
released from Z'Pd(I)Z" at ~ 252 °C completely and left 100% empty
ZPd(ID)Z" sites.

Regarding to the changing of Z' [Pd(II)OH]" species with the exis-
tence of CO, ZH"-Pd(0) sites were generated owing to the deeper
reduction of Z [PA(IOH]" by CO. It could be seen that the Z [Pd(II)
OH]™" sites were completely reduced to Z'Pd(I)” by CO in the NOy
adsorption branch, and the Z'Pd(I)" sites were also partially reduced to
ZH'-Pd(0) (Fig. 11A). Furthermore, both of the ZPd(I) and ZH"-Pd(0)
sites absorbed NO in the adsorption branch. It could be seen the per-
centage of ZH"-Pd(0) —NO reached 69% before desorption. This per-
centage increased to 82% when the CO concentration increased from
200 ppm to 400 ppm (Fig. 11B). When the temperature started to in-
crease, the NO on Z’H"-Pd(0) —NO sites desorbed first at ~ 252 °C, then
the ZPd(I)" —NO sites released NO at ~ 371 °C. The empty ZH"-Pd(0)
sites were re-oxidized to Z’Pd(I) via reaction R14 at higher temperature,
and ZPd(I)” converted to Z [Pd(I)OH] " in the following pretreatment
(Figure S10). Moreover, it could be inferred from these results that the
presence of CO influenced more the Z [PA(I1)OH]™ species than Z'Pd(II)
Z.

For the NOx adsorption on the PdO species in the presence of CO,
there is no Pd(NOs), generated during NOy adsorption and TPD, owing
to that PdO sites were reduced to metallic Pd sites, which subsequently
absorbed NO. When the temperature starts to increase, more PdO sites
were reduced until there were no remaining PdO sites. At around 3100 s
there is a sharp decrease in the fraction of Pd, which indicates the NO
adsorption rate on Pd exceeds the PdO reduction rate. The Pd-NO sites
released NO species at ~ 370 °C, and subsequently re-oxidized at higher
temperature.

According to the coverages of Pd species under different CO con-
centrations (0/200/400 ppm) as shown in Fig. 3 and Fig. 11, the role of
CO on passive NOy adsorption could be clearly illustrated. With the
addition of CO, the ZPd(II)Z'—NO, sites, which should release NO5 at ~
160 °C, are reduced to Z’Pd(I1)Z'—NO. The NO on Z'Pd(II)Z" desorbed at
a higher temperature of ~ 250 °C instead. Moreover, the Pd species
(Z'[PA(IDOH] ™ and PdO) were reduced by CO instead of NO. The PdO
sites were reduced to metallic Pd, which shows a stronger ability to store
NO than Pd(NO3),. Thus the NOy desorption at 166 °C, which is derived
from Pd(NOgs), decomposition, is fully inhibited. Instead, the reduced
metallic Pd releases NOy at ~ 370 °C. In addition, part of the ZPd(I)™
sites, which are from reduction of Z [Pd(II)OH] ", are further reduced to
Z'H*-Pd(0) sites. Although the interaction between NO and Z'H"-Pd(0)
is weaker than that between NO and Z'Pd(I)", Z’H'-Pd(0) still releases
NO at a high temperature (~250 °C). Furthermore, the CO concentra-
tion influences the distribution of ZH"-Pd(0) sites and ZPd(I)" sites,
resulting in a different amount of NOy release at ~ 250 °C and 370 °C. It
could be concluded that when adding CO, all the Pd species converted to
the Pd sites with stronger interaction with NOy, and therefore released
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Fig. 11. Coverage (mean values) of different species on sites ZPd(I1)Z,

NOx above 200 °C, which is favorable for urea dosing [7,8] for the
downstream SCR treatment.

The model was further verified by PNA multi-cycle tests with
different inlet CO concentration (the procedure is shown in Table S1,
test 2, Cycle 1-4). Figure S11A shows the inlet NOx concentration and
reaction temperature, and Figure S11B shows the corresponding outlet
NO & NO; concentration in the model and experiment. Moreover, the
magnified results of cycle 2 and cycle 4 were shown in Figure S11C-D.
The developed model could well describe the multi-cycle PNA test using
different inlet feed gas (Fig. 4 and Figure S11).

4.6. Full-scale converter modeling of PNA

The reaction mechanism discussed in the previous sections is based
on a small catalyst sample, in which any kind of spatial non-uniformities

Time on stream (s)

Z [PAIDOH] " and PAO using 200 ppm CO (A) and 400 ppm CO (B) in inlet.
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is avoided. This is very important for developing the reaction kinetics.
When applying a PNA coating to a real-life sized catalyst, the intrinsic
reaction mechanism is overlaid with non-idealities such as radially non-
uniform inlet flow distributions and non-uniform converter tempera-
tures. Assuming a reasonably high inlet flow uniformity, 1D catalyst
models are well suited to assess the behavior of the PNA reaction
mechanism on converter level during a transient cold-start phase.

Here we consider an 8.5 L cordierite converter with a length of 152
mm and a diameter of 266 mm, a channel density of 400 CPSI and a wall
thickness of 6 mil. The converter is initialized with a temperature of
-7°C and it is assumed that the converter is purged. The catalyst is fed
with a mass flow of 300 kg/h (i.e. space velocity of around 50000 h™1)
and a constant gas composition of 200 ppm NO, 5 ppm NO2, 400 ppm
CO, 8% O9 and 5% H>O in nitrogen. The inlet temperature follows a
pattern of four different phases. Between 0 s and 10 s, the temperature is
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constant at -7°C, between 10 s and 50 s it ramps up to 220 °C and it is
held constant for another 50 s. The fourth phase is initiated with an
instantaneous temperature step from 220 °C to 450 °C that is held
constant until the end of the simulation. Fig. 12 summarizes the four
selected responses of the catalyst during this transient heat-up scenario.

Fig. 12a shows the catalyst substrate temperature over its relative
length and versus the simulation time. In the time direction, the tem-
perature profile follows the applied inlet boundary conditions reflecting
the different heat-up phases. It can be observed that the substrate tem-
perature near the catalyst inlet (i.e. relative position is zero) follows the
inlet gas temperature during the ramp-up phases with steeper gradients
than at the outlet of the catalyst. Near the outlet, the substrate tem-
perature also features a slightly delayed heat-up. This behavior can be
explained by the thermal inertia of the converter, where the heat-up
gradients are mainly a result of the substrate material and the inlet
temperature and mass flow conditions. Further, the temperature profile
shows no specific regions that can be associated with pronounced heat of
reactions. This is in line with the modeling assumption during the kinetic
model development, that the reaction heat of the applied reactions is
negligible.

Fig. 12b shows the change of NOy concentration in the gas phase over
converter length and time. During the first approximately 25 s, no
dedicated NOx storage takes place as the outlet concentration features
the values of the inlet concentration. In the time period between 25 s and
75 s, the NOx outlet concentration goes down to zero and back up to the
inlet value. This indicates that the NOy storage reactions become active
at around 100 °C (compare Fig. 12a). NOx becomes stored and the
storages sites are completely filled after a storage phase of about 50 s.
These results are in line with the experimental studies by Chenetal [11],
where Pd/CHA exhibited a low rate for NOy storage at low temperature.
The time for 90% efficiency at about 80 °C was 0 for Pd/CHA, but there
was still a substantial overall storage at this temperature [11]. This is
also seen in our experiment (see Fig. 12), where NOy breaks through
immediately during the adsorption phase, which is followed by a slower
NOx uptake.

The storage duration can be interpreted as a result of the applied
catalyst size, the amount of active storage sites and the NOy feed flow.
When the catalyst enters the second heat-up phase (time = 100 s) a
distinct increase of the NOy outlet concentrations can be observed. As
soon as the substrate temperatures reach values around 350 °C, NOx
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desorbs from the surface into the gas bulk and is transported out of the
catalyst. The desorption ends when all storage sites are emptied.
Further, the NOy concentration returns from the peak values to the inlet
value in a much faster time near the catalyst inlet than near the outlet.
This can be explained by spatial temperature non-uniformities. How
spatial temperature non-uniformities influence the storage behavior of
NO and NOy is depicted in Fig. 12¢ and Fig. 12d, respectively. It can be
observed that the significant storage of NO and NOy starts at tempera-
tures of around 100 °C and that the storage takes place first near the
catalyst inlet followed by storage sites located further downstream. This
can be explained by temperature maldistributions and by a dilution ef-
fect. Storage sites further downstream the catalyst are exposed to NOx
from the gas bulk only when storage sites in the upstream direction are
filled up. When entering the second heat-up phase (time = 100 s) the
stored NO fraction slightly increases, driven by the temperature and
then decreases with a sharp gradient, coinciding with the peak of the
NOy concentration in the gas bulk (compare Fig. 12b). The amount of
stored NOy shows a similar pattern as the stored NO, whereas during the
phase of constant inlet temperature (50 s < time < 100 s) more pro-
nounced spatial maldistributions can be seen. The stored NOy features a
~ 25% higher level in the first 30% of the catalyst than in the second
two-thirds of the converter. The reason for this can be found in the
storage behavior of NO,, which is the main contributor to the storage
occurring on the Z'Pd(I)Z" site. NO; is absorbed from the initial tem-
perature and starts already to desorb again at around 170 °C. This, in
combination with the lower NO, input level leads to more pronounced
uniformities when comparing the NOy storage to NO storage.

A further insight in the spatial and temporal resolved behavior of
three different storage sites is presented in Figure S12. It could be seen
that the change of the Pd species is slightly different from those in the
small model catalyst (Fig. 11), which mainly results from the different
temperature distributions. Owing to the low NO adsorption rate on Z'Pd
(IDZ and Z'[PA(IN)OH] ", these two sites were not saturated in the first
200 s, where the temperature reached 220 °C and was kept constant for
50 s. Instead, with the increased temperature, most of Z [PA(ID)OH] "
species were reduced by CO to generate ZPd(I)", which shows a higher
NO adsorption rate. Therefore, the NOyx adsorption rate increased with
the temperature ramping (10-50 s), in accordance with NOy profile as
shown in Fig. 12. Furthermore, the Z’H"-Pd(0) species were seldom
produced by ZPd(I)* reduction owing to the short time for reaction. For
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Fig. 12. Spatial and temporal resolved PNA converter behavior during a transient cold-start. A: substrate temperature, B: NOx concentration in the gas bulk and C, D:
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the PdO species, PA(NO3), was also seldom produced because most of
PdO species were reduced to metallic Pd instead. This also contributed
to the increased NO adsorption rate when the temperature started to
increase (10-50 s). It could be found that the stored species profile
downstream is slightly delayed compared to the inlet, resulting from the
temperature maldistributions and the dilution effect.

5. Conclusions

In this work, a kinetic model was developed to describe CO assisted
passive NOy adsorption. Pd/SSZ-13 was first synthesized as a PNA and
then tested for multi-cycle NOy adsorption and TPD, under different gas
conditions (200-400 ppm NO, 0-400 ppm CO, 5%H20, 8%0; balanced
in Ar). Combining the NOy adsorption and TPD test as well as charac-
terizations of Pd species on Pd/SSZ-13, it was found that the presence of
CO increased the NOy desorption temperature, while the NOy adsorption
amount was similar. It was also found that the amount of CO adsorbed
on Pd/SSZ-13 was very low, compared to the NOy desorption. These
results indicate that there was no or only minor (CO)(NO) bi-absorbed
species on the Pd surface. XPS revealed that Pd species were reduced
by CO to lower chemical states and we propose that this is the reason for
the increased stability of the stored NOy in our experiments. Based on
the experimental results, a kinetic model with three initial Pd sites (Z’Pd
(IDZ, Z[PAAD)OH]" and PdO) was developed for the cycling experi-
ments when changing the NOy concentrations, without the presence of
CO. In the presence of CO, the addition of reactions for reducing the
palladium species, to ZPd(I)" and ZH"-Pd(0) and metallic Pd, were
critical. The model successfully described the multi-cycle NOy adsorp-
tion and TPD processes under different gas conditions (200-400 ppm
NO, 0-400 ppm CO, 5%H30, 8%0-, balanced in Ar), which simulates
multiple cold start periods.

The kinetic model also described the change of Pd species during NOx
adsorption and TPD. For the NOy adsorption and TPD without CO, Z'Pd
(IDZ', Z[PAIDOH]" and PdO mainly absorbed NO to form Z'Pd(II)
Z'—NO, Z'[PA(II)OH]T —NO and Pd(NOs),. Furthermore, the small
amount of NOs in the feed gas also absorbed on ZPd(II)Z". During the
TPD period, ZPd(I1)Z —NO and Z'Pd(I)" —NO, which is produced from
the reduction of Z [PA(I)OH]" —NO, released NOy above 200 °C, while
PA(NOs3), and Z'PA(I)Z"—NO, released NOy below 200 °C. With the
addition of 200 ~ 400 ppm CO, Z[PA(I[)OH]" and PdO were respec-
tively reduced by CO to generate ZPd(I)", ZH"-Pd(0) and metallic Pd,
all of which could absorb NO species and release them above 200 °C. The
Z'PA(I1)Z—NO> is also reduced by CO to form ZPd(II)Z—NO and re-
leases NO above 200 °C. Using a combination of experiments and kinetic
modelling, a detailed mechanism for the roles of CO in passive NOy
adsorption has been derived. This model was thereafter used to simulate
a real-size catalytic converter, illustrating the effects of temperature and
NOy profiles during cold-start simulations. The system level simulation
results revealed two essential findings. The implementation of the pro-
posed reaction scheme works for different operating conditions in a
robust manner and the thermal converter model is key to correctly assess
the PNA performance under real-life conditions.
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