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Lean and rich aging of a Cu/SSZ-13 catalyst for
combined lean NO, trap (LNT) and selective
catalytic reduction (SCR) concept

Xavier Auvray,® Ann Grant,® Bjorn Lundberg® and Louise Olsson @ *?

In the combined lean NO, trap (LNT) and selective catalytic reduction (SCR) concept, the SCR catalyst can
be exposed to rich conditions during deSO, of the LNT. Aging of Cu/SSZ-13 SCR catalysts, deposited on a
cordierite monolith, was therefore studied in rich, lean and cycling lean/rich operations at 800 °C (lean
condition: 500 ppm NO, 8% O,, 10% H,O and 10% CO,; rich condition: 500 ppm NO, 1% H,, 10% H,O
and 10% CO,). The structure of the catalyst was investigated by X-ray diffraction (XRD), surface area mea-
surements and scanning transmission electron microscopy (STEM). In general, aging decreased the SCR
activity and NHz oxidation. However, rich conditions showed a very rapid and intense deactivation, while
lean aging led to only a small low-temperature activity decrease. The XRD results showed no sign of struc-
ture collapse, but the number of active sites, as titrated by NHz temperature-programed desorption (NH3-
TPD) and in situ DRIFTS, revealed an important loss of acid sites. NHz storage was significantly more de-
pleted after rich aging than after lean aging. The Lewis sites, corresponding to exchange Cu?*, were pre-
served to some extent in lean conditions. Lean aging also decreased the enthalpy of NH3 adsorption from
-158 kJ mol™ to -136 kJ mol ™. Moreover, a comparison of aging in lean-rich cycling conditions with aging
only in rich conditions revealed that adding lean events did not hinder or reverse the deactivation, and it
was mainly the time in rich conditions that determined the extent of the deactivation. The STEM images
coupled with elemental analysis revealed the formation of large Cu particles during rich aging. Conversely,
Cu remained well dispersed after lean aging. These results suggest that the copper migration and agglom-
eration in large extra-framework particles, accelerated by the action of hydrogen, caused the observed se-

rsc.li/catalysis vere deactivation.

Introduction

Emissions of nitrogen oxides (NO,) are a growing problem
and a major concern for air quality in urban areas. An impor-
tant source of these emissions is the transportation sector. To
reduce NO, emissions from diesel vehicles, two catalytic sys-
tems have been developed in parallel. The first, the lean NO,
trap (LNT) stores NO, on a catalyst containing a storage com-
ponent, such as Ba, during lean operation of the engine, i.e.
in a large excess of oxygen. Periodically, when the catalyst ap-
proaches saturation and its trapping efficiency decreases, the
engine operates in rich conditions to provide reductants (hy-
drocarbons and CO) to the exhaust gas, which reduce the
stored NO, into N,. Thus, the catalyst is purged and the trap-
ping process in lean conditions can be reiterated. This system
has the advantage of being able to store efficiently NO, at
quite low temperature, but it is sensitive to sulfur compounds
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that form stable sulfate on the NO, storage component, im-
peding the NO,-trapping ability and thus requiring regular de-
sulfurization (deSO,). Indeed, after sulfur exposure, an LNT
can be regenerated at high temperature and in rich condi-
tions." The second NO, removal strategy is to continuously
dose in the exhaust a compound that selectively and effi-
ciently reduces the NO, in the presence of an excess of oxy-
gen, such as NH; for selective catalytic reduction (SCR). Al-
though SCR enables full NO, reduction at some temperatures,
it cannot be used below ca. 200 °C because urea cannot be
dosed at low temperature without major issues with deposits.

The combination of a NO,-trap catalyst and an SCR system
can, however, be used to broaden the temperature interval.
In this regard, dual catalysts and the passive SCR of stored
NO, have been studied.’”® Research has confirmed that the
presence of an SCR catalyst downstream of an LNT improves
the NO, conversion and suppresses the NH; slip during LNT
purge.”® However, this configuration implies the exposure of
the SCR catalyst to high temperature during LNT regenera-
tion and desulfurization, which can modify the SCR catalyst
and impair its efficiency. Regeneration of the upstream
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particulate filter can also lead to a high temperature exhaust
and oxygen depletion.” The effects of hydrothermal
aging,'*™*® sulfur exposition and regeneration'”*° have been
studied to better understand the aging mechanism under
practical operating conditions. Collapse of the zeolite struc-
ture, active metal agglomeration and dealumination are the
most common identified aging mechanisms that occur dur-
ing thermal aging.'* It seems clear that small pore zeolites,
with the chabazite structure, are more resistant against hy-
drothermal deactivation than the more widely studied large-
and medium-pore-size zeolites, such as beta, ZSM-5 and
Y.”"™> It has been proposed that a small pore size hinders
the dealumination mechanism, which consists of the extrac-
tion and migration of the framework aluminium." Al(OH),
has been proposed to be the intermediate moiety formed,
thereby causing dealumination.””*" Fickel et al. calculated
that Al(OH); would be too large to exit the cage of the CHA
zeolite structure.”® The role of Cu in promoting the structure
collapse has also been evidenced®***° and here, copper alu-
minate is also considered as an intermediate.'>>" Several au-
thors have noted that a high Cu loading and high Si/Al di-
minish the resistance to the hydrothermal aging of Cu/SSZ-
13'%?>?3 due to the higher proportion of Cu exchanged on
CHA cage sites, which are less stable and more prone to ag-
glomeration than the species bound to 6-membered ring lo-
cations.”>** In 2008, Huang et al.’ studied the effects of a
low concentration of oxygen and of various reductants (H,,
CO and C;Hg) on a commercial Cu/zeolite catalyst aged at
650 °C. While CO had no impact and C;H, caused reversible
SCR deactivation due to blocking of the sites, exposure to H,
in combination with the low oxygen concentration led to sig-
nificant and irreversible deactivation.

However, to the best of our knowledge, there are no
studies available in the literature investigating the aging of
the Cu/CHA SCR catalyst during rich regeneration of the
NO, storage catalyst. Further, the impact of alternating be-
tween lean and rich conditions on the Cu/SSZ-13 morphol-
ogy and activity should be addressed. In the present work,
the impact of rich, lean and lean/rich cycling aging on a
monolithic Cu-exchanged SSZ-13 catalyst was evaluated.
Standard SCR with NH; as well as NH; oxidation were
performed and the activity evolution after aging was stud-
ied. The aging temperature was set at a constant of 800 °C
but the aging duration was varied to allow relevant compari-
sons. The catalysts were characterized by X-ray diffraction
(XRD), scanning transmission electron microscopy (STEM)
and energy dispersive X-ray spectroscopy (EDX) mapping.
NH; adsorption was studied by NH;-TPD and differential
scanning calorimetry (DSC).

Experimental methods

Chabazite zeolite synthesis

The chabazite zeolite SSZ-13 was synthesized by hydrother-
mal conversion of a faujasite-type zeolite, according to a pro-
cedure reported by Zones et al.>® First, a solution of NaOH (1
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M) was prepared by dissolving NaOH pellets (Sigma Aldrich,
>98% anhydrous pellets) into deionized water (Millipore).
Then, 250 g of sodium trisilicate (Na,SiO3, VWR) and 320 g of
deionized water were then poured into 200 mL of the pre-
pared NaOH solution under stirring. After 15 min stirring, 25
g of zeolite Y (Zeolyst, CBV720) was added to the solution
and the mixture stirred for 30 min at room temperature. Fi-
nally, 105 g of the structure-directing agent (SDA) N,N,N-
trimethyl-1-adamantanamine iodide (TMAAI, ZeoGen SDA
2825) was added to the solution. The mixture was kept under
stirring for another 30 min before being transferred to the
Teflon cup of a Parr stainless steel autoclave. The hydrother-
mal aging was carried out in autoclaves, filled up to 2/3 of
their volume, at 140 °C in an oven for 6 days without me-
chanical stirring. The solid fraction was recovered by centri-
fugation and washed with deionized water until the pH of
the washing solution became neutral (6-7 times). The powder
was then dried for at least 12 h at room temperature and cal-
cined for 8 h at 550 °C with a heating rate of 0.5 °C min .
The sodium form of the zeolite (Na/SSZ-13) was thus
obtained.

Ion exchange of SSZ-13

Two ammonium exchanges were performed prior to the Cu
ion exchange. A solution of ammonium nitrate (2.0 M) was
prepared by dissolving NH,;NO; (Sigma-Aldrich >99.0%) in
deionized water. The zeolite powder was poured into a vol-
ume of ammonium nitrate solution corresponding to 33.33
mL g™" of zeolite. The mixture was stirred and heated up in
an oil bath at 80 °C for 15 h. The powder collected was
washed until the pH became neutral and was then dried for
12 h. Then, the ammonium exchange operation was repeated
a second time. The Cu exchange was performed by mixing
the obtained zeolite with a solution of copper nitrate (0.2 M)
with the same solution-to-catalyst ratio as the ammonium ex-
change (100 mL/3 g). The mixture was maintained in an oil
bath at 80 °C for 2 h under vigorous stirring. The copper ni-
trate solution was prepared by dissolving copper nitrate
hemi(penta-hydrate) (CuN,0¢2.5H,0, Sigma-Aldrich) into de-
ionized water. After washing and subsequent drying for at
least 12 h, the zeolite was calcined for 4 h at 550 °C (5 °C
min" heating rate).

Monolith preparation

The samples tested in flow reactor consisted of catalyst pow-
der coated on a commercial cordierite honeycomb monolith,
the channel density of which was 400 cpsi. The monolith di-
mensions were: length = 20 mm, diameter = 20 mm. The
washcoat was composed of 5 wt% of boehmite (Disperal P2,
Sasol) and 95 wt% of the prepared Cu-exchanged zeolite. This
blended powder was then dispersed in an aqueous solution
of ethanol (50 wt% of milliQ water + 50 wt% of ethanol of
spectroscopic purity grade, (Merck)). The slurry had a liquid-
to-solid weight ratio of 4 and was kept under stirring. The
dip-coating method was used to deposit the washcoat on the
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bare monolith, which had previously been calcined (2 h at
600 °C with 1 h ramping) to remove any possible impurity.
After immersion of the monolith, it was slowly dried under
an air stream (=60 °C) while being flipped and rotated to al-
low homogeneous wetting and deposition on all the inner
walls. The monoliths were further dried under a hot air
stream (600 °C) for 1 min until all the channels were free of
liquid. The procedure was repeated until the mass of
washcoat was around 700 mg. Finally, the samples were cal-
cined in air at 500 °C for 2 h.

Activity test and aging

Activity measurements and aging were carried out on the
monolithic samples placed in a quartz tube horizontal reac-
tor, the inner diameter of which was 22 mm. A resistance,
coiled around the tube and connected to a Eurotherm con-
troller, provided for controlled heating. Two K-type thermo-
couples were inserted by the reactor rear end to monitor the
temperature inside the monolith and of the inlet gas, 2-2.5
cm in front of the sample. The gases were supplied by a set
of mass flow controllers (Bronkhorst) and the effluent gas
was analyzed by FTIR spectroscopy (Multigas2030, MKS). The
fresh sample was first de-greened for 3 h at 600 °C under
standard SCR conditions (500 ppm NO, 500 ppm NHj, 8%
0,, 5% H,0 in argon) with a total flow of 3.5 L min?, corre-
sponding to a GHSV of 33423 h™'. NH;-TPD, standard SCR
and NH; oxidation measurements were all preceded by a 20
min oxidation step at 500 °C (8% O,), performed with a total
flowrate of 3.5 L min~". The gas compositions were always
balanced by Ar.

For NH;-TPD, NH; adsorption was carried out at 200 °C,
in order to avoid the weak physisorption of NH; (500 ppm
NH3;, 5% H,O0, 40 min). The catalyst was flushed in Ar for 40
min before the temperature was increased (10 °C min ') up
to 600 °C, to release the adsorbed NH;.

Steady-state NH; conversion was measured for NH; oxida-
tion at temperatures ranging between 250 °C and 500 °C. The
gas composition used was 500 ppm NH;, 8% O, and 5%
H,O0.

Standard SCR was carried out in the same manner with a
wider temperature range (125-500 °C) and using a feed gas
containing 500 ppm NO, 500 ppm NHj;, 8% O, and 5% H,O.

Aging was carried out in the same reactor at 800 °C during
a variable time. Samples were aged in rich conditions, lean
conditions and in cycling between lean and rich conditions,
respectively. The latter case was used since the LNT system
was operated with lean and rich phases. Two lean/rich aging
procedures were studied with the same lean/rich time ratio
of 15 to evaluate the effect of cycling frequency. The lean/rich
aging denoted “long” consisted of lean periods of 15 min
and rich pulses of 1 min. The lean/rich aging denoted “short”
had 5 min lean periods and rich pulses lasting 20s. The lean
gas feed was composed of 500 ppm NO, 8% O,, 10% H,O
and 10% CO,. The rich gas composition was 500 ppm NO,
1% H,, 10% H,0 and 10% CO,.
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Catalyst characterization

The crystalline structure of the zeolite was studied by X-ray
diffraction with a Siemens diffractometer D5000 operating at
40 kv, using the Ko, emission ray of a Cu anode as the X-ray
source (/ = 1.54060 A). The aged samples were crushed mono-
liths, including the cordierite support, while the fresh sample
was pure Cu/SSZ-13.

The elemental composition of the fresh catalyst was deter-
mined by ICP-AES (ALS Scandinavia). This revealed that the
Si/Al ratio of the prepared catalyst was 18 and the Cu content
was 1.63 wt%.

The specific surface area was measured according to the
BET method on a Micromeritics Tri-Star 3000. The samples
were degassed at 250 °C for 5 h under a N, flow. The specific
surface area measured for pure cordierite was 0.7 m* g™, which
is negligible. The BET surface area of the Cu/SSZ-13 catalysts
was calculated from the area measured on the crushed mono-
liths and the catalyst loading of each monolith.

The shape and composition of the catalyst particles were
examined using STEM-EDX. Powder was scraped off the aged
monoliths and the fresh sample powder was degreened in
the flow reactor. The resulting powder was subsequently put
on holey carbon films on TEM Cu grids. The particles were
imaged using an FEI Titan 80-300 TEM with a probe Cs
(spherical aberration) corrector operated at 300 kV. The im-
ages were recorded using a high-angle annular dark field
(HAADF) detector in the scanning TEM imaging mode
(STEM), providing Z number contrast.

DRIFT spectroscopy of NH; adsorption

NH; adsorption was conducted on powder samples, which
were placed in the cup of a heated Praying Mantis DRIFT cell
(Harrick Scientific) equipped with KBr windows and mounted
on a Vertex 70 FTIR spectrometer (Bruker) equipped with a
liquid N,-cooled MCT detector. The spectra were recorded
with a resolution of 1 ecm™. Fresh Cu/SSZ-13 powder was
pretreated in a ceramic crucible, placed in the flow reactor
previously described, according to the degreening procedure.
This sample was referred to as degreened. Aged samples, as
for the XRD analysis, were obtained by crushing the aged
monoliths, which resulted in them containing cordierite.
Prior to NH; adsorption, the samples were dehydrated at 500
°C for 30 min in 8% O, in Ar. Cooling to 150 °C was carried
out in an Ar flow. After 30 min, a spectrum was recorded (24
scans), which was used as the background. Then, 1000 ppm
NH; was flowed through the catalyst bed at 150 °C. After 20
min of NH; adsorption, the samples were flushed with Ar for
60 min. The spectra (accumulation of 16 scans) were
recorded every 5 min during the NH; adsorption and subse-
quent Ar exposure. The gas flow rate during the whole proce-
dure was constant (50 mL min™").

Micro-calorimetry experiments

NH; adsorption and TPD were performed in a differential
scanning calorimeter set-up (Sensys, Setaram) connected to a
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mass spectrometer (Hiden Analytical) on the fresh and aged
catalysts. Two quartz tubes equipped with a sintered quartz
bed were mounted vertically in the instrument. The reference
tube was left empty during the experiments. The aged sam-
ples consisted of washcoat scraped off aged monoliths,
whereas the fresh sample was as-prepared Cu/SSZ-13 and
needed to be de-greened in the calorimeter before measure-
ments. Here, ca. 20 mg of powder was placed in the sample
tube of the calorimeter and the total flow used was 20 mL
min~'. The concentration of NH; was 500 ppm and NH; ad-
sorption was performed at 200 °C. After flushing with argon
for 1 h, the temperature was ramped up at a rate of 10 °C
min~" to 600 °C to carry out the NH; desorption.

Results and discussion
Characterization of fresh Cu/SSZ-13

X-ray diffraction was performed on the fresh catalyst powder
to check that the desired crystalline structure, SSZ-13, was
obtained by the synthesis method employed. The peak posi-
tions confirmed that the obtained zeolite had the SSZ-13
structure and good crystallinity. The diffractograms obtained
for the aged samples showed peaks corresponding to both
the cordierite support and zeolite washcoat (due to the
crushed monoliths used). They indicated that the zeolite
structure was preserved during aging at 800 °C, even after a
32 h treatment (Fig. 1 (L/R 32 h)). However, as demonstrated
by Blakeman et al.," the zeolite structure can be lost at high
temperature and restored after cooling. The presence of cor-
dierite, in a high content, in the aged samples has a dilution
effect and decreased the peak intensity corresponding to the
zeolite catalyst. Therefore, a physical mixture of fresh catalyst
powder and crushed cordierite of a similar composition as
the monolithic samples was prepared and analyzed for better
comparison of the diffractograms. No diffraction peak corre-
sponding to Cu or CuO crystallites were observed (20cu(111) =
43.6°, 20cuon11) = 38°,), indicating the high Cu dispersion,

3500
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fo) o ok * * * x
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2500
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Fig. 1 X-ray diffractogram of a mixture of fresh Cu/SSZ-13 (25 wt%) +
cordierite (75 wt%), pure cordierite and crushed monolithic samples
after aging for 8 h in lean (lean 8 h), 8 h in rich (rich 8 h), 8 h in cycling
conditions between lean (15 min) and rich (1 min) (L/R 8 h) and 32 h in
cycling conditions between lean (15 min) and rich (1 min) (L/R 32 h).
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even after aging, which is in agreement with previous
reported XRD results.”**

Unlike the structure and crystallinity, the specific surface
area, as calculated from N, adsorption according to the BET
method, was impacted by aging. The calculations took into
account the 75 wt% of cordierite and that the cordierite spe-
cific surface could be neglected. As shown in Table 1, lean ag-
ing greatly decreased the surface area of the zeolite, i.e. from
737 m* g™ to 534 m” g". Rich conditions had a milder effect
on the surface area and, consequently, the sample aged in L/
R cycling conditions had a higher surface area than the lean-
aged one. This surface area decrease seems in contradiction
with the XRD but it indicates that even though the long-
range order and structure of the zeolite was preserved, local
pore collapse and pore blockage happened to some extent
during aging. It is therefore not surprising that a lower BET
surface area was measured for the sample aged the longest
(32 h).

Standard SCR

Activity for standard SCR was measured over monolithic cata-
lysts at temperatures ranging from 125 °C to 500 °C, before
and after aging. The results are presented in Fig. 2 and 3,
which are divided in to two subplots representing NH; con-
version (a) and NO conversion (b), respectively. All the sam-
ples strictly showed the same activity at all temperatures after
degreening; therefore, only one curve was included in the fig-
ures as the reference. Fig. 2 compares the activity after aging
for 8 h in several conditions: lean (500 ppm NO, 8% O,, 10%
H,0 and 10% CO,), rich (500 ppm NO, 1% H,, 10% H,0 and
10% CO,) and cycling between lean and rich conditions (long
and short periods), while Fig. 3 compares the effect of rich
aging for 2 and 8 h, respectively, as well as aging in cycling
conditions for 32 h. NH; conversion (Fig. 2a and 3a) showed
a sharp increase from near null at 125 °C up to 100% at 250
°C for the degreened catalyst. After lean aging, the catalyst
was mainly deactivated at temperatures below 250 °C and did
not reach 100% conversion. Two samples were aged in cy-
cling conditions between lean and rich with the same lean/
rich time ratio but different period durations, i.e. 15 min lean
per 1 min rich for the denoted “L/R long” aging and 5 min
lean per 20 s rich for the “L/R short” aging. Keeping the lean/
rich time ratio and the total aging time (8 h) constant led
both samples to experience the same exposure time to lean
and rich conditions, respectively. Thus, the effect of the
switching frequency can be inferred. It appears that this

Table 1 BET surface area of fresh and aged samples

Samples BET surface area (m”> g")
Cu/SSZ-13 fresh 737
Lean 8 h 534
Rich 8 h 612
Lean-rich long 8 h 595
Lean-rich long 32 h 436
Rich 2 h 597
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Fig. 2 Standard SCR activity of degreened and aged Cu/SSZ-13
catalysts. (a) NHsz conversion and (b) NO conversion (500 ppm NO,
500 ppm NHs, 8% O», 5% H,0 in Ar. Total flow = 3.5 L min™). Aging at
800 °C using lean conditions: 500 ppm NO, 8% O,, 10% H,O and 10%
CO; and rich conditions: 500 ppm NO, 1% H,, 10% H,O and 10% CO,.

parameter did not significantly affect the resulting activity
since both samples showed similar SCR activity
(Fig. 2a and b). The deactivation after 8 h cycling aging was
more pronounced than after 8 h lean aging, especially for
NH; conversion below 250 °C. For example, at 200 °C, the ac-
tivity dropped from over 80% to less than 40%. Finally, the
8 h rich aging led to a tremendously lower SCR activity over
the whole temperature range. The highest NO, conversion
was observed at 500 °C and remained below 60% (Fig. 2b).

It should be noted that NH; conversion (Fig. 2a) was con-
sistently higher than NO conversion (Fig. 2b) for both the
degreened and aged catalysts due to NH; consumption in the
side-reactions, typically NH; oxidation into N,. As the latter
reaction proceeds to a larger extent at high temperature, NO
conversion decreased with temperature after reaching a maxi-
mum around 300 °C. Meanwhile NH; conversion remained
constant near 100%. Only in the case of the rich aging did
NO conversion increase continuously with temperature due
to the overall lower conversion. Contrary to other Cu-
exchanged zeolites, such as BEA and Y,'"*® Cu/$SZ-13 usually
exhibits a high N, selectivity and little N,O production in
standard SCR tests, which was also the case for our catalyst.
Less than 5 ppm N,O was produced by the fresh samples at
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Fig. 3 Standard SCR activity of degreened and aged Cu/SSZ-13
catalysts. (a) NH3 conversion and (b) NO conversion (500 ppm NO,
500 ppm NHs, 8% O, 5% H,O in Ar. Total flow = 3.5 L min2). Aging at
800 °C using lean conditions: 500 ppm NO, 8% O,, 10% H,O and 10%
CO; and rich conditions: 500 ppm NO, 1% H,, 10% H,O and 10% CO..

the highest amount. This amount increased after aging (<10
ppm), except after aging in rich conditions (2 h and 8 h).

Fig. 3 emphasizes the outstanding effect of aging in rich
conditions as the deactivation was already strong after 2 h ag-
ing, as depicted by the high light-off temperature and the
temperature of full ammonia conversion (500 °C). The results
obtained after 2 h rich aging and 32 h lean/rich aging re-
vealed the occurrence of two SCR mechanisms, which had
different temperature windows, i.e. “high” and “low” temper-
ature SCR mechanisms. This was evidenced by the activity de-
cline between 300 °C and 350 °C for the 2 h rich aged and be-
tween 300 °C and 400 °C for the 32 h lean/rich aged sample,
respectively. This decrease resulted from the concomitant de-
cline of the low-temperature SCR mechanism and the low
rate of the high-temperature mechanism over a narrow tem-
perature window. Such non-monotonic SCR activity profiles
were also observed by Ma et al.”” A low and high temperature
mechanism was proposed by Paolucci et al.*® using a combi-
nation of experiments and ab initio calculations. At low tem-
perature, the active copper forms copper-pairs that are
solvolysed by ammonia. However, this is not the case at
higher temperature. Moreover, earlier kinetic modelling of
Cu/SSZ-13 also suggested a low and high temperature mecha-
nism for ammonia SCR.*

This journal is © The Royal Society of Chemistry 2019
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Since the 2 h rich and 32 h lean/rich aged catalysts
exhibited similar activity below 300 °C, it suggested that the
rich conditions control the aging process, resulting in low ac-
tivity within this temperature interval. The 32 h aging in the
cycling conditions was designed to comprise a total rich time
of 2 h to allow comparison with the 2 h rich aging. It was re-
markable that the additional 30 h aging in lean conditions
had no additional effect on the SCR activity below 300 °C.
This also means that the effect of rich exposure was irrevers-
ible and could not be mitigated by regularly switching to lean
conditions. We suggest that rich conditions strongly affect
the low-temperature mechanism, while lean conditions have
a more reasonable impact. However, the two catalysts be-
haved differently above 300 °C where the 32 h aged catalyst
showed lower activity, which indicated that the additional
long exposure at 800 °C in lean conditions had an impact on
the high-temperature mechanism.

NH; oxidation

As seen in Fig. 2 and 3, NH; oxidation plays a role during
SCR as it consumes NH; and limits the conversion of nitric
oxide. It is therefore interesting to measure the catalyst abil-
ity to oxidize NH; in the absence of NO and, more impor-
tantly, the effect of various aging conditions on NH; oxida-
tion. Fig. 4 shows the degreened and aged activity profiles of
the lean-aged (500 ppm NO, 8% O,, 10% H,O and 10% CO,)
and the rich-aged (500 ppm NO, 1% H,, 10% H,0 and 10%
CO,) samples. NH; conversion remained below 30% up to
400 °C and then lit off to reach 100% at 500 °C. Both lean
and rich aging impaired the activity, as evidenced by the con-
version below 20% up to 450 °C. Over this temperature range,
the rich-aged catalyst showed lower activity. However, at 500
°C, its activity increased sharply, while the lean-aged sample
showed poor activity. Our results are in agreement with sev-

100
90
4ANH; + 30, 2 2N, + 6H,0
80
3 70 —&— Degreened #1
5 60 P
kg —o— Degreened #2
g 50
< ~ @ - 8hlean aged #1
8 40 ¢
4 - o - 8hri »
% 30 o - 8hrich aged #2
20
10
0
0 100 200 300 400 500 600

Reactor temperature (°C)

Fig. 4 NHsz oxidation activity of degreened and aged Cu/SSZ-13
catalysts. Lean and rich-aged catalysts at all temperatures (500 ppm
NHs, 8% O,, 5% H,O in Ar. Total flow = 3.5 L min™%). Aging at 800 °C
using lean conditions (#1): 500 ppm NO, 8% O,, 10% H,O and 10%
CO, and rich conditions (#2): 500 ppm NO, 1% H,, 10% H,O and 10%
CO,.
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eral other studies that reported a decrease of NH; oxidation
after hydrothermal aging.'*?%*

Fig. 5 reports NH; conversion of all the samples at 500 °C,
where the differences were more pronounced. Since slight
differences existed between the degreened samples for this
reaction, the conversion of individual degreened samples was
reported to better assess the effect of aging. It appeared that,
unlike for the standard SCR activity, there was no clear
trends for the rich and lean aging. On the contrary, the cata-
lysts aged in cycling conditions showed less deactivation than
the lean- and rich-aged catalysts. This result was emphasized
by the 32 h aged samples which showed less deactivation
than the lean-aged sample despite the much longer net expo-
sure to lean conditions. Alternating between rich and lean
conditions therefore slowed down the deactivation for NH;
oxidation, after exposure to 800 °C.

NH; storage

The storage capacity of Cu/SSZ-13 was measured before and
after aging by the temperature-programmed desorption (TPD)
method after NH; saturation at 200 °C in the presence of 5%
H,0. The results were reproducible for all degreened samples
and similar desorption profiles were recorded whether TPD
was performed in a bench reactor or as part of the calorimet-
ric measurement. The results presented in Fig. 6 were
obtained on a bench reactor equipped with a gas FTIR detec-
tor. For the sake of clarity, only one representative profile
was plotted for the degreened catalyst. Two main features
could be observed in the degreened profile: a peak centered
at 400 °C and a shoulder near 295 °C, which revealed acid
sites of two different strength. Above 200 °C, two types of
adsorbed NH; species assigned to weak and strong acid sites
have been frequently reported.”*>'®3> The high-temperature
desorption peak is generally attributed to NH; adsorbed on
Bronsted sites, while the low-temperature feature corre-

sponds to NH; adsorbed molecularly on Lewis acid
sites.”'®'®** However, also part of the high-temperature
m Degreened [OAged
100 T

NH; conversion at 500°C (%)
[
o

L/R short 8h

Lean 8h Rich 8h  L/Rlong8h L/Rlong32h Rich 2h

Fig. 5 NHs oxidation activity of degreened and aged Cu/SSZ-13
catalysts. All catalysts at 500 °C (500 ppm NHs, 8% O,, 5% H,O in Ar.
Total flow = 3.5 L min™). Aging at 800 °C using lean conditions: 500
ppm NO, 8% O,, 10% H,O and 10% CO, and rich conditions: 500 ppm
NO, 1% H,, 10% H,O and 10% CO..
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Fig. 6 NHs-TPD of degreened and aged Cu/SSZ-13 catalysts after
NHs saturation at 200 °C (500 ppm NHs, 5% H,O in Ar). Ramping from
200 °C to 600 °C (10 °C min™) (a) comparison among degreened, rich,
lean and lean/rich aged catalysts (8 h at 800 °C) (b) comparison
among degreened, 8 h rich, 2 h rich and 32 h lean/rich aged catalysts
(800 °C). Aging was done using lean conditions: 500 ppm NO, 8% O,,
10% H,0 and 10% CO, and rich conditions: 500 ppm NO, 1% H,, 10%
H,0 and 10% CO..

desorption peak originated from ammonia stored on copper,
since this peak increased when adding copper to $SZ-13.*

All types of aging led to a strong decrease in total NH;
storage, as reported in Table 2, but there was a contrast be-
tween rich (500 ppm NO, 1% H,, 10% H,O and 10% CO,)
and lean (500 ppm NO, 1% O,, 10% H,0 and 10% CO,) ag-
ing. Rich conditions caused more drastic NH; storage loss
than lean conditions, since the storage was significantly
lower after 2 h rich aging than after 8 h lean aging. Likewise,
the measured storage after 8 h rich aging was lower than af-
ter 32 h lean/rich aging (Fig. 6b). Aging affected mostly the

Table 2 NH5 storage of fresh and aged catalysts measured by NHz-TPD

Sample NH; storage (umol g™)
Degreened 500
Lean 8 h 232
Rich 8 h 58
L/Rlong 8 h 157
L/R short 8 h 137
L/R long 32 h 72
Rich 2 h 137
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high-temperature NH; desorption, corresponding to Brgnsted
acid sites, as well as the strongly bound ammonia on the cop-
per sites. In fact, after 8 h lean aging, the most prominent
NH; release took place at 280 °C, showing the moderate de-
crease of low-temperature storage under lean conditions.
These sites, assigned to the Lewis acidity, likely correspond
to exchanged Cu®'. The results indicated, therefore, a strong
loss of available Cu after rich aging and a rather insensitivity
of these sites to lean aging. The NH,-TPD results correlate
with the SCR activity measurements showing a greater impact
of rich aging than lean aging. A shift towards a lower desorp-
tion temperature could also be noted after lean aging, which
depicted the weakening of the remaining Lewis sites after the
destruction of most of the Brensted acid sites. In contrast,
the small and broad peak obtained after rich aging (2 h and
8 h) was centred at higher temperature than the low tempera-
ture peak displayed by the fresh catalysts.

NH; adsorption was studied at 150 °C with DRIFT spectro-
scopy to get more detailed information on the storage sites.
The aged samples were crushed monoliths and therefore
contained ~75 wt% of cordierite, while the degreened sample
was pure Cu/SSZ-13 powder, degreened under the same con-
ditions and in the same reactor as the monolithic samples.
To account for the cordierite dilution, the DRIFT spectra of
the degreened sample were divided by a factor 4. The O-H
stretching vibration of hydroxyl groups can be examined in
Fig. 7a after NH; adsorption and subsequent Ar flushing (55
min). The degreened sample displayed negative bands at
3584 and 3608 cm ™, which could be assigned to the Bronsted
acid sites AI-OH-Si.>*?” The bands at 3740 cm™
corresponded to the terminal silanols (Si-OH) vibra-
tion.>**>*” The band at 3652 cm™" was less clearly assigned.
Aufdembrink et al. reported the appearance of a peak at 3650
em™ after the activation at 550 °C of an NH,"-exchanged
chabazite zeolite.*® They attributed this peak, with the help
of '"H NMR, to nonframework AIOH species. However, they
associated a second band to these species at 3780 cm™* that
is absent in our spectra. Other groups assigned the band at
3650 cm™" to the species [Cu®"(OH) *****° formed by coordi-
nation of a hydroxyl group to a mono-coordinated Cu cation.
After lean and cycling lean/rich aging, two new bands at 3629
and 3670 cm™ appeared, while the bands corresponding to
Bronsted acidity were much less intense compared to the
degreened spectrum. The band at 3629 cm™* was assigned to
the most stable AI-OH-Si. Indeed, in the SSZ-13 structure,
there are four non-equivalent bridging oxygen adjacent to an
Al atom, and Suzuki et al. demonstrated that upon aging, the
most stable hydroxyl absorbing at 3622 cm™ becomes pre-
dominant.*® The band at 3670 cm™ was assigned to the Al-
OH groups of the extra-framework aluminum (EFAI).*"** Al-
though the intensities could not directly be compared be-
tween degreened and aged samples, the relative intensity of
the Brensted sites bands and silanol bands indicated a signif-
icant loss of Brensted sites after all three aging types. The
catalyst that lost the most Brensted acid sites was seemingly
the catalyst aged in 1% H,, in line with the NH;-TPD results.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 DRIFT spectra recorded after 20 min NHs adsorption at 150 °C

(1000 ppm NHs in Ar, total flow = 50 mL min™)) and subsequent Ar

flushing (55 min) on degreened, rich 8 h, lean 8 h and L/R 8 h aged

samples. (a) O-H stretching region and (b) N-H stretching and bending

region. The degreened catalyst absorbance was divided by 4.

Lean aging promotes the creation of EFAI species, which con-
tribute to NH; storage, but these are also a sign of the
dealumination process.

Fig. 7b shows the regions of N-H stretching (3000-3500
ecm™") and bending (1400-1700 cm™) vibration. Ammonium
ions, formed on Brgnsted acid sites, and coordinated ammo-
nia on Cu®" could also be identified. The band at 1619 was
associated with the bending vibration of NH; coordinated on
Cu*"»*3>* while the stretching vibration of these species
could be noted at 3184 and 3338 cm™".>* The bands at 3277
and 1465 cm™" were assigned to the stretching and bending
vibration modes of NH,', respectively. The band at 3218
ecm™, obscured by the bands at 3184 and 3277 cm™, could be
observed in other studies of NH; adsorption on Cu/SSZ-13
but has not been assigned yet."®**** Fig. 7b confirms the
presence of both Lewis and Bregnsted NH; storage sites in
smaller quantity after aging, especially in the rich atmo-
sphere. Significant dealumination, which reduces NH; stor-
age capacity, seems to take place during aging. Evidence of
EFAl was found for lean and cycling conditions, but was not
detected on the rich-aged catalyst. However, it should be
noted that all bands were low in the whole region for the
rich-aged sample. XRD analysis (Fig. 1) showed that the struc-
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ture of the zeolite was not significantly damaged by the
dealumination and that no other crystalline phase, such as
Al,O;, was detectable. Thus, even though there was
dealumination, the zeolite structure remained intact.

Finally, NH; adsorption and temperature-programed de-
sorption were performed in a calorimeter on degreened and
aged catalyst powder. To avoid the cordierite contribution
and mass inaccuracy, the catalyst washcoat was scraped off
the aged monolith for this analysis. The heat of adsorption of
NH; at 200 °C was thus measured, and the results are
presented in Fig. 8. The heat flow recorded during NH; ad-
sorption was positive, which corresponded to an exothermic
process. Quickly after the NH; flow was started, the heat flow
increased to a limiting value corresponding to the heat re-
leased by the adsorption of all the fed NH;. Later, when cata-
lyst saturation approached and NH; started to slip out, the
heat flow signal decreased accordingly. Fig. 8a shows the si-
multaneous NH; breakthrough and heat flow decline during
NH; adsorption. Then, after flushing the loosely bound am-
monia with argon, the temperature was ramped up and NH;
release was observed. NH; desorption presented the same

two peaks as detected with the monolithic sample
T 800 - -
= NH; adsorption, 500ppm, 200°C | Argon, 200°C |} TPD, 10°C/min
o ¢ 600 T ' H
5 : : J
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Fig. 8 (a) Calorimetric and mass spectrometry measurements (m/z =
17) during NH3 adsorption in dry conditions at 200 °C and subsequent
NHz-TPD. (b) Comparison of the heat flow profiles obtained on
degreened and aged Cu/SSZ-13 upon the introduction of 500 ppm
NHz at t = 0. Aging at 800 °C using lean conditions: 500 ppm NO, 8%
O,, 10% H,O and 10% CO, and rich conditions: 500 ppm NO, 1% H,,
10% H,O and 10% CO..
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measurements. The heat flow drop corresponding to low-
temperature NH; desorption occurred at 318 °C. The adsorp-
tion enthalpy was directly derived from the plateau level dur-
ing the full NH; adsorption regime according to relation (1):

__O RT
Frh op

NH;

@)

ads

where AH, g is the enthalpy of adsorption of NH; in J mol™,
Fyy, is the inlet volumetric flow of NH; in m® s™* and Q is

the measured heat flow in W.

While after rich aging the heat flow seemed to follow the
heat flow profile obtained for the degreened catalyst, lean ag-
ing caused a significant decrease in NH; adsorption enthalpy
from -158 to —136 kJ mol". This result agrees with the TPD
results that showed a shift to lower temperature for NH; de-
sorption in the case of the lean-aged catalyst. Indeed, a lower
enthalpy of adsorption indicates that NH; is less strongly
bound and will desorb at lower temperature. Due to the lower
storage capacity and therefore faster saturation, the measure-
ment of the adsorption enthalpy after rich aging and L/R ag-
ing did not fully reach a plateau value, but there was a clear
trend depicting the decrease in adsorption enthalpy by lean
aging. NH; adsorption on Cu-exchanged zeolite is known to
be coverage-dependent.**® The average values measured in
the present study are in agreement with the one reported for
Cu/ZSM-5*>*" and Cu/beta.*® The value of —158 kJ mol* for
the degreened catalyst is in agreement with —163.4 k] mol™
measured by Olsson et al.”> at zero coverage.

STEM-EDX analysis

At a macroscopic level, catalysts aged in rich conditions
turned purple, suggesting the presence of Cu’'" while the
lean-aged catalyst maintained the same typical light blue col-
our as the fresh catalyst, which is a sign of Cu®". The catalysts
were further examined at the microscopic level by scanning
transmission electronic microscopy and energy-dispersive
X-ray spectroscopy. The purpose of performing these analyses
was to reveal the state and location of the exchanged copper
on the fresh catalyst and its evolution upon aging. Represen-
tative catalysts particles were isolated and can be seen in
Fig. 9 for the fresh, the lean-aged and the rich-aged catalyst.
The top row shows the HAADF image of each catalyst and the
other rows are the results of EDX mapping for the elements
Cu, Si and Al, from top to bottom, respectively. The fresh cat-
alyst showed a homogeneous distribution of Cu over the
studied particle, indicating a random location of aluminium
sites and high Cu dispersion in the form of exchanged
atomic species. Song et al.®" also obtained an homogeneous
composition of their Cu/SSZ-13 catalyst and, consequently,
were unable to detect any Cu nanoparticles or CuO clusters.
Interestingly, after rich aging at 800 °C, particles with
brighter area were noticed and analyzed by EDX. As shown in
Fig. 9, the brighter area corresponds to a Cu-rich particle, the
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Fig. 9 STEM images and EDX elemental mapping for Cu, Si and Al of
Cu/SSZ-13 before (left) and after aging 8 h in rich conditions (centre)
and 8 h in lean conditions (right). Aging at 800 °C using lean
conditions: 500 ppm NO, 8% O, 10% H,O and 10% CO, and rich
conditions: 500 ppm NO, 1% H,, 10% H,O and 10% CO..

size of which was over 300 nm. The constituting elements of
the zeolite framework (Si, O and Al) were not observed on the
bright area. Interestingly, Cu was not detected in the catalyst
around the bright particle, whereas Cu was evenly spread
through the whole catalyst before aging. We can conclude
that the bright particles formed during rich aging were Cu
particles obtained via the migration and agglomeration of ex-
changed Cu®" from the surrounding catalyst. After hydrother-
mal aging, Song et al. reported the same high homogeneity
of their catalyst,>" which confirmed the specific effect of rich
conditions to favour Cu migration and agglomeration outside
the zeolite framework. However, in line with Song et al.,*
lean aging did not lead to such Cu segregation outside the ze-
olite framework. As depicted in Fig. 9, Cu was still evenly dis-
persed over the zeolite particle. However, the distribution of
Cu seemed to be less homogeneous than for the fresh cata-
lyst. This could suggest the formation of small CuO, clusters
as a result of lean aging. This would be consistent with the
NH; storage loss measured after lean aging, which indicates
a certain loss of available Cu sites. Schmieg et al. demon-
strated the growth of small Cu particles up to 10 nm after hy-
drothermal aging at 800 °C for 120 h."* The distribution of Al
was also affected by aging. The EDX mapping of the fresh cat-
alyst showed an even distribution of Al, whereas several spots
with higher Al concentration could be noted on the outer
edge of the catalyst particles after rich aging. A zone with

This journal is © The Royal Society of Chemistry 2019
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high Al concentration could be also readily detected after
lean aging, suggesting the segregation of Al induced by both
types of aging. Aluminium migration and segregation is a
sign of dealumination.

Correlating the microscopy analysis with the activity re-
sults, there was an evident relationship between the Cu parti-
cle size and SCR activity. The formation of large Cu particles
tremendously impairs SCR activity. The conversion of ex-
changed atomic Cu into small Cu clusters is significantly det-
rimental as well. With Cu migration and sintering being
clearly accelerated by H, treatment, the rich conditions thus
led to a rapid deterioration of the CuSSZ-13 catalyst. We pro-
pose that H, can reduce exchanged Cu®>" to Cu’, which can
then easily migrate to form large particles outside the frame-
work without damaging the structure. The created protons
bind to the aluminium to balance the charge.

Conclusions

In order to increase the operational window of NO, reduction
in diesel vehicles, LNT and NH; SCR can be combined. How-
ever, during deSO, cycles of the lean NO,-trap catalyst, the
SCR catalyst can be exposed to rich conditions at high temper-
ature. In this work, we therefore studied the aging of Cu-
exchanged SSZ-13 catalysts in different conditions. The cata-
lysts were tested and aged in various lean (500 ppm NO, 8%
0,, 10% H,0 and 10% CO,) and rich (500 ppm NO, 1% H,,
10% H,0 and 10% CO,) conditions at 800 °C to simulate the
conditions of deSO, cycles of a lean NO,-trap catalyst. The re-
sults after aging revealed an activity loss for all catalysts as
well as a loss of acid sites. However, the effect of rich exposure
in H, was extremely powerful and led to very low NO and NH;
conversion over the whole temperature window studied (125-
500 °C). Lean aging caused only a significant activity loss be-
low 250 °C. Interestingly, aging in cycling conditions for 32 h
(30 h lean and 2 h rich) resulted in the same low temperature
activity as aging in 2 h rich conditions only. These results
show that adding lean events in between the rich phases does
not hinder or reverse the deactivation; rather, it is the time in
rich conditions that determines the extent of the deactivation.
STEM and EDX analysis evidenced the formation of large Cu
particle by the migration of exchanged Cu atoms outside the
zeolite framework during rich aging, whereas Cu remained
evenly dispersed in the zeolite during lean aging. We propose
that the rapid deactivation during rich aging is due to the pro-
motion of Cu migration and agglomeration in the presence of
hydrogen. Moreover, dealumination was also enhanced in
rich aging. Our results show the importance of considering
that the SCR system can potentially be exposed to other gases
when combined with an LNT catalyst. Future studies examin-
ing a production-oriented LNT component and rich condi-
tions from a real engine would be very interesting.
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