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Cu2+-exchanged zeolite catalysts with the chabazite (CHA) structure have been thought to be optimal candidates for selective catalytic reduction of NOx with NH3. In real applications, however, SCR catalysts readily
undergo hydrothermal aging and sulfur poisoning. In this work, the co-eﬀect of SO2 and hydrothermal aging at
high temperature was investigated. Diﬀerent from the reversible inhibition of SO2 poisoning that occurs at low
temperatures, the sulfur poisoning at high temperature is permanent due to the destruction of the zeolite
structure, and no deposit of sulfate is observed. Cu-SSZ-13 catalysts were characterized through solid state 27Al
nuclear magnetic resonance (27Al-NMR), X-ray diﬀraction (XRD), temperature-programmed desorption of NH3
and NO (NH3/NO-TPD), electron paramagnetic resonance (EPR), temperature-programmed reduction by H2(H2TPR), in situ DRIFTS, and thermogravimetric analysis with mass spectrometric detection (TG-Mass) to develop
an understanding of the degradation mechanisms during hydrothermal aging and sulfurization at high temperature. The results indicated that SO2 dislodged the extra-framework Al atoms that resulted from the dealumination process that occurs during hydrothermal aging. More Cu2+ species were accumulated as CuOx for CuSSZ-13 after sulfurization at high temperature compared to that treated by hydrothermal aging only. The
dealumination and accumulation of Cu2+ species caused a loss of acid and active sites for the Cu-SSZ-13 catalyst,
and resulted in degradation of NH3-SCR performance.

1. Introduction

framework structure and accumulation of Cu2+ species when subjected
to suﬃciently high temperatures [3,4,8]. These changes are closely
related to the degradation of NH3-SCR performance. The sulfur poisoning occurs when the catalyst is exposed to SO2 and SO3, which is
generated from oxidation of sulfur-containing compounds in the diesel
fuel. Cu-SSZ-13 zeolite catalysts are signiﬁcantly sensitive to sulfur
poisoning. Many studies reported that SO2 severely inhibited lowtemperature NH3-SCR performance over Cu-SSZ-13 due to the formation of ammonium-sulfur species, which blocked the active sites
[12–16]. Unlike the permanent damage caused by hydrothermal aging,
sulfur poisoning could be reversed via the decomposition of deposited
sulfate species by elevated temperature treatment [14,15,17]. Overall,
hydrothermal aging and sulfur poisoning are two vital factors that deteriorate the Cu-SSZ-13 catalyst NH3-SCR performance. However, the
inﬂuences of hydrothermal aging and sulfur poisoning are always discussed separately. The co-eﬀect of hydrothermal aging and SO2 at high
temperatures has been little studied. In fact, the regeneration of the DPF
takes place accompanied with SO2 formation from substances accumulated on the DPF, which goes through the SCR catalysts together

Various technologies have been developed for the abatement of NOx
from diesel engines. Among these, selective catalytic reduction of NOx
with NH3 (NH3-SCR) is a widely used technique [1]. As the core of the
NH3-SCR technique, the Cu2+ ion-exchanged SSZ-13 (Cu-SSZ-13) catalyst, a zeolite with the chabazite (CHA) structure, has attracted much
interest over the past several years due to its good NH3-SCR performance and exceptional hydrothermal stability [2–5]. Numerous studies
have been carried out to learn the distribution and state of Cu2+ species, reaction mechanism and reasons for the excellent hydrothermal
stability via a variety of characterization methods, such as H2-TPR,
NMR, EPR, XANES and FT-IR techniques [4,6–10].
However, in actual application, SCR catalysts readily undergo hydrothermal aging and sulfur poisoning [3,4,11–13]. The hydrothermal
aging typically takes place when the SCR catalysts are exposed to the
high temperature exhaust containing humidity during the regeneration
of the diesel particulate ﬁlter (DPF). The Cu-SSZ-13 zeolite catalysts
always suﬀered irreversible damage such as dealumination of the
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cap, which was spun at 12 kHz rate. A total of 1000 scans were recorded with 2 s recycle delay for each sample. All 27Al MAS chemical
shifts are referenced to the resonances of an aluminum oxide (Al2O3)
standard (d=11.5).
Temperature-programmed desorption with NH3 and NO (NH3-TPD
and NO-TPD) experiments were performed as part of the NH3-SCR activity measurement. 30 mg of catalyst was pre-treated in air with 20%
O2/N2 for 1 h at 500 °C and then cooled down to 35 °C. Afterwards, the
sample was placed into an atmosphere of 500 ppm NH3(NO)/N2, followed by N2 purging for 1 h. Finally, the temperature was raised to
600 °C in N2 at the rate of 10 °C/min and the production of NH3(NO)
was detected.
The electron paramagnetic resonance (EPR) spectra of the samples
were recorded at 155 K on a Bruker E500 X-band spectrometer. The
fresh samples were pretreated at 400 °C for 2 h in 20 vol% O2/N2 to
obtain dehydrated samples. For measurement, all samples were placed
into quartz tubes.
Temperature-programmed reduction with hydrogen (H2-TPR) experiments were carried out on a Micromeritics AutoChem 2920 chemisorption analyzer. A liquid nitrogen cold trap placed before the detector was used to eliminate the interference of H2O. 50 mg of the
samples were pre-treated in a quartz reactor in air with the ﬂow rate of
50 mL/min at 500 °C for 1 h. After the catalyst was cooled down to
room temperature, H2-TPR was performed in a 10 vol% H2/Ar gas ﬂow
of 50 mL/min at a heating rate of 10 °C/min.
The in situ DRIFTS experiments were performed using an FTIR
spectrometer (Nicolet Is10) equipped with a Smart Collector and MCT/
A detector. The reaction temperature was controlled precisely by an
Omega programmable temperature controller. Prior to each experiment, the catalyst was pretreated at 500 °C for 30 min in a ﬂow of
20 vol.% O2/N2 and then cooled down to 35 °C. The background
spectrum was collected in ﬂowing N2 and automatically subtracted
from the sample spectrum. In order to identify the adsorbed species, the
catalysts were exposed to a ﬂow of 500 ppm NH3/N2 and then ﬂushed
with N2. All spectra were recorded by accumulating 100 scans with a
resolution of 4 cm−1.
Thermogravimetric analysis was conducted on a METTLER TOLEDO
STARe System equipped with a quadrupole mass spectrometer (MKS
Cirrus) to explore the process of deposit decomposition on the catalysts.
The signals of SO2 (m/z = 64) and SO3 (m/z = 80) were recorded.
Samples were heated up to 1000 °C at a rate of 10 °C/min under a ﬂow
of 20% O2/N2.

with the exhaust [18]. Hence, the presence of SO2 should be taken into
account during the hydrothermal aging process for SCR catalysts.
In the present study, our purpose is to investigate the deactivation of
one-pot method synthesized Cu-SSZ-13 using SO2 exposure under severe hydrothermal aging conditions. Through the use of characterization techniques such as XRD, 27Al-NMR, TPD, EPR, H2-TPR, DRIFTS
using NH3 as a probe molecule and TG-Mass, we observed how the
framework structure of the zeolite and the acid and active sites changed
when SO2 was introduced during hydrothermal aging, thereby providing guidance for further SCR catalyst design and advanced control
technologies to minimize and avoid deterioration.
2. Experimental
2.1. Catalyst synthesis
The initial Cu-SSZ-13 catalyst sample was synthesized using the
one-pot synthesis method reported previously by Xiao’s and our group
[5]. The composition of the gel was as follows: 4 Cu-TEPA:14.8
Na2O:3.0 Al2O3:30 SiO2:600 H2O. The initial Cu-SSZ-13 with excess Cu
loading was obtained after crystallization at 140 °C for 4 days. Next, the
sample was ion-exchanged with HNO3 solution (pH = 2) twice, then
ﬁltered, washed with distilled water and dried at 100 °C overnight.
After calcination in an oven at 600 °C for 6 h with a ramp rate of 10 °C/
min, The obtained catalysts were denoted as the fresh Cu-SSZ-13 (FRCu-SSZ-13). Then, the fresh Cu-SSZ-13 was hydrothermally aged in
10% H2O/air and sulfated in (10% H2O + 100 ppm SO2)/air at 750 °C
for 32 h, and denoted as HA-Cu-SSZ-13 and SA-Cu-SSZ-13, respectively.
2.2. NH3-SCR activity test
Catalyst activities were determined in a ﬁxed-bed quartz ﬂow reactor at atmospheric pressure. The reaction conditions were controlled
as follows: 500 ppm NO, 500 ppm NH3, 5 vol.% O2, balance N2, 5 vol.%
H2O and the total ﬂow rate was held at 500 mL/min. Catalyst samples
(about 50 mg) of 40–60 mesh size were used, with gas hourly space
velocity (GHSV) estimated as 400,000 h−1. The exhaust gas was continuously analyzed by an online Nicolet Is10 spectrometer equipped
with a heated, low volume (0.2 L) multiple-path gas cell (2 m). FTIR
spectra were collected throughout and the results were recorded when
the SCR reaction reached a steady state. The NOx and NH3 conversions
were calculated as follows:

[NOx ]out ⎞
NOx conversion = ⎛1 −
× 100%
[NOx ]in ⎠
⎝
⎜

3. Results and discussion

⎟

3.1. NH3-SCR performance

[NH3]out ⎞
NH3 conversion = ⎛1 −
× 100%
[NH3]in ⎠
⎝
⎜

⎟

The standard SCR NOx and NH3 conversion activities of FR-Cu-SSZ13, HA-Cu-SSZ-13 and SA-Cu-SSZ-13 catalysts are depicted in Fig. 1 as a
function of temperature from 150 to 550 °C. It was apparent that the
fresh Cu-SSZ-13 exhibited the best NH3-SCR activity at all temperatures. The NO reduction activity declined to some extent for the Cu-SSZ13 after it was hydrothermally aged at 750 °C for 32 h. Signiﬁcant loss
of NO reduction activity was observed for the SA-Cu-SSZ-13 sample that
was hydrothermally aged in the presence of 100 ppm SO2. This suggested that the deactivation of Cu-SSZ-13 during hydrothermal aging
was much more severe in the presence of SO2. At temperatures above
450 °C and 300 °C for the HA-Cu-SSZ-13 and SA-Cu-SSZ-13 samples, the
NH3 conversion is much higher than NO conversion due to unselecticve
NH3 oxidation. The unselective NH3 oxidation was primarily responsible for the decay of NO conversion at high temperatures.
It has been generally recognized that the hydrothermal aging damages the zeolite structure framework and results in the formation of
CuOx [3,4], while SO2 was usually thought to form sulfate-like species
on the catalyst surface, especially at low temperatures [12,16]. Therefore, considering the high temperature when introducing SO2 under

2.3. Catalyst characterization
Powder X-ray diﬀraction (XRD) measurements were carried out on a
computerized PANalytical X’Pert Pro diﬀractometer with Cu Kα
(λ = 0.15406 nm) radiation. The data of 2θ from 5° to 40° were collected with the step size of 0.02°.
N2 adsorption/desorption isotherms of the series of Cu-SSZ-13 catalysts were measured using a Micromeritics ASAP 2020 system to obtain the speciﬁc surface areas and pore volume. Prior to the N2 physical
adsorption, the samples were degassed at 300 °C for 5 h. Micropore area
and micropore volume were determined by the t-plot method.
The solid state 27Al MAS NMR spectra were recorded on a Bruker
AVANCE III 400 WB spectrometer equipped with a 4 mm standard bore
CP MAS probe head whose X channel was tuned to 104.27 MHz for
27
Al, using a magnetic ﬁeld of 9.39T at 297 K. The dried and ﬁnely
powdered samples were packed in the ZrO2 rotor closed with a Kel-F
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Table 1
Micropore areas and volumes of the catalysts.
Samples

Micropore areas (m2/g)

Micropore volumes (m3/g)

FR-Cu-SSZ-13
HA-Cu-SSZ-13
SA-Cu-SSZ-13

439
242
190

0.231
0.127
0.100

the HA-Cu-SSZ-13 and SA-Cu-SSZ-13 samples. However, one should be
cautious in interpreting these results as signifying no formation of
CuOx, since the size of the CuOx formed might be too small to be detected in XRD proﬁles [2,19].
The XRD indicated the degradation of the long-range ordered
structure after aging. Furthermore, solid state 27Al-NMR is more sensitive than XRD to changes in the local Al environment. As shown in
Fig. 4, there were two peaks in the 27Al-NMR proﬁles. The features at
58 ppm and 0 ppm were attributed to the framework tetrahedral Al and
extra-framework octahedral Al, respectively [3,20,21]. For the FR-CuSSZ-13 catalyst, almost all Al was tetrahedral, while only a small
amount of extra-framework Al was observed. After experiencing hydrothermal aging, regardless of the presence of SO2, a dramatic decline
of tetrahedral Al was observed, due to the dealumination process. The
removal of Al caused the breakup of the zeolite framework structure
and resulted in the loss of NO conversion activity. The reason that octahedral Al formed by the migration of tetrahedral Al was not observed
was ascribed to the strong interaction with paramagnetic Cu ions [3].
The 27Al-NMR results suggest that the presence of SO2 promoted the
dealumination process to some degree during the hydrothermal aging.
However, it is worth noting that only a subtle diﬀerence in dealumination was observed for the HA-Cu-SSZ-13 and SA-Cu-SSZ-13
samples compared to the signiﬁcant diﬀerence in peak intensity in the
XRD proﬁles between the two samples. It is generally known that the Xray diﬀraction gives information on the long-range order of zeolites,
while the NMR technique is sensitive to probing the local Al environment. In previous studies, Fickel et al. and Blakeman et al. found that
the dealumination process of small-pore zeolites during hydrothermal
aging was inhibited because the constricting dimensions of the small
pores limited the detachment of aluminum hydroxide [6,22]. From the
results of BET, more destruction of the pore structure for SA-Cu-SSZ-13
catalysts was observed compared to the HA-Cu-SSZ-13 catalysts.
Therefore, the dealumination process removed only a small part of Al
atoms for the HA-Cu-SSZ-13 samples during the hydrothermal aging
due to the constriction of the integrated pore structure, and HA-Cu-SSZ13 maintained its long-range order structure for the retention of Al
atoms. However, for the SA-Cu-SSZ-13 samples with more severely
damaged pore structure, the removal of a large number Al atoms due to
the loss of this constricting function degraded its long-range order
patterns. Therefore, the presence of SO2 dislodged the Al atoms that
resulted from dealumination during the hydrothermal aging process,
and further destroyed the zeolite long-range order structure. Giving a
more profound impact, SO2 caused the collapse of the zeolite structure
and irreversible destruction of the catalysts.

Fig. 1. NOx and NH3 conversion of FR-Cu-SSZ-13, HA-Cu-SSZ-13, and SA-Cu-SSZ-13
catalysts under standard SCR conditions. [NO]=[NH3]=500 ppm, 5 vol.%O2, 5 vol.%
H2O, balance N2. GHSV = 400,000 h−1.

hydrothermal aging conditions, collapse of the zeolite structure and
accumulation of Cu2+ species may take place.
3.2. Crystal structure of zeolite
The N2 adsorption-desorption isotherms are shown in Fig. 2. All the
samples showed curves typical of microporous materials. The t-Plot
micropore areas and volumes are also tabulated in Table 1. After hydrothermal aging and sulfuration, the micropore area of Cu-SSZ-13
catalysts decreased from 439 m2/g (fresh Cu-SSZ-13) to 242 m2/g (HACu-SSZ-13) and 190 m2/g (SA-Cu-SSZ-13), respectively. The same trend
was also observed for the micropore volume. These observations indicated that the presence of SO2 intensiﬁed the damage to the pore
structure and framework of the zeolites during hydrothermal aging.
To probe the zeolite structure of the tested samples, XRD proﬁles
were measured and are shown in Fig. 3. The typical peaks of the CHA
structure remained intact for the HA-Cu-SSZ-13 sample, with a slight
decrease of crystallinity. This suggested that the framework of Cu-SSZ13 was stable when subjected to hydrothermal aging at 750 °C for 32 h.
However, all the diﬀraction peaks of the SA-Cu-SSZ-13 catalyst showed
a signiﬁcant decline, indicating that the framework of Cu-SSZ-13 was
severely damaged by hydrothermal aging in the presence of SO2. It was
noted that the diﬀraction peaks of CuOx were scarcely observed over

3.3. Acid sites and active sites
3.3.1. NH3-TPD and NO-TPD analysis
The NH3-TPD technique was used to explore the acid sites of the CuSSZ-13 with diﬀerent aging conditions as shown in Fig. 5(A). The calculated amount of NH3 is also listed in Table 2. Obviously, the NH3
storage decreased as the hydrothermal aging conditions became more
severe. Quantitatively, the amount of NH3 storage was 2400 μmol/g for
HA-Cu-SSZ-13 and 1290 μmol/g for the SA-Cu-SSZ-13 catalyst, which
was signiﬁcantly decreased compared to fresh sample with the NH3
storage of 5163 μmol/g. It indicated that in the presence of SO2, hydrothermal aging made Cu-SSZ-13 lose much more acid sites compared

Fig. 2. N2 adsorption-desorption isotherms of the FR-Cu-SSZ-13, HA-Cu-SSZ-13, and SACu-SSZ-13 catalysts.
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Fig. 3. XRD patterns of the FR-Cu-SSZ-13, HA-Cu-SSZ-13, SA-Cu-SSZ13 catalysts.

Table 2
The amounts of NH3 and NO desorbed in the TPD experiments.

Fig. 4.

27

samples

NH3 (μmol/g)

NO (μmol/g)

FR-Cu-SSZ-13
HA-Cu-SSZ-13
SA-Cu-SSZ-13

5163
2400
1290

269
56
20

and the peaks at 275 °C and 425 °C were assigned to strong Lewis acid
sites (Cu ion sites) and Brønsted acid sites (Si-OH-Al), respectively
[23–25]. The remarkable decrease in Cu ions sites for SA-Cu-SSZ-13
suggested signiﬁcant change in the Cu2+ state. This phenomenon was
also observed in the NO-TPD results shown in Fig. 5(B), and the NO
absorption amounts tabulated in Table 2. Compared to NO storage of
fresh sample (269 μmol/g) and HA-Cu-SSZ-13 sample (56 μmol/g),
there was only 20 μmol/g NO storage on the SA-Cu-SSZ-13 sample,
indicating that Cu2+ active sites were poisoned much more heavily
after hydrothermal aging with SO2 at hight temperartures, since NO is
always adsorbed onto the Cu2+ active sites[9,26]. Meanwhile, the total
number of Brønsted acid sites decreased sharply after aging for HA-CuSSZ-13 and SA-Cu-SSZ-13 owing to the dealumination process, which
was proved by the 27Al-NMR results. The NH3-TPD and NO-TPD results

Al-NMR spectra of FR-Cu-SSZ-13, HA-Cu-SSZ-13, and SA-Cu-SSZ-13 catalysts.

to that under hydrothermal aging conditions without SO2. In detail,
three peaks were found in the NH3-TPD proﬁles. Acoording to previous
studies, the desorption at 150 °C was ascribed to weakly adsorbed NH3,

Fig. 5. NH3-TPD (A) and NO-TPD (B) proﬁles of FR-Cu-SSZ-13, HA-Cu-SSZ-13, and SA-Cu-SSZ-13 catalysts.
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gave strong evidence that the addition of SO2 during the hydrothermal
aging decrease more NH3 and NO storage compared to that under hydrothermal aging conditions without SO2. The presence of SO2 not only
intensiﬁed the dealumination, but more importantly, changed the state
of Cu2+ species, and led to the deactivation of Cu-SSZ-13.

Table 3
Cu2+ species based on the EPR analysis.

3.3.2. The change of Cu2+ species measured by EPR and H2-TPR analysis
To investigate the state of Cu2+ ions in the zeolite, an EPR experiment was carried out at 155 K. Gao et al. [27,28] reported on the
changes in the EPR signal of Cu-SSZ-13 catalysts with diﬀerent Cu
loadings and at diﬀerent temperatures. They argued that the peaks in
the high ﬁeld and the deﬁnition of low-ﬁeld hyperﬁne structures could
explain the Cu2+ ion mobility. Kim et al. [4] classiﬁed the Cu2+ ions
into three distinct species in the low-ﬁeld hyperﬁne structures: α, β, and
γ species. As depicted in Fig,6A in the high ﬁeld, two resolved peaks at
3280 and 3320 G were observed for HA-Cu-SSZ-13 and SA-Cu-SSZ-13,
while the FR-Cu-SSZ-13 showed only one peak. This is ascribed to the
high mobility of Cu2+ ions in the HA-Cu-SSZ-13 and SA-Cu-SSZ-13
catalysts since the severe aging conditions decreased the interaction
between the Cu2+ ions and the CHA framework [28]. The more highly
resolved peaks at high ﬁeld for the SA-Cu-SSZ-13 indicated that SO2
strongly deteriorated the interaction between the Cu2+ ions and the
CHA framework during the hydrothermal aging. Additionally, by analyzing the hyperﬁne features in the low ﬁeld region, three species were
found, as illustrated in Fig. 6B, and the peak assignments are listed in
Table 3 [4]. It was observed that the peak patterns shifted to high ﬁeld
with increasing severity of hydrothermal aging. The spectra of the FRCu-SSZ-13 catalyst showed two peaks (g = 2.402 and g = 2.372), assigned to Cu2+ in D6R cages and CHA cages, repectively. After undergoing hydrothermal aging, HA-Cu-SSZ-13 showed three peaks,
containing Cu2+ in D6R cages, Cu2+ in CHA cages, and Cu2+-Al2O3
species, indicating that Cu2+ accumulated to form CuOx with the
concomitant dealumination process. However, SA-Cu-SSZ-13 primarily
showed a prominent peak for Cu2+-Al2O3 species, demonstrating that
hydrothermal aging in the presence of SO2 resulted in more severe
deactivation of the Cu2+ active sites, which was closely related to the
degradation of NH3-SCR performance.
The changes in Cu2+ active sites could also be comﬁrmed by H2-

Species

Cu2+ state

g

A

α
β
γ

Cu2+-D6R
Cu2+-CHA
Cu2+-Al2O3

2.402
2.372
2.321

125
146
166

Fig. 7. H2-TPR proﬁles of FR-Cu-SSZ-13, HA-Cu-SSZ-13, and SA-Cu-SSZ catalysts.

TPR results shown in Fig. 7. The peaks of fresh Cu-SSZ-13 located at
251, 322, and 860 °C are attributed to the reduction of Cu2+ to Cu+ in
the CHA cages (β species), D6R cages (α species) and Cu+ to Cu0. [4,7]
For the HA-Cu-SSZ-13 and SA-Cu-SSZ-13 catalysts, no reduction of Cu+
to Cu0 at high temperatures was observed. This absence of reduction
indicted that the reduction of Cu2+ only needed one step, instead of
two steps consisting of Cu2+ to Cu+ and Cu+ to Cu0. Therefore, the

Fig. 6. EPR proﬁles of FR-Cu-SSZ-13, HA-Cu-SSZ-13, and SA-Cu-SSZ-13 catalysts.
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Cu2+ at 850–1000 cm−1 could reﬂect the inﬂuence of the Cu ion state.
The intensity of the negative peak at 950 cm−1 dramatically weakened
after hydrothermal aging. Further, the peak almost disappeared for HACu-SSZ-13, which was also seen in the H2-TPR result. On the other
hand, whether the Cu was in the CHA cage or the D6R cage, the introduction of SO2 impaired the interaction of Cu ions with the zeolite
framework more seriously for the SA-Cu-SSZ-13 compared to the HACu-SSZ-13 sample. Therefore, combined with the H2-TPR results, we
concluded that the hydrothermal aging process prompted the Cu-SSZ13 catalyst to convert Cu ions to CuOx and weakened the interaction of
Cu ions with the zeolite framework. Notably, exposure to SO2 aggravated the deactivation of Cu active sites. The DRIFTS of NH3 absorption clearly identiﬁed the deterioration of acid sites and active sites
during the hydrothermal aging whether or not SO2 was present.
3.4. Sulfur deposition test
There have been many studies on sulfur poisoning of Cu-SSZ-13
catalysts, and generally conclusions were drawn that SO2 inhibits the
NH3-SCR reaction of catalysts, especially at low temperatures, due to
sulfate accumulation on the catalysts [12,16,17]. Additionally, the recovery of sulfated Cu-SSZ-13 catalysts was observed with elevated
temperature treatment for the decomposition of part of the sulfate
[14–16]. Therefore, thermogravimetric analysis combined with mass
spectrometric detection of evolved species was used to explore the
deposition of sulfur on the SA-Cu-SSZ-13 catalyst, and the proﬁles are
shown in Fig. 9. There was no weight loss up to 1000 °C except for the
elimination of H2O before 150 °C, indicating that no decomposition of
deposits occurred. In addition, in the mass spectra, the SO2 and SO3
signals remained constant over the whole temperature range, meaning
that there was no sulfate accmulation for the SA-Cu-SSZ-13 catalysts.
Indeed, in this work, the sulfurization took place at the relatively high
temperature of 750 °C in the presence of water, where many sulfate
species, including Al-SO4, Cu-SO4, (NH4)2SO4 and H2-SO4 are unstable
and decompose below 750 °C [14–16]. Therefore, the hydrothermal
sulfurization on the Cu-SSZ-13 samples resulted in no sulfate formation
due to the high temperature. This result indicated that the high temperature SO2 poisoning caused the catalyst to undergo permanent deactivation, diﬀerent from the reversible sulfurization by sulfate-like
species that takes place at low temperatures [14,17,33]. Hence, during
hydrothermal aging, the main function of the added SO2 was to increase
the acidity of the gases and intensify the dealumination process, resulting in the collapse of the zeolite structure rather than forming

Fig. 8. DRIFTS spectra of adsorbed NH3 on FR-Cu-SSZ-13, HA-Cu-SSZ-13, and SA-Cu-SSZ13 catalysts. 35 °C exposure to 500 ppm NH3 and a balance of N2, total ﬂow rate 300 mL/
min.

peaks at 300 and 400 °C are primarily ascribed to CuO for the HA-CuSSZ-13 and SA-Cu-SSZ-13 catalysts [5,27]. In addition, much more CuO
formation was observed for the SA-Cu-SSZ-13 catalyst, indicating that
SO2 promoted the accumulation of CuO.
In summary, combining the analysis of XRD and 27Al-NMR results,
we speculated that the presence of SO2 promoted the mobility of Al
atoms resulting from dealumination during hydrothermal aging, and
these easily-removable Al atoms led more Cu2+ species to accumulate
readily.
3.3.3. in situ DRIFTS spectra of NH3 adsorption
To gain further insight into the nature of the acidic and active sites,
the DRIFT spectra of the NH3 adsorbed onto the Cu-SSZ-13 samples was
shown in Fig. 8. The probe molecule NH3 was used due to its speciﬁc
adsorption on zeolite Brønsted acid sites and Cu active sites. As depicted in Fig. 8, the negative bands at 3743 and 3660 cm−1 were attributed to NH3 adsorbed on the external Si-OH and Al-OH groups.
[13,23] The decay of the peak at 3578 cm−1 was ascribed to the
weakening of the stretching vibrations of the Al-OH-Si group, together
with the appearance of new features of 1472, 3338 and 3275 cm−1,
which related to NH4+ on Brønsted acid sites [23,29,30]. The bands at
3182 and 1625 cm−1 were assigned to NH3 adsorbed on Lewis acid
sites (such as Cu2+) [15,25,31]. Additionally, the vibrations below
1000 cm−1 could be classiﬁed into the zeolite T-O-T bond vibration
region to probe the interaction between Cu ions and zeolite framework
structure. In detail, the bands at 950 and 910 cm−1 represented the
zeolite T-O-T vibration perturbed by Cu2+ in CHA and D6R cages, respectively. Morever, the lower the peak was, the stronger the interaction of Cu ions with the zeolite framework structure [7,13,25,32]. The
adsorbed NH3 species observed on the Cu-SSZ-13 catalysts before and
after aging showed signiﬁcant diﬀerences for the three samples.
Regarding the OeH bond stretching region at 3743, 3660 and
3578 cm−1, it was obvious that the addition of SO2 during the hydrothermal aging reduced the amount of acid sites, especially the Brønsted
acid sites (3578 cm−1), by comparing the spectra of HA-Cu-SSZ-13 and
SA-Cu-SSZ-13. As the OeH bands decreased, a concomitant increase of
the bands for NeH bending at 3100–3400 cm−1 and 1400–1700 cm−1
was also observed. The same trend of reduction of acid sites was seen
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4. Conclusion
The deactivation mechanism of hydrothermal aging and sulfurization at high temperature has been studied for the one-pot synthesized
Cu-SSZ-13 catalysts. By dislodging the extra-framework Al atoms
formed during the hydrothermal aging process, the presence of SO2 can
accelerate the destruction and result in irreversible collapse of the
zeolite structure for Cu-SSZ-13 catalysts at high temperatures (750 °C
here). Morever, the severe deterioration of the zeolite structure caused
by SO2 promoted the loss of acid sites and accumulation of Cu2+ species, and these changes degraded the NH3-SCR performance of Cu-SSZ13 catalysts.
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