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Post-treatment with dilute HNO3 solution after one-pot synthesis was an effective method to prepare
excellent Cu-SSZ-13 catalysts for the selective catalytic reduction of NO, with NH3 (NH3-SCR). Using
solutions with varying levels of acidity, catalysts with different Cu and Na contents were obtained, and
the CusgNagg-SSZ-13 catalyst showed the optimal NH3-SCR activity and hydrothermal stability. As co-
cations, Na* ions affected the hydrothermal stability of the one-pot-synthesized Cu-SSZ-13 catalysts
greatly. Poorer hydrothermal stability was observed for catalysts with higher Na* contents. The results of

Iéﬁ{ ‘/Svggf’; 27Al and 2°Si NMR spectra proved that Na* ions did not influence the Si(nAl) distributions in the catalysts
One-pot synthesis method significantly. However, H,—TPR profiles indicated that excess Na* ions in the catalysts decreased the
NH3-SCR stability of Cu species seriously. Thus, poor stability of Cu species caused by excess Na* ions was the direct
Na* ions reason for the poor hydrothermal stability of the catalysts. Because of the negative effect on hydrothermal

Hydrothermal stability stability, excess Na* ions should be avoided in Cu-SSZ-13 catalysts prepared by the one-pot synthesis

method.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The combustion of fossil fuels in mobile power sources gives
rise to nitrogen oxides (NOy), which are serious air pollutants. The
three-way catalyst (TWC) is effective at removing hydrocarbons
(HC), carbon monoxide (CO) and NOy simultaneously in gasoline
engine exhaust [1,2]. Because the TWC is not effective for the
removal of NOy from diesel engine exhaust under oxygen-rich con-
ditions, various catalyst systems for lean NOy purification have been
developed, such as lean NOy trap (LNT) technology and selective
catalytic reduction (SCR) of NOy with reducing agents (e.g., NHsz,
urea, hydrocarbons) [3,4]. NH3-SCR is a well-established approach
to remove NOy from diesel engine emission, using V,05-WO3/TiO,
or V,05-Mo03/TiO, as typical catalysts. However, the narrow oper-
ation temperature window, high activity for oxidation of SO, to
SO3, formation of N,O at high temperatures and the toxicity of
active vanadium species limit the practical application of V-based
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catalysts for diesel vehicles [5-7]. Recently, metal-exchanged zeo-
lite catalysts were reported as potential V-free catalysts for the
NH;3-SCR process of diesel vehicles. From the perspective of zeo-
lites, some large and medium pore zeolites have received much
attention in the past two decades, such as Y (FAU framework),
Beta (BEA framework), and ZSM-5 (MFI framework). Cu and Fe
have been the most widely used transition metal ions in NH3-SCR
zeolite catalysts, owing to their good redox capacity [8,9]. Most
of these catalysts show good NH3-SCR performance under high
gas hourly space velocity (GHSV), which is crucial for their prac-
tical application in diesel vehicles with limited installation space
on board [10-12]. Nowadays, diesel particulate filters (DPF) are
widely used in diesel particulate emission control, and are often
used in upstream of the SCR catalyst. The regeneration of DPF
always exposes the SCR catalysts to high temperatures (>650°C)
with high moisture [13]. Thus, high hydrothermal stability is nec-
essary for NH3-SCR catalysts. However, the ion-exchanged zeolite
catalysts described above could not maintain good performance
after hydrothermal aging treatment [14,15]. This weakness pre-
vents those catalysts from being commercialized in real world
applications.
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Recently, the Cu-SSZ-13 catalyst with the chabazite (CHA)
structure attracted much attention for NOy removal from diesel
engine exhaust due to its excellent performance, hydrothermal
stability and high resistance to small hydrocarbon molecules in
the NH3-SCR reaction [16-20]. However, the template N,N,N-
trimethyl-1-adamantammonium hydroxide (TMAdaOH) was
needed in the synthesis of SSZ-13 zeolite, resulting in high cost
for conventional Cu-SSZ-13 catalysts [21]. The one-pot synthesis
method using copper-tetraethylenepentamine (Cu-TEPA) as a
novel directing template decreased the synthesis cost greatly,
which is beneficial for the wide use of Cu-SSZ-13 catalyst in
industry [22]. Because the Cu loading in the initial Cu-SSZ-13
product resulting from one-pot synthesis was relatively high, a
large amount of CuO formed in the untreated catalyst after direct
calcination. Thus, a post-treatment procedure was necessary to
adjust the Cu loading before calcination. It has been reported in
our previous work that ion-exchange by NH4NO3 solution was
effective in optimizing the Cu loading. The optimal Cusg-SSZ-13
catalyst showed very good NH3-SCR performance in the whole
operation temperature range [23]. However, large amount of
NH4NO3 was used with this method, and the wastewater from
the process is aggravating the eutrophication of the aquatic envi-
ronment. In this study, a new post-treatment method with dilute
HNO3 solution was developed. Compared with the use of NH4NO3,
this new method reduced the nitrogen-containing pollutants in
wastewater greatly. The experimental results also proved that this
new post-treatment method is also an effective way to prepare
catalysts with better NH3-SCR performance.

As co-cations in zeolites, Na* ions often influence the proper-
ties of active species and the zeolite support. Torre-Abreu et al.
reported that Cu species were more easily reduced in Na*-form
Cu-MOR catalysts than H*-form [24]. Sultana et al. reported that
a higher amount of Cu* species was present in the Na* form of
ZSM-5 than in H*-form ZSM-5, which could activate oxygen rela-
tively easily [12]. They also reported a promoting effect of Na* ions
on the retardation of coke formation on Cu-ZSM-5 catalyst [25].
Feng and Hall [26] prepared Fe-ZSM-5 catalyst free of Brgnsted
acid with the ratio of (Na + Fe)/Al at ca. 1. The catalyst showed much
improved hydrothermal stability, and did not show deactivation on
aging in wet exhaust gas up to 800 °C [26]. In this study, a relatively
large amount of NaOH was used in the synthesis procedure of the
initial Cu-SSZ-13 sample, and some Na* ions always remained in
the catalyst even after post-treatment. However, the effects of the
residual Na* ions on the NH3-SCR performance and hydrothermal
stability of this type of catalyst are still unclear. Thus, Cu-SSZ-13
catalysts with different Na* contents were prepared in this study,
and the results indicated that the catalysts with higher Na* content
showed poorer hydrothermal stability. Therefore, excess Na* ions
remaining in the catalyst should be avoided in the preparation of
Cu-SSZ-13 by the one-pot synthesis method.

2. Experimental
2.1. Catalyst preparation

The initial Cu-SSZ-13 sample was prepared using the method
reported previously [23]. In order to obtain suitable Cu loadings
in the final catalyst, post-treatment with dilute HNO3 solution
was used in this study. A suspension containing the initial sam-
ple and dilute HNOj3 solution (pH 0, 1, 2, 4) was treated at 80°C
for 12 h. Then, all samples were filtered and washed with distilled
water, and dried at 100 °C overnight. Finally, the exchanged sam-
ples were calcined at 600 °C with a ramp rate of 1 °C/min to remove
residual templates. According to the results of ICP, all catalysts
obtained above were denoted as CuyNa,-SSZ-13, where “x” and “y”

represent the Cu content and Na content in the catalyst by weight,
respectively.

In order to investigate the effect of Na* ions on NH3-SCR
performance over Cu-SSZ-13 catalyst prepared by the one-pot syn-
thesis method, catalysts with the same Cu content and different
Na contents were also prepared. The preparation procedure was
as described below. The initial Cu-SSZ-13 sample was treated by
1 mol/L NaNOs solution at pH 1 (adjusted using HNOs3 solution) at
80°C for 12 h. After the same procedure of washing and desiccation
described above, half of the obtained sample was calcined directly,
and the rest sample was stirred in 1 mol/L NaNO3 solution once
more at 80 °C for 12 h before calcination. The calcination procedure
and naming method for the two samples were the same as those
described above.

In the hydrothermal aging studies, all catalysts were treated in
flowing gas composed of air with 10 vol.% H,0 at 750°C for 16 h.

2.2. NH3-SCR activity test

The reaction conditions of SCR activity tests were controlled as
follows: 500 ppm NO, 500 ppm NHj3, 5 vol.% O,, 5 vol.% H,O (when
used), balance N5, and 500 mL/min total flow rate. Catalyst sam-
ples (~50 mg) of 40-60 mesh size were used with gas hourly space
velocity (GHSV) estimated as 400,000 h—!. The effluent gas was
continuously analyzed by an online NEXUS 670-FTIR spectrometer
equipped with a heated, low volume (0.2 L) multiple-path gas cell
(2 m). The FTIR spectra were collected throughout and the results
were recorded when the SCR reaction reached a steady state. The
NOy conversion and N, selectivity were calculated as follows:

_ [NO]out + [NOZ]out

NOy conversion = (1
i [NOJ;, + [NO2];,

) x 100%

[No]in + [NH3]in _ [Noz]out _ Z[NZO]OUt

x 100%
[NOJip + [NH3 ]y

N, selectivity =

2.3. Catalyst characterization

The Cu contents of the catalysts were analyzed using an induc-
tively coupled plasma instrument (OPTMIA 2000DV) with a radial
view of the plasma. All samples were dissolved using strong acid
solution before testing. The calibration solution was prepared using
pure materials. The average of three atomic emission lines was used
to determine the Cu contents in the catalysts.

Powder X-ray diffraction (XRD) measurements were carried out
on a computerized PANalytical X'Pert Pro diffractometer with Cu
Ko (A =0.15406 nm) radiation. The data of 20 from 5 to 40° were
collected with the step size of 0.02°.

The H,-TPR experiments were carried out on a Micromerit-
ics AutoChem 2920 chemisorption analyzer. The samples (50 mg)
were placed in a quartz reactor and were pretreated at 500°C in
a flow of air (50 mL/min) for 1h, then cooled down to room tem-
perature. Then H,-TPR was performed in 10vol.% H,/Ar gas flow
of 50 mL/min at a heating rate of 10 °C/min.

Solid state 29Si and 27Al MAS NMR spectra were collected on
a Bruker AVANCE III 400 MHz WB Solid-State NMR spectrometer
operating at the spectral frequency of 79.52 MHz (Si) or 104.29 MHz
(Al). A relaxation delay of 65 for Si and 1s for Al was applied to
collect single pulse spectra. All measurements were performed at
room temperature, and TMS and AI(NOs3)3 were used as external
references, respectively.
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Table 1
Physicochemical characterization of the catalysts obtained from different post-
treatments.

Without pretreatment pH4 pH2 pH1 pHO

Relative crystallinity (%) 100 100 954 822 269
Si/Aly 8.3 8.3 8.3 104 234
Cu contents (wt.%) 103 53 4.3 3.9 1.7
Na contents (wt.%) 4.6 3.7 2.5 0.8 0.7

3. Results and discussion
3.1. Characteristics of CuxNay-SSZ-13 catalysts

All four catalysts exhibited the typical diffraction peaks of the
CHA zeolite structure (260=9.5, 14.0,16.1, 17.8, 20.7 and 25.0°) after
post-treatment with dilute HNOj3 solution adjusted to different pH
values (Fig.S1) [27].In order to confirm the effect of acid treatment
on the catalyst structure, the relative crystallinity was calculated
through comparison of peak intensity changes at 20=9.4, 20.5
and 30.4° before and after acid treatment [28]. No obvious reduc-
tion in peak intensity was observed after post-treatment by HNO;
solution with pH 4 and pH 2, and the relative crystallinity main-
tained at ca. 100%. Post-treatment by HNO;3 solution with pH 1
and pH 0 decreased the peak intensity distinctly, giving relative
crystallinity of ca. 82.2% and 26.9%, respectively (Table 1). Thus,
post-treatment by dilute HNO3 solution with pH higher than 2 did
not damage the zeolite structure noticeably. Physicochemical prop-
erties of the catalyst without acid treatment were also provided,
as shown in Table 1. The SiO,/Al, 03 ratio of the catalyst was 8.3,
and the metal loading was 10.3 and 4.6 wt.% for Cu and Na, respec-
tively. When dilute HNO3 solution with pH 1 or pH 0 was used,
the SiO,/Al,03 ratio increased to 10.4 and 23.4, respectively. It
was concluded that more aluminum atoms were removed by post-
treatment with stronger HNO3 acid solution, and more breakdown
of the lattice were expected under these conditions. Besides the
different SiO,/Al, O3 ratios, the Cu and Na content in the obtained
catalysts was also decreased with the decrease of pH (Table 1).
Thus, the post-treatment by dilute HNO3 solution was an effective
method to prepare Cu-SSZ-13 catalysts with different SiO,/Al,03
ratios and different metal loadings.

3.2. NH3-SCR performance and hydrothermal stability of
CuxNay-SSZ-13 catalysts

The NOy conversion as a function of reaction temperature
between 150 and 550 °C over CuxNay-SSZ-13 catalysts at relatively
high GHSV (400,000 h—1) is shown in Fig. 1. As the provider of active
sites, the Cu loading in the catalysts could affect the NH5-SCR per-
formance greatly. Due to its low Cu loading, the Cu; 7;Nag7-SSZ-13
catalyst did not show very good NH3-SCR performance in over
the studied temperature range. With the increase of Cu loading
from 1.7 wt.% to 4.3 wt.%, the NOx conversion was improved signif-
icantly, especially in the low temperature range. However, the NOy
conversion in the high temperature range (>400°C) decreased dis-
tinctly when Cu loading was raised to 5.3 wt.% (only 57% at 550 °C),
which should be related to the unselective oxidation of NH3 in the
high temperature range. Although different levels of NOy conver-
sion were observed, excellent N, selectivity could be obtained for
all catalysts, which was nearly 100% over the whole temperature
range (Fig. S2). Compared with the others, the Cuz gNagg-SSZ-13
and Cuy3Naj 5-SSZ-13 catalysts showed the best NH3-SCR perfor-
mance, maintaining NOy conversion higher than 90% from 200 to
500°C. Thus, Cu loading at ca. 4.0 wt.% was suitable for Cu-SSZ-13
catalysts prepared by the one-pot synthesis method.
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Fig. 2. XRD profiles of CuyNa,-SSZ-13 catalysts after hydrothermal aging at 750 °C
for 16 h.

In order to probe the hydrothermal stability, the above-
mentioned four catalysts were further treated in air with 10 vol.%
H,0 at 750°C for 16 h. The NH3-SCR activity of the aged cat-
alysts is also shown in Fig. 1. The aged Cus3Naz7-SSZ-13 and
Cug3Nay 5-SSZ-13 catalysts almost lost their NH3-SCR activity
completely, while Cu; 7Nag7-SSZ-13 and Cuz gNagg-SSZ-13 cata-
lysts exhibited better hydrothermal stability. Importantly, the aged
Cus gNag g—SSZ-13 catalyst showed the best hydrothermal stability,
with NOy conversion higher than 80% from 200 to 450 °C. Therefore,
the post-treatment by dilute HNOs solution with pH 1 was the opti-
mal procedure to prepare the catalyst with both excellent NH3-SCR
performance and high hydrothermal stability. The NH3-SCR perfor-
mance of fresh Cus gNag g-SSZ-13 catalyst was also tested under the
simulated condition with water, as shown in Table 2. The presence
of 5vol. % H,0 decreased the NOx conversion at low tempera-
tures (<200°C) mainly due to the competitive adsorption by H,O
adsorption, and increased the NOy conversion at high tempera-
tures (>400 °C) probably due to the inhibition effect of H,O on the
unselective catalytic oxidation of NH3 [23]. Nevertheless, the NOy
conversion maintained nearly 100% from 225 to 550 °C, indicating
the catalyst also do well under the condition with water.

In order to evaluate the degradation of the zeolite structure
caused by the hydrothermal aging, XRD measurements were per-
formed for the aged catalysts, as shown in Fig. 2. The aged
Cug3Nay 5-SSZ-13 and Cus3Na37-SSZ-13 catalysts showed com-
plete collapse of the zeolite structure, with a broad feature
representing an amorphous phase, which was consistent with their
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Table 2

NH3-SCR performance of Cus gNagg—SSZ-13 catalysts under simulate condition with 5% H,O.

Temperature (°C)

150 175 200 225

250 300 350 400 450 500 550

NOConversion (%) 121 29.8 58.4 99.8

100 100 100 100 100 100 100

total loss of NH3-SCR performance as described above. Some CuO
was detected in the aged Cus3Nas 7-SSZ-13 catalyst. Because NH3
could be over-oxidized to NOy in the presence of CuO, negative
NOy conversion at high temperatures (>450°C) was achieved for
the aged Cus3Naz;-SSZ-13 catalyst (Fig. 1). Little change was
observed for the hydrothermally aged Cuz gNagg—SSZ-13 catalyst,
indicating its very good hydrothermal stability. Although the typ-
ical peaks of the CHA structure were also maintained for the
aged Cuq7Nag7-SSZ-13 catalyst, the intensity of the zeolite peaks
decreased significantly and an amorphous phase was apparent. It
was hypothesized that the excessive dealumination of this catalyst
was an important factor in its decreased hydrothermal stability.
H,-TPR profiles of the four CuxNa,—SSZ-13 catalysts are shown
in Fig. 3. Reduction of isolated Cu?* in zeolites has been proposed
to follow a two-step mechanism, namely the reduction from Cu?*
to Cu* (at lower temperatures) and the reduction from Cu* to Cu®
(at higher temperatures). However, the reduction of the dispersed
bulk CuO to Cu® occurred in a single step in the low tempera-
ture range (200-300°C) [23,29,30]. According to the profile of the
fresh CU].7N30.7—SSZ—13, CU3.9N80.8—SSZ—13 and CU4.3N32.5—SSZ—13
catalysts, the integrated area for H, consumption below 500°C
contributed ca. 49, 49 and 50% of the total H, consumption area,
respectively. Thus, it is reasonable to conclude that only isolated
Cu?* was present in the above three catalysts. The peaks at 170,
222 and 345 °C could be assigned to the reduction of Cu%* located
in different cationic sites to Cu* [23]. The H, consumption below
400 °C for the Cus 3Na3z 7-SSZ-13 catalyst contributed ca. 61% of the
total, indicating that the reduction from Cu* to Cu® also occurred
in the low temperature range. Thus, the peak at ca. 207 °C was
assigned to the reduction peak of highly dispersed CuO in the
catalyst, although it was not observed in XRD profile. Compared
with isolated Cu?*, Cu® was found to be less efficient for SCR
reactions in the low temperature range (<200°C) [31]. Thus, the
Cus 3Na3z 7-SSZ-13 catalyst did not show the best deNOy efficiency
although it had the highest Cu loading. It was reported that the
high stability of active species is an important factor for Cu/zeolite
catalysts with high hydrothermal stability, and the reduction from
Cu* to Cu® was expected when the chabazite structure began to
degrade [32,33]. Thus, isolated Cu?* ions with higher reduction
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Fig. 3. H,-TPR profiles of CuyNa,-SSZ-13 catalysts.

temperature from Cu* to CuP are expected to be more stable in the
chabazite structure. The Cu; 7Nag7-SSZ-13 and Cus gNagg-SSZ-13
catalysts showed extremely high reduction temperature for Cu*
to Cu® reduction (at ca. 900 °C), which indicated the excellent sta-
bility of Cu?* species in these materials. However, no Cu species
with such high stability was observed in Cug3Nay5-SSZ-13 and
Cus3Nas 7-SSZ-13 catalysts. Considering these two catalysts pos-
sessed an almost intact zeolite structure (Table 1), the poor stability
of Cu species should be the reason for their poor hydrothermal sta-
bility. Therefore, isolated Cu?* species with extremely high thermal
stability are necessary to obtain a Cu-SSZ-13 catalyst with both
good NH3-SCR performance and high hydrothermal stability. Based
on the composition of Cuy3Na;5-SSZ-13 and CusgNagg-SSZ-13
catalysts, it was hypothesized that the Na* ions in the catalysts
affected their hydrothermal stability seriously, as will be discussed
below in detail.

Ion exchange by NH4NOs3 solution was also proved to be an effec-
tive post-treatment method to prepare Cu-SSZ-13 catalyst, and the
optimal CuzgNaj-SSZ-13 catalyst showed very good NH3-SCR
activity [23]. In order to compare the two catalysts obtained by
different methods, the turn-over frequency (TOF) of NOx over Cu
species at 150 °Cwas calculated, where the NOy conversion was less
than 40% [34]. Assuming that all Cu species were active in the stud-
ied catalysts, the TOF was defined as the number of NOy molecules
converted per Cu per second. Although the two catalysts contained
nearly equal amounts of Cu, their NH3-SCR performance was quite
different. Not only did the fresh CujgNagg—SSZ-13 catalyst show
higher TOF (1.69 x 10-3 s~1) than the fresh Cusz gNaj ,-SSZ-13 cat-
alyst (0.84 x 10~3s-1), the aged CuzgNagg-SSZ-13 catalyst also
showed higher TOF (1.26 x 103 s~1) than the aged Cus gNa; ,-SSZ-
13 catalyst (0.64 x 10~3 s~1). Therefore, post-treatment by dilute
HNOj3 solution was better than the procedure using NH4NO3 solu-
tion to prepare a catalyst with excellent NH3-SCR activity and
hydrothermal stability.

3.3. Influence of Na* on NH3-SCR performance of
Cu3z gNay—SSZ-13 catalysts

Three catalysts with the same Cu content and different Na*
contents were prepared in this study, which were denoted as
CU3_9N30'8—SSZ-13. CU3_9N€I1V7—SSZ-13 and CU3_9N32_2—SSZ-]3 on
the basis of elemental analysis results. The NH3-SCR performance
of the fresh and aged catalysts is shown in Fig. 4. With the increase
of Na* content in the catalysts, only a small decrease of NOy
conversion was observed for the fresh catalysts. However, after
hydrothermal treatment in air with 10 vol.% H,0 at 750°C for 16 h,
the NO, conversion decreased greatly along with the increase of Na
content. When the Na* content increased from 0.8 to 1.7 wt.%, the
NO, conversion decreased greatly. If more Na* ions were loaded
(ca. 2.2wt.%), the catalyst became almost completely inactive for
NH3-SCR reaction. The above results indicated that the presence
of excess Na* ions in the catalyst could severely decrease the
hydrothermal stability of the Cu-SSZ-13 catalyst prepared by the
one-pot synthesis method.

The XRD profiles of the aged CusgNay-SSZ-13 catalysts are
shown in Fig. 5. Compared with the aged CusgNagg-SSZ-13 cata-
lyst, the peak intensity of the chabazite structure decreased greatly
accompanied by the appearance of amorphous phase for the aged
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Fig. 5. XRD profiles of Cus gNay-SSZ-13 catalysts after hydrothermal aging at 750°C
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Cuz gNaq7-SSZ-13 catalyst. Even more seriously, the CHA structure
disappeared completely for the aged CusgNa,;-SSZ-13 catalyst
with the highest Na* content. It is well known that a catalyst having
more breakdown of the zeolite lattice structure or more unstable
active species are more easily inactivated by hydrothermal treat-
ment. Therefore, the effects of Na* ions on the zeolite framework
and the Cu species will be discussed below.

Solid state NMR experiments were carried out to characterize
the framework of the CusgNay—SSZ-13 catalysts. 27Al solid state
NMR results can provide information about the structural environ-
ment of Al atoms in zeolites. The Al atom in the framework has
4-fold coordination (AI'Y), which presents a typical chemical shift
of 50-60 ppm. However, if the Al atom is removed from the zeolite
framework, the Al atom can be located outside the lattice, showing
a 6-fold-type coordination (AIV!) with a 0-10 ppm chemical shift in
27 Al NMR spectra [35,36]. As shown in Fig. 6(A), a small amount of
AIV! atoms were detected for the Cus gNag g—SSZ-13 catalyst, while

Table 3
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Fig. 6. Solid state 2’Al and 2°Si NMR spectra of CusgNay-SSZ-13 catalysts: (a)
CU3_9N30_3—SSZ—]3; (b) CU3_9N31_7—SSZ—]3; (C) CU3_9N32_2—SSZ—] 3.

only Al'Y atoms existed in CuzgNa;7-SSZ-13 and CusgNay ,-SSZ-
13 catalysts. According to the results of ICP analysis, the bulk
SiO,/Al, 03 ratio was 10.4, 12.8 and 12.4 for CusgNagg-SSZ-13,
CusgNa; 7-SSZ-13 and CuzgNa,,-SSZ-13 catalysts, respectively.
Compared with the bulk SiO,/Al, 03 ratio of the initial Cu-SSZ-13
sample, the SiO,/Al;05 ratios of all these catalysts were improved
to a certain extent. This was direct evidence that dealumination
occurred for all the three catalysts, although no evidence of AIV!
atoms was observed in the two catalysts with higher Na* content.
Because much more NaNOs3 (1 mol/L) was added in the preparation
procedure of CuzgNaj;7-SSZ-13 and CusgNaj;-SSZ-13 catalysts,
it was thought that the AI3* (AIV!) caused by dealumination was
removed along with NOs~ in the washing process. Thus, 27 Al solid
state NMR results did not clearly indicate whether or not the Na*
ions affected the zeolite framework in the post-treatment process,
and more characterization was necessary to answer this question.

29Sij solid state NMR spectra could give relevant information
about the arrangement of Si and Al atoms in the framework. The
application of this technology is based on the fact that the 29Si
chemical shift is very sensitive to its environment, in other words,
the number of aluminum-oxygen tetrahedra connected to each
silicon-oxygen tetrahedron (Si(nAl)). The framework SiO,/Al,03
ratio could be calculated using the areas of different Si(nAl) by the
following equation [36,37]:

2151 (Al)
Zo 25nlsi(Al)

The advantage of this calculation method is that the effect of
extra-framework aluminum is eliminated, and the results can rep-
resent the stability of a zeolite better than the bulk SiO,/Al,03
ratio. Fig. 6(B) shows the 2°Si solid state NMR spectra and the
optimal deconvolution of the relevant peaks corresponding to
Cu3 gNay-SSZ-13 catalysts. The five signals at ca. —85, —90, —95,
—100 and —105 ppm correspond to distinct Si(4Al), Si(3Al), Si(2Al),

Si/Al =

Calculated areas of the different types of Si(nAl) signals from deconvolution of 2°Si NMR spectra for Cus gNay—SSZ-13 catalysts.

Catalysts Areas for the different types of Q*(nAl) signals FrameworkSiO, /Al, 03
Si(4Al) Si(3Al) Si(2Al) Si(1AI) Si(0AI)

CuzgNapgg-SSZ-13 1.2 8.69 15.48 45.06 29.57 7.48

CusgNa;7-SSZ-13 1.05 11.95 14.18 43.71 29.11 7.14

CusgNay»-SSZ-13 1.14 10.22 16.03 42.87 29.74 7.26
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Fig. 7. H,-TPR profiles of Cus gNay—-SSZ-13 catalysts.

Si(1Al) and Si(0Al), respectively [38]. The area of each peak was
calculated, as shown in Table 3. No obvious change in the distri-
bution of Si(nAl) was observed for Cus gNay-SSZ-13 catalysts. The
Cu3 gNay—SSZ-13 catalysts retained almost the same zeolite struc-
ture even though the treatment procedures were greatly different.
Therefore, the damage of the zeolite structure was mainly caused
by the acid solution, and the presence of Na* ions was irrelevant.
H,-TPR experiments were carried out to study the influence
of Na* ions on Cu species, and the results are shown in Fig. 7. As
stated above, the reduction temperature and reduction process of
different Cu species (such as CuO, Cu?*, Cu*) was different form
each other. The ratio of the integrated area for H, consumption
at the low temperatures was effective to describe the state of Cu
species. According to the calculation, the integrated area for H,
consumption below 500 °C of CuzgNagg-SSZ-13, CuzgNa; 7-SSZ-
13 and Cus gNay ,-SSZ-13 contributed ca. 49, 51 and 50% of the total
H, consumption area, respectively. Thus, all Cu species should be
isolate Cu2* in the three catalysts. The three reduction peaks in the
low temperature range (ca. 173, 211 and 345 °C) were assigned to
the reduction of isolated Cu?* to Cu*. In our previous report, EPR
and H,-TPR tests were both carried out to assign the local struc-
ture of Cu species together, and the H, reduction peaks at 179, 247,
and 329 °C for Cu-SSZ-13 catalyst were attributed to isolated Cu2*
ions locating in three different sites of chabizite structure (site IV,
I, and III), respectively [23]. In this study, the H, reduction peaks
of the three catalysts were similar to that observed in the previ-
ous paper. Thus, it was reasonable to conclude that the isolated
Cu?* also located in these three different sites. The previous studies
reported that the alkali cations could lower the reduction temper-
ature of Cu species [12]. In the present study, the reduction peaks
moved to lower temperature by ca. 10°C with the increase of Na*
content. Though the difference was not obvious in the low tem-
perature range, a significant difference was observed in the high
temperature range, where the reduction from Cu* to Cu® occurred.
The ratio of Cu species with extremely high stability (ca. 900°C)
dropped significantly with the increase of Na* content, indicating
that the excess Na* was not beneficial for the stability of active
species in the Cu-SSZ-13 catalysts prepared by the one-pot syn-
thesis method. Migration of Cu species to less stable state and
aggregation to CuO more likely happened with a higher Na con-
tent in the catalyst during the hydrothermal treatment process,
which should be related to the decreased stability of active species
(Fig. S3). The detrimental effect of Na ions on hydrothermal sta-
bility of the catalyst was reflected through its effect on Cu species.
The decreasing trend in the stability of Cu species was consistent
with the poor NH3-SCR performance as described above for the
aged CujgNay-SSZ-13 catalysts. Therefore, considering the effects
of Na* ions on the zeolite structure, it was concluded clearly that
decreased stability of Cu species resulting from excess Na* ions was

the direct reason leading to the poor hydrothermal stability of the
Cu-SSZ-13 catalysts prepared by the one-pot synthesis method.

4. Conclusions

The post-treatment by dilute HNOs3 solution was an effec-
tive method to adjust the Cu and Na contents in the Cu-SSZ-13
catalyst prepared by one-pot synthesis method. The optimal
Cu3 gNagg—SSZ-13 catalyst obtained from the post-treatment by
dilute HNOj3 solution with pH 1 showed the best NH3-SCR activ-
ity and hydrothermal stability. As co-cation, Na* ions affected the
hydrothermal stability of the one-pot-synthesized Cu-SSZ-13 cata-
lysts greatly. The catalysts with higher Na* content showed poorer
hydrothermal stability. The results of 27Al and 29Si NMR spectra
indicated that the catalysts with different Na* contents possessed
almost the same zeolite structure. However, the H,-TPR results
illustrated that the stability of Cu species decreased seriously along
with the increase of Na* ions in the catalysts. Thus, the Cu species
with poor stability aroused by high Na* content resulted in the
poor hydrothermal stability of the catalysts. Therefore, it is better
to precisely control the amount of Na* ions maintained in Cu-SSZ-
13 catalysts prepared by one-pot synthesis method to obtain the
excellent NH3-SCR performance and hydrothermal stability simul-
taneously.
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