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Abstract: To reveal the role of impregnated sodium (Na) ions in Cu/SSZ-13 catalysts,
Cu/SSZ-13 catalysts with four Na-loading contents were prepared using an incipient wetness
impregnation method and hydrothermally treated at 600 °C for 16 h. The physicochemical
property and selective catalytic reduction (SCR) activity of these catalysts were studied to probe the
deactivation mechanism. The impregnated Na exists as Na* on catalysts and results in the loss of
both Bronsted acid sites and Cu?* ions. Moreover, the high loading of Na ions destroy the framework
structure of Cu/SS5Z-13 and forms new phases (5iO,/NaSiO3 and amorphous species) when Na
loading was higher than 1.0 mmol/g. The decreased Cu?* ions finally transformed into CuxO, CuO,
and CuAlOy species. The inferior SCR activity of Na impregnated catalysts was mainly due to the
reduced contents of Cu®* ions at kinetic temperature region. The reduction in the amount of acid
sites and Cu?* ions, as well as copper oxide species (CuxO and CuO) formation, led to low SCR
performance at high temperature. Our study also revealed that the existing problem of the Na ions’
effect should be well-considered, especially at high hydrothermal aging when diesel particulate filter
(DPF) is applied in upstream of the SCR applications.

Keywords: Cu/SSZ-13; NH3-SCR; sodium ions; deactivation mechanism

1. Introduction

So far, selective catalytic reduction of NOy with ammonia (NH3-SCR) has been proved to
be the most excellent post-processing technique for lean NOy control in diesel vehicle emissions.
Cu/SS5Z-13, one of the chabazite (CHA) zeolites with a simple topological structure, receives a lot
of attention because it provides the opportunity to understand the SCR mechanism of zeolites [1].
Besides, compared with other commercial zeolites, such as ZSM-5 and BEA, Cu/SSZ-13 catalysts with
outstanding NH;3-SCR performance and hydrothermal stability are suitable for selection as a good
candidate to meet the China VI emission regulation [2-8].

Sodium (Na) ions, one type of alkali ions, usually comes from urea solution, bio-diesel fuel,
and aerosol particulates. Since Na can exchange with acid sites on NH3-SCR catalysts, the Na effect
has been recognized as a non-negligible problem in NH3-SCR catalysts. For Cu/SAPO-34 catalysts,
Ma et al. [9] found the NH3-SCR activity of Cu/SAPO-34 was greatly reduced at a high content of alkali
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(>0.5%) mainly due to the decreased amount of isolated Cu?* formed CuOy clusters. Wang et al. [10]
further found that alkali decreased the number of Brénsted acid sites and NHj3 coverage, and would
decrease the SCR reaction rate. In our previous study [11], the different contents of Na impact on
Cu/SAPO-34 were also studied. Except for the decrease of active sites and acidity, the results also
showed the framework of Cu/SAPO-34 damaged and CuAlOy species formed at a high content of
sodium (>0.8%), and all these factors hindered the SCR activity.

In recent years, some studies have also considered the Na ions’ effect on Cu/SSZ-13 catalysts, but
most of them focused on co-cation Na ions. Gao et al. [12] investigated the effects of co-cation Na on
Cu/SSZ-13 catalyst. They found ~1.78% Na promoted SCR performance at low temperatures and
helped to improve the hydrothermal stability of Cu/SSZ-13 because Na ions modified the redox of
active sites and protected the framework of CHA structure. Zhao et al. [13] found a high amount of
co-cation Na ions decreased the hydrothermal stability of Al-rich Cu/S5Z-13 at 750 °C for 5 h because
the excess amount of Na ions weakened the interaction between Cu ions and the zeolitic framework
and formed CuxO species. Xie et al. [14] found one-pot-synthesized Cu/SSZ-13 with higher co-cation
Na contents showed poorer hydrothermal stability at 750 °C for 16 h, which was attributed to Cu
species with poor stability and CHA structure deterioration. Even though some achievements have
been made on co-cation Na, the conclusion could not be applied in real-world applications because
co-cation Na ions have already existed before Cu exchange and could not represent the deposition
of Na in the real-world. As far as we know, few studies have investigated the effect of impregnated
Na on Cu/SSZ-13 catalysts. Fan et al. [15] studied the impregnated alkali and alkaline metal effect on
Cu/SSZ-13 after hydrothermal aging. They found less of a decrease of SCR activity in 0.5 mmol/g
Na-impregnated samples compared with fresh Cu/SSZ-13 when samples were hydrothermally treated
at 700 °C for 12 h. However, the tolerance to Na ions and the overall influence could not be obtained
because only one impregnated sample was shown. Therefore, the effect of impregnated Na on
Cu/SS5Z-13 should be further studied.

In combination with conclusions made on Na impregnated Cu/SAPO-34 catalysts, in this
study, the following key points about the Na effect on Cu/SSZ-13 should be carefully considered:
(1) whether Na ions affect SCR performance, (2) whether Na ions damage the framework of
Cu/S5Z-13, and (3) whether other copper species except for CuyO will form. In order to probe
its nature, four different Na metal loading samples with 0.3, 0.5, 1.0, and 1.5 mmol/g (Na/Al
= 0.23, 0.38, 0.77, and 1.15) were obtained using an incipient wetness impregnation method and
were hydrothermally treated under the relative lower temperature at 600 °C for 16 h. Through
characterizations with Brunauer-Emmett-Teller measurements (BET), X-ray diffraction (XRD), and
nuclear magnetic resonance (NMR), the change law of the framework of Cu/SSZ-13 catalysts upon
hydrothermal aging was revealed. NH3-TPD and Ex-situ diffuse reflectance infrared Fourier transform
spectra (ex situ DRIFTs) were used to investigate the acidity variation. The nature of copper species
changing was acquired using H, temperature-programmed reduction (H,-TPR), electron paramagnetic
resonance (EPR), and UV-Visible diffuse reflectance spectra (UV-Vis DRS spectra). Furthermore, the
existing state of Na over Cu/SSZ-13 catalysts had been studied using CO,-DRIFTs measurements.

2. Results
2.1. Structural Characterization

2.1.1. BET and XRD Results

To probe the effect of Na ions on catalysts after 600 °C hydrothermal treatment, all catalysts were
first measured using BET and the results are shown in Table 1. The reduction of the surface area of the
Na-impregnated samples shows a strong relation with the amount of Na introduced into catalysts.
When F-Cu went through a low content Na impregnation treatment, a lower reduction of surface area
was found on Na-Cu-0.3 and Na-Cu-1.5. Meanwhile, the high contents of Na impregnation led to
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an obvious decline in the BET surface area, where a reduction of 25.3% and 65% were observed on
Na-Cu-1.0 and Na-Cu-1.5, respectively, compared with F-Cu.

Table 1. Na contents and BET surface area of fresh and Na impregnated catalysts.

Samples’ Name Na Contents (%) ! BET Surface Area AS (%) 2

F-Cu 0 792 —
Na-Cu-0.3 0.7 747 5.6
Na-Cu-0.5 1.2 737 6.9
Na-Cu-1.0 2.3 591 25.3
Na-Cu-1.5 3.5 277 65.0

! Na contents measured using ICP-AES; 2 AS(%) = SH“;;%“*" x 100%.

To further investigate the impact of introduced Na ions on the Cu/SSZ-13 catalyst, XRD
experiments were performed. As shown in Figure 1a, the diffraction peaks of the chabazite phase
(20 =9.6°,13°,16.3°, 18.0°, 20.9°, and 25.3°) can be observed in fresh and Na introduced catalysts,
illustrating that all catalysts had the typical chabazite (CHA) structure [16,17]. Figure 1b shows the
relative crystallinity of different catalysts. The detailed calculation method of the relative crystallinity
of catalysts are found in our previous study [11]. The 4%, 10%, 28%, and 56% reduction in crystallinity
were found for Na-Cu-0.3, Na-Cu-0.5, Na-Cu-1.0, and Na-Cu-1.5, respectively, compared with F-Cu.
The changing trend of the relative crystallinity was consistent with the BET results. It can be concluded
that the decrease of BET surface area was due to the declined structure integrity of Cu/SSZ-13.
Notably, the diffraction peak centered at 21.63° assigned to SiO, or NaSiOj3 crystalline appeared on
Na-Cu-1.0 and Na-Cu-1.5 [11,18], which also suggests that the CHA structure was no longer intact.
The intensity of this new peak became more intense with an increased Na amount. Besides that,
some amorphous phases were also observed in Na-Cu-1.5 because the baseline of XRD pattern was
non-horizontal between 18° and 25°.
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Figure 1. XRD pattern (a) and relative crystallinity (b) of fresh and Na-impregnated catalysts.
2.1.2. NH3-TPD Results

Figure 2a shows the NH3-TPD results of fresh and Na introduced Cu/SS5Z-13 catalysts. For fresh
Cu/SSZ-13, two peaks centered at ~250 °C (peak A) and ~420 °C (peak B) can be observed. In order
to identify the different acid sites, DRIFTS experiments were conducted on F-Cu with stepwise
NHj; adsorption with increasing temperature (Figure S1). The desorption peak at ~250 °C (peak A)
was considered to be NH; desorbed on Lewis acid sites (Cu?* ions) and the high-temperature
desorption peak centered at ~420 °C (peak B) was assigned to NHj released from Bronsted acid
sites (5i-O(H)-Al). For Na-impregnated catalysts, another peak centered at 190 °C (peak C) appeared.
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The new peak should be assigned to NHj desorbed from Na* sites, which ws consistent with the result
of Gao’s study [12].
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Figure 2. NH;3-TPD results (a) and acidity (b) of fresh and Na-impregnated catalysts. The reaction was

carried out with a feed containing 500 ppm NHj, balance Ny, and with GHSV = 80,000 h-L

Figure 2b shows the acid contents of different catalysts. The fresh Cu/SSZ-13 showed the highest
acidity among all catalysts. After the Na-impregnation process, the acidity declined and the reduction
degree rose with increase amounts of introduced Na. When the Na loading reached 0.3 mmol/g,
the desorption peak B assigned to Si-O(H)-Al bonds mainly decreased. Then, peak A, attributed to
Cu?* ions, declined when the Na loading was higher than 0.3 mmol/g. The total acidity decreased
in the following order: F-Cu (1.7 mmol/g) > Na-Cu-0.3 (0.95 mmol/g) > Na-Cu-0.5 (0.73 mmol/g) >
Na-Cu-1.0 (0.29 mmol/g) > Na-Cu-1.5 (0.06 mmol/g).

2.1.3. Ex Situ DRIFTs Results

Figure 3 shows the ex situ DRIFTs results of the fresh sample with those of Na-impregnated
ones. The IR bands in the 3500-3800 cm ! region were related to the stretching vibration modes of
OH groups (-OH) [2,12,19]. IR bands at 3733 cm ™! corresponded to isolated silanols (SiOH) and at
3655 cm ™! to [Cu(OH)]* [2]. Two strong bands at 3604 and 3580 cm ! were assigned to the Bronsted
OH groups as (Si-O(H)-Al) [2,12,19]. Moreover, the 1000-800 cm ! region in the IR corresponded to a
framework T-O-T vibration that was perturbed by the presence of exchanged Cu ions. The bands at
950 and 900 cm ! were associated with an internal asymmetric framework vibration perturbed by two
types of copper cations ([Cu(OH)]* in 8 MR and Cu®* in 6 MR) [5,20,21].

For the fresh and Na impregnated catalysts, the introduction of Na reduced the intensity of
Bronsted OH groups and exchanged Cu ions over Cu/SSZ-13. Furthermore, the IR band intensity
of these groups showed a downward trend with the amount of Na increasing (from 0.3 mmol/g to
1.5 mmol/g).

2.1.4. CO,-DRIFTs Results

To probe the Na existing state, CO,-DRIFTs tests were performed, and the results are shown in
Figure 4. Two IR bands at 2354 and 2346 cm ™! were assigned to the vibrations of CO, interacting with
Na™ ions on exchange sites on catalysts [11].

When Na was introduced in Cu/SSZ-13 catalysts, two IR bands appeared indicating Na existed
as an ionic state on Si-O(Na*)-Al.
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Figure 4. CO,-DRIFTs results of fresh and Na-impregnated catalysts.

2.2. Copper Species Variation on Cu/SSZ-13

Since Cu species bring high NH;3-SCR performance, the variation of copper species affected by
Na introducing should be considered. Thus, in this part, the overall change regulation of Cu species is
qualitatively and quantitatively measured.

2.2.1. EPR Results

Since other copper state and oxidation species are EPR silent [22], EPR is a sensitive method to
measure the amount of [Cu(OH)]* in 8 MR and Cu?* in 6 MR using hydrated catalysts [3,22]. Figure 5a
shows the EPR spectra of the fresh and Na introduced Cu/SSZ-13 catalysts. All Na-impregnated
catalysts showed the same coordination environment as the F-Cu with g// =2.39and A// =136 G,
which is consistent with other studies [23]. Meanwhile, another new hyperfine splitting over Na-Cu-1.5
(g// =2.32and A// =147 G) was observed, and a new feature was also found at 3310 G on Na-Cu-1.5,
which was attributed to the CuAlOy species [11,24,25].
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Figure 5. EPR spectra (a) and the quantitative results (b) of fresh and Na-impregnated catalysts.

Figure 5b compares the number of Cu?* ions on the Na impregnated Cu/SSZ-13 catalysts from
EPR spectra using the standard CuSOj solution as a reference. The number of Cu?* ions decreased
in the following order: F-Cu (2.01%) > Na-Cu-0.3 (1.32%) > Na-Cu-0.5 (0.94%) > Na-Cu-1.0 (0.54%)
> Na-Cu-1.5 (0.50%). Notably, since Cu?* ions in CuAlOy species have an EPR signal [11,24,25],
the number of Cu®* ions over Na-Cu-1.5 contained both the amounts of Cu?* ions left and Cu?* in
CuAlOy species.

2.2.2. H,-TPR Results

H,-TPR measurement is a common method to get the variation of all reducible copper species,
thus the fresh and Na impregnated catalysts were measured and the results are shown in Figure 6a. For
the fresh sample, two peaks centered at ~220 °C and ~350 °C represent the reduction of [Cu(OH)]* in
the CHA cages to Cu* and the reduction of Cu?* near 6 MR to Cu*, respectively [5,26-28]. Another
peak centered at 280-300 °C was present for the Na impregnated catalysts, which was assigned to the
reduction of copper oxides species to Cu’ [6,26]. Meanwhile, the reduction peak at ~410 °C, which
was attributed to the reduction of CuAlOy species, is shown for Na-Cu-1.5 [13,29,30].
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Figure 6. H,-TPR results (a) and qualitative results (b) of fresh and Na-impregnated catalysts.

Figure 6b shows the relative contents of the different copper species from the H-TPR results.
The amounts of Cu?* declined with an increase in Na loading, while copper oxide species contents
increased. Besides, the CuAlOy species appeared on Na-Cu-1.5, which is consistent with our EPR
results shown in Figure 5.

2.2.3. UV-Vis DRS Results

To further prove the variation of different Cu species amounts on catalysts, UV-Vis DRS spectra,
a qualitative generic analysis method, was used and the results are shown in Figure 7. The band



Catalysts 2018, 8, 593 7 of 15

centered at 205 nm was assigned to the oxygen-to-metal charge transfer related to Cu?* ions [9,15].
The 300-600 nm region was attributed to transitions in Cu,O, such as charge transfer transitions in
O-Cu-O and Cu—-O-Cu [4,31]. In addition, the region between 600 and 800 nm was assigned to the
electron d-d transitions of Cu?* in distorted octahedral surrounding by oxygen in CuO particles [9,15].

—FCu
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=y Na-Cu-1.5
8
[
(%]
s Cu O species
o
= 4
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[
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. T r T .
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Wavenumber (nm)

Figure 7. UV-Vis DRS results of fresh and Na-impregnated catalysts.

In general, the intensity of band at 205 nm, assigned to Cu?* ions, declined when Na content
increased in the Cu/SSZ-13. Meanwhile, the intensity of the regions attributed to Cu,O (300-600 nm)
and CuO (600-800 nm) increased as Na contents rose.

2.3. NH3-SCR Reactions over Cu/SSZ-13

2.3.1. NH3-5CR Activity

Figure 8a shows the NH3-SCR reaction of fresh and Na-impregnated Cu/SSZ-13 catalysts.
Compared to F-Cu, the NOx conversion of Na-impregnated catalysts declined with the increase in Na
loading. Na-Cu-1.5 was the least active catalyst among all the samples over the whole temperature
region. In addition, the N,O formation should also be considered. The highest N,O formation was
found on the fresh catalysts at 250 °C (5 ppm). While, compared with F-Cu, the Na-introduced catalysts
decreases the N,O formation by 1 to 4 ppm at 250 °C and increased the N,O concentration by 1 to
3 ppm at high temperatures (Figure 8b).

100

—&—F-Cu (a)
—@—Na-Cu-03 (b)
—A—Na-Cu-05 —&—F-Cu
80 —W—Na-Cu-1.0 ‘é~ —&—Na-Cu-0.3
—@—NaCu-1.5 & 6 —&—Na-Cu05
= =2 —¥—Na-Cu-1.0
< g —€—Na-Cu-15
c
s % g
] s
5 T 44
> @
§ g
40
3] o
o p
Q
= o~
Z 24
20
° T T T T T T ¥ 04 T T T T
100 200 300 400 500 100 200 300 400 500
Temperature (°C) Temperature (°C)

Figure 8. (a) NOx conversion as a function of reaction temperature over catalysts; (b) N,O formation
during NH;3-SCR reaction on the catalysts (b). The reaction was carried out with a feed containing
500 ppm NOy, 500 ppm NHjs, 10% Oy, 3% H»O, balance Ny, and with GHSV = 80,000 h—L
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2.3.2. Activation Energy (Ea) Measurements

Figure 9 shows the Arrhenius plots for the SCR reaction over the fresh and Na-impregnated
catalysts and all kinetic measurements were taken at <20% NOy conversion. It is clearly seen that the
SCR reaction rate decreased with an increase of Na intake. Moreover, the apparent activation energies
(Ea) change with different catalysts. All samples, except for Na-Cu-1.5, had similar Ea (Ea = 62 &+
2 kJ/mol); meanwhile, the Ea value of Na-Cu-1.5 was considerably lower (Ea = 28.5 k] /mol).

7
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Na-Cu-1.0 Ea=62.5 kJ/mol
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Y Y !\
\ A \} N
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E ¥ "o | |
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Figure 9. Arrhenius plots of the SCR reaction rates over fresh and Na-impregnated catalysts. The
reaction was carried out with a feed containing 500 ppm NOx, 500 ppm NH3, 10% O,, 3% H,O, balance
Ny, and with GHSV = 316,800 h~!.

3. Discussion

3.1. Effect of Na Ions on CHA Structure over Cu/SSZ-13

For Na impregnated catalysts with lower Na loadings (Na-Cu-0.3 and Na-Cu-0.5), the Na content
had little impact on the CHA structure integrity because of the slight reduction of surface area and
relative F-Cu crystallinity according to our BET and XRD results (Table 1 and Figure 1). Even though
the CHA structure was intact, the acid sites, including Bronsted acid sites and Cu?* ions, declined
with an increase of Na amounts, as shown in our NH3-TPD and ex situ DRIFTs results (Figures 2
and 3). This was induced by impregnated Na, which decreased acidity and exchanged the acid sites
on Cu/SSZ-13 during post-treatment, as proved via CO,-DRIFTs results (Figure 4). The surface area
and relative crystallinity decreased significantly when Na loadings were greater than 2% in catalysts
(Na-Cu-1.0 and Na-Cu-1.5). Moreover, S5iO; /NaSiO3; and amorphous species formed, illustrating that
the CHA structure of Cu/SSZ-13 was destroyed by high contents of Na. This is consistent with our
previous study on Na impregnated Cu/SAPO-34 [11]. As a result, a greater exchange process, as well
as the CHA structure damage with high Na intake, was owed to the inferior acidity and low intensity
of acid sites compared with other samples (Figures 2 and 3).

To comprehend the effect of Na ions on the CHA structure, the chemical environmental of 2°Si and
27 Al on Na-Cu-1.0 and Na-Cu-1.5 were compared to those of F-Cu in Figure 10. F-Cu, the fresh catalyst,
presented two framework Si features, assigned to Si(35i, 1Al) and Si(4Si, 0Al), at —105 and —111 ppm,
respectively, as well as one framework Al feature at 57.5 ppm [3]. However, the spectroscopy pattern
changed when Na loading increased up to 1.5 mmol/g (Na-Cu-1.5). The peak of 2’Si NMR spectra
became broad due to the breakage of Si-O-Al bonds and formation of amorphous silicon complexes,
which resulted in the non-horizontal baseline XRD pattern of Na-Cu-1.5 [32]. Meanwhile, the 2Z7A1
NMR spectrum (Figure 10b) shows non-framework Al centered at —36.5 ppm [13], which illustrates
the dealumination process and broken Si-O-Al bonds.
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Figure 10. (a) 2°Si NMR and (b) 2 Al NMR spectra of F-Cu, Na-Cu-1.0, and Na-Cu-1.5.

Hydrothermal stability is an essential issue for Cu/SSZ-13 catalysts. It is interesting to note that
the chemical environmental of Al and Si did not change over Cu/SSZ-13 with hydrothermal treatment
at 600 °C. However, the framework of Cu/S57-13 was damaged when Na loading was higher than
1.0 mmol/g, as shown in our XRD and NMR results (Figures 1 and 10). The results suggest high
Na loading is not beneficial for Cu/SSZ-13 stability against hydrothermal aging. Furthermore, the
impact of low Na loading on hydrothermal stability of Cu/S5Z-13 was studied by hydrothermally
aging Na-Cu-0.3 at 750 °C for 16 h in air containing 10% water vapor. According to the XRD results
in Figure S2, low Na contents also damaged the CHA structure and formed SiO, /NaSiOj3, revealing
the stability reduced when the hydrothermal temperature increased. In conclusion, the impregnated
Na reduced the hydrothermal stability of Cu/SSZ-13, especially at high temperatures when DPF was
applied upstream of the SCR applications.

3.2. Effect of Na lons on Acid Sites over Cu/SSZ-13

Hj)-TPR results show that two reduction peaks (220 °C and ~350 °C) were assigned to two
different types of Cu?* ions present on F-Cu, which suggests the state of copper species on fresh
catalysts was an ionic state. The similar content of copper loading obtained using EPR and ICP results
(2.01% vs 1.91%) also confirmed this suggestion. When Na was introduced to Cu/SSZ-13 catalysts, Na
competitively took over the exchange sites and influenced the distribution and amounts of acid sites,
including Bronsted acid sites and Cu?* ions. Our NH3-TPD and ex situ DRIFTs results (Figures 2 and 3)
showed that Na intakes reduced the both amounts of Bronsted acid sites and Cu?* ions. Moreover,
Bronsted acid sites reduced more than that of Cu?* based on a greater decrease of desorption peak B
and the intensity of bands (3604 and 3580 cm~!) as shown in Figures 2 and 3. The results show that
Na could easily exchange with H ions (Si-O(H)—Al) rather than Cu®* ions on Cu/SSZ-13 due to the
stronger acidity of H ions [11].

The change processes of Cu?* ions contents and distributions could be monitored using H,-TPR
results (Figure 6). The amounts of both types of Cu?* ions, [Cu(OH)]* in 8 MR and Cu?* in 6 MR,
decreased when Na loading increased to 1.0 mmol/g, and Cu?* in 6 MR completely disappeared
when Na contents reached up to 1.5 mmol/g. Based on the results of ex situ DRIFTs, the regulation of
Cu?* ions changed: the intensity of both [Cu(OH)]* (3655 cm ') and Cu?* (900 cm ™) declined at the
initial stage when Na impregnated and only the weak intensity of [Cu(OH)]" was left on Na-Cu-1.5
(Figure 3). In addition, the property of Cu?* ions on catalysts was also confirmed using EPR and
H,-TPR results (Figures 5 and 6). Since all catalysts had the same hyperfine splitting with g// =
2.39 and A// =136 G, as well as a similar reduction peak, the property of the left Cu?>* ions was not
affected by Na. All results showed that Na impregnation influenced the Cu?* ions amount, but had no
effect on the remaining Cu?* ions. Moreover, Cu,O and CuO present on all Na-impregnated catalysts
and their contents increased with increasing Na loading as shown in the H,-TPR and UV-Vis DRS
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results (Figures 6 and 7). Note that on Na-Cu-1.5, besides CuxO and CuO, CuAlOy species formed a
new hyperfine splitting (g// =2.32, A/ / = 147 G), and showed a reduction peak at ~410 °C in the EPR
and Hj-TPR results. In combination with the non-framework Al centered at —36.5 ppm (Figure 10),
CuAlOy species came from the reactions with CuO, CuO, and non-framework Al.

The results above reveal that the reduced Cu?* ions caused by Na introducing transformed to
other copper species (Cu O, CuO, and CuAlOy species). To further prove this variation regulation,
NHj; oxidation over all catalysts are shown in Figure 11. Olsson and Lerstner [33,34] have pointed out
that NHj3 oxidation at low temperature (<300 °C) occurs on Cu®* ions in 6 MR, while [Cu(OH)]* in
8 MR and copper oxide species were responsible for NH; oxidation at a higher temperature (>400 °C).
At 300 °C, the NH3 conversion of Na impregnated catalysts was lower than that of F-Cu and NHj3
conversion showed a decreasing trend with increasing Na contents, which confirmed the decreasing
amounts of Cu?* ions in 6 MR. When the temperature was higher than 400 °C, Cu,O and CuO
improved the NHj3 conversion on all impregnated catalysts, because the NH3 oxidation reaction could
easily occur on copper oxide species. Based on all the conclusions above, the deactivation mechanism
of Na on Cu/SSZ-13 is proposed in Scheme 1.

100
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—¥—Na-Cu-1.0
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Figure 11. NH; oxidation results of fresh and Na-impregnated catalysts. The reaction was carried out
with a feed containing 500 ppm NHs, 10% O, 3% H,O, balance N, and with GHSV = 80,000 h—1
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Scheme 1. Nature of the Na ions on Cu/SSZ-13 catalysts.
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3.3. Effect of Na on the NH3-SCR Reaction

Based on the conclusions above, the impregnated Na’s impact on NH3-SCR reaction (at low and
high temperature) can be addressed. According to Ea measurement results, four catalysts—F-Cu,
Na-Cu-0.3, Na-Cu-0.5, and Na-Cu-1.0—had the same Ea value, suggesting the same NH3-SCR reaction
mechanism. Therefore, as shown in Figure 12, the turnover frequencies (TOFs) of these four catalysts
were calculated based on their reaction rate and the number of Cu?* ions from the EPR results (Figure 5).
The identical TOFs for F-Cu, Na-Cu-0.3, Na-Cu-0.5, and Na-Cu-1.0 illustrate that the Cu%* ions were
the active sites for NH3-SCR reaction at kinetic temperature region and the existing Na ions could not
influence the nature of the remaining Cu?* ions that were not occupied by Na™.

——F-Cu

Na-Cu-0.3
Na-Cu-0.5
Na-Cu-1.0

In [TOF(S™)]

T T T T T T T T
1.9 2.0 21 22 23 2.4

1000/T (K™)

Figure 12. TOFs results of fresh and Na-impregnated catalysts.

It is also worth noting that Na-Cu-1.5 showed a different Ea value compared with others,
demonstrating a different rate-determining step occurred for Na-Cu-1.5. Recently, Paolucci [35]
found that NH3-SCR reactions become second-order in low Cu contents when Cu/ Al is lower than
0.1. They also pointed out that NHj3-solvated Cu could migrate in the CHA structure to form a Cu
dimer species and the formation of Cu-dimer was the rate-determining step. According to our Hp-TPR
and ex situ DRIFTs results of Na-Cu-1.5, only Cu?* in 8 MR remained, and the amounts of Cu?* ions
should be less than half of the content of Cu?* ions on Na-Cu-1.0. Based on the stoichiometry of SSZ-13
(Hp.77Alp 775133 23077), the ion-exchange level (Cu/Al) of Na-Cu-1.5 was lower than 0.03. Therefore, it is
reasonable to believe that the formation of the Cu-dimer species was the rate-determining step on this
catalysts. Moreover, Na occupied all Bronsted acid sites, as shown in our NH3-TPR results (Figure 2),
and the migration of solvated Cu to Cu-dimer species became difficult due to the larger steric hindrance
of Na ions. Besides that, the pore diffusion limitations caused by the damage of CHA structure and
formation of another phase also contributed to the lower Ea value, which agreed well with the report
by Chen [23], who found the high content of phosphorus impregnated Cu/SSZ-13 showed lower
Ea compared with the fresh one. In their study, the damage of zeolitic structure, the pore diffusion
limitations, the formation of new Cu copper species, and the reduction in the number of acid sites and
Cu?* ions could explain the lower Ea value.

When the temperature was higher than that of the kinetic region, it clearly showed that the NOx
conversion became lower when Na metal loadings increased. Since isolated Cu?>* monomers were the
active sites for NH3-SCR activity at high temperatures [1] and a higher amount of Bronsted acid sites is
beneficial to SCR activity [10], Na-impregnated catalysts with a gradual decrease of Cu?* contents and
Bronsted acid sites had an inferior SCR performance. Moreover, the continuous increase of Cu,O and
CuO amounts on Na-impregnated catalysts had a higher NH; oxidation ability, as shown in Figure 11,
and this competitive reaction also helped to explain the low SCR activity at high temperatures.
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4. Materials and Methods

4.1. Materials

In this study, Cu/SSZ-13 samples with Si/ Al = 12 were prepared using a two-step solution ion
exchange method. First, Na/S5Z-13 with Si/ Al = 12 were synthesized using a hydrothermal method
and the detailed synthesized processes can be found in Reference [27]. Briefly, the synthesis gel
composition was listed as follows: 1 5iO,: 0.04 Al;O3: 0.025 NayO: 0.1 SDA: 20 H,O. Before the ion
exchange process, the obtained powder was dried in an oven at 100 °C for 12 h and calcined in a muffle
furnace with air at 650 °C for 8 h to remove the template agent. A proportion of 1.91% Cu/SSZ-13 was
prepared via exchanging Na/SS5Z-13 in a 1 M (NH4),SO4 solution at 80 °C for 4 h and 0.5 M Cu(NO3),
at 80 °C for 1 h, respectively. Finally, the samples were calcined at 550 °C for 6 h in a muffle furnace to
obtain Cu/S5Z-13.

In order to probe the nature of Na ions on Cu/SSZ-13 catalysts, four different Na loading
Cu/SSZ-13 catalysts of 0.3, 0.5, 1.0, and 1.5 mmol/g were prepared using an incipient wetness
impregnation method. Briefly, 4 g of fresh Cu/S5Z-13 was put into the required amount solution of
NaNOj3 and the obtained slurry was dried at 100 °C for 24 h. Then, the catalysts were calcined in
a muffle furnace with air at 550 °C for 5 h. Finally, all Na impregnated and reference (Cu/SSZ-13)
catalysts were treated at 600 °C for 16 h in 10% H,O/air. Their corresponding catalyst nomenclatures
is shown in Table 1. The reference catalyst was named “F-Cu” and the impregnated catalysts were
denoted as “Na-Cu-X,” where X stands for metal loading.

4.2. Methods

The compositions of Cu/SSZ-13 catalysts were determined using ICP-AES.

The BET surface areas of Cu/SSZ-13s were measured using Brunauer-Emmett-Teller
measurements (Norcross, GA, USA) after dehydration of the catalysts at 300 °C for 24 h under vacuum.

The XRD spectra were collected using an X’ Pert Pro diffractometer with nickel-filtered Cu Ka
radiation (A = 1.5418 A), operating at 40 kV and 40 mA in the range of 5-50° with a step size of 0.01°.

The structural damage mechanism was investigated using 2°Si and 2/ Al NMR measurements. 2%Si
and Al NMR measurements were tested on a Varian Infinity plus 300 WB spectrometer at resonance
frequencies of 59.57 and 78.13 MHz, respectively, with sample-spinning rates of 4 kHz for 2Si and
8 kHz for %’ Al. Tetramethylsilane (TMS) and Al(NO3)3 aqueous solutions were used as a chemical
reference for 2Si and % Al NMR spectroscopy, respectively.

DRIFTs tests were performed using Nicolet 6700 FTIR (Waltham, MA, USA). KBr was chosen as
the standard substance to make the background for ex situ tests. For CO,-DRIFTs, the samples were
initially treated in 5% O, /N at 500 °C for 30 min and then cooled to 50 °C in N;. The background
spectrum was collected first when the temperature became stable, then the sample was purged in 1%
COy/Nj for 15 min and N for only 30 min, and the spectra were collected.

NH;-TPD experiments were performed to reveal the acidity of catalysts. The catalysts/supports
were dehydrated at 250 °C for 30 min in 5% O, /N3, and then cooled to 100 °C in Nj. The samples were
purged using 500 ppm NHj3 /N at 100 °C until NH3 concentration was stable. Then, the samples were
purged with Nj to remove any weakly absorbed NHj3 at 100 °C. When the NH3 concentration was
lower than 10 ppm, the samples were heated from 100 °C to 550 °C at a ramping rate of 10 °C/min.

The overall changing tendency of active sites was measured by EPR at —150 °C when hydrated
Cu/S5Z-13s were used and quantitative results were obtained using CuSO4-5H,0O as a reference.

H,-TPR were further used to probe the copper species variation. Prior to reduction, the samples
(100 mg) were first treated at 250 °C under 5% O, /N,. Then, the samples were cooled down to room
temperature, followed by purging in N,. Finally, the samples were measured in a flow of 5% Hj; /N
(10 mL/min~!) from 30 °C to 900 °C at a ramping rate of 10 °C/min.

Copper oxide species were particularly tested using Shimadzu UV-3600 spectrometer (Kyoto,
Japan) equipped with BaSOy as the reference.
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NH;3-SCR and kinetic tests were performed on all catalysts. The detailed description of the
experimental process and calculation about NOx conversion, NH3-SCR reaction rates, and turnover
frequency (TOF) can be found in our previous studies [11,36]. NH3 oxidation measurements were also
performed to clearly explain the NH3-SCR activity.

5. Conclusions

The Na effect on a Cu/SSZ-13 catalyst after mild hydrothermal aging has been investigated with
respect to different Na loadings. The main conclusions of this study are listed below:

1.  The impregnated Na exchanged with Bronsted acid sites and Cu?* ions as Si-O(Na*)-Al The Na
intakes declined with the number of acid sites, including Bronsted acid sites and Cu?* ions. The
reduction degree of the number of Brénsted acid sites were greater than that of Cu?* ions contents.

2. Except for sample with highest Na loading (1.5 mmol/g), all Na-impregnated catalysts remained
as two types of Cu?* ions and the overall amounts of Cu?* ions declined with Na and increase in
contents. Na-Cu-1.5 only contained Cu?* ions in 8 MR and it had the lowest amounts of Cu?*.

3. The Na introduced damage to the framework of catalysts and formed SiO,/NaSiO3; and
amorphous species when the contents of Na > 1.0 mmol/g, as confirmed using XRD, BET,
and NMR results.

4. The reduced Cu?* ions changed into other copper species, CuxO, CuO, and CuAlOy species.
Furthermore, CuAlOy species were only generated on Na-Cu-1.5 catalyst.

5.  For Na-impregnated catalysts, the loss of Cu?* contents contributed to the inferior SCR activity
at low temperatures, while at high temperatures, the reduction in the number of acid sites and
Cu?* ions as well as CuOx species formation lead to low SCR performance.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4344/8 /12 /593 /51,
Figure S1: DRIFTS spectra of NH3-TPD over Cu/SSZ-13 catalysts, Figure S2: XRD results of Na-Cu-0.3 after
hydrothermal aging at 750 °C for 16 h.
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