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Abstract: The Ce-Cu-SAPO-18 catalysts were prepared using the ion exchange method. The impact
of sulfur dioxide on catalytic performance of Ce-Cu-SAPO-18 for the selective catalytic reduction
(SCR) of NO with NHj3 was examined. Detailed characterization of the fresh and sulfur-poisoning
Cu-SAPO-18 and Ce-Cu-SAPO-18 samples was conducted. XRD and BET results show that SO,
treatment of the Ce-doped Cu-SAPO-18 (Ce-Cu-SAPO-18-S) sample did not induce a remarkable
change in structure, as compared with that of the fresh counterpart. According to in situ DRIFT,
H,-TPR, SEM, and EDS results, it is found that the sulfation species attached preferentially to the
cerium species, rather than the isolated Cu?* species. In particular, the TG/DSC results confirm
that the sulfate species on the Ce-Cu-SAPO-18-5 sample was easier to decompose than that on the
Cu-SAPO-18-S sample. The catalytic active sites of Ce-Cu-SAPO-18 were less influenced after SO,
treatment, as demonstrated by the TPR and XPS results. All of the above results show that the
Ce-Cu-SAPO-18 sample exhibited better sulfur-resistant performance than the Cu-SAPO-18 sample.

Keywords: Cu-SAPO-18; cerium doping; NH3-SCR; sulfur resistance; diesel engine exhaust

1. Introduction

Among air pollutants, NO, in diesel exhaust is harmful to human health. Selective catalytic
reduction of NO, with NH3 (NH3-SCR) is a commonly used method in controlling NO, emissions [1-4],
and the key issue is the availability of high-performance catalysts. The Cu-exchanged zeolite (e.g.,
ZSM-5 [5], SSZ-13 [6], SAPO-34 [7], and SAPO-18 [8,9]) catalysts have been studied intensively
and extensively, with the emphasis being putting on the wide temperature ranges with high NO,
conversions. The high-temperature hydrothermal conditions (>650 °C) can destroy the zeolitic
framework structures and result in catalyst deactivation [10,11]. Additionally, most diesel fuels contain
sulfur, and their combustion can give off a large amount of sulfur dioxide. According to previous
studies, the catalysts were sulfated to form the sulfate species [12], thus resulting in a decrease in SCR
activity [13]. Up to now, the poor resistance to SO, poisoning of the zeolite-based catalysts still remain
a primary problem in commercial applications of the diesel after-treatment systems [14,15].
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The Cu-CHA (e.g., Cu-S5Z-13 and Cu-SAPO-34) has a small pore structure and good resistance to
hydrothermal ageing treatments, hence attracting more and more attention in removing NO, from
exhaust gas [10,11,16]. The structure of an AEI zeolite (e.g., SAPO-18 or SSZ-39) is similar to that of a
CHA zeolite, in which there are a double 6-membered ring (D6R) unit linked together by a 4-membered
ring (4R) unit and an 8-membered ring (8R) [8]. The SAPO-18 (silicoaluminophosphate) zeolite
with an AEI structure is most used as catalyst for the reaction of methanol-to-olefins (MTO) [17,18].
Previously, we reported the activity, hydrothermal stability, and hydrocarbon poisoning resistance of
the Cu-SAPO-18 catalysts for the NH3-SCR reaction of NOy [9,19]. Although the Cu-SAPO-18 catalyst
performed excellently in the deNOy reaction, its ability to resist SO, poisoning is still insufficient.
Liu et al. [20] briefly studied the SO, resistance of Cu-SAPO-18 and found that its SO, resistance
was poor. In recent years, modification of copper-exchanged zeolite catalysts has been made for
better catalytic performance, hydrothermal stability, and resistance to SO, poisoning [21-23]. It was
reported that the second metal doping could promote the anti-sulfur poisoning performance of the SCR
catalysts due to the fact that some metal oxides significantly retard the rate of sulfate formation [24-26].
CeO acts as the role of a membrane attached to the catalyst surface to protect the active center [27],
which prevents formation of ammonium sulfate at low temperatures and enhances the stability of the
catalyst. In the present work, we selected cerium to decorate the Cu-SAPO-18 by the ion exchange
method. The anti-SO, poisoning role of Cu-SAPO-18 after Ce doping was deeply studied, and the
conclusions drawn were beneficial for the development of new SCR catalysts with improved sulfur
dioxide resistance.

2. Results and Discussion

2.1. Impact of SO, Exposure on NH3-SCR Performance

The NO conversions over the Cu-SAPO-18 and Ce-Cu-SAPO-18 samples with different Ce
contents were evaluated (Figure S1). Among all of the samples, the Ce-Cu-SAPO-18 sample with
a Ce content of 1.24 wt.% shows the widest reaction window and the best catalytic performance.
Therefore, this catalyst was selected to study the SO, resistance. Figure 1 shows the effect of SO,
on the SCR activity of Cu-SAPO-18 and Ce-Cu-SAPO-18 in the range of 100-600 °C. It can be seen
that the sulfur resistance of Ce-Cu-SAPO-18 was better than that of Cu-SAPO-18. After pretreatment
with sulfur dioxide, the activity of Ce-Cu-SAPO-18 was better than that of Cu-SAPO-18. In particular,
NO conversion over the SO;-treated Ce-Cu-SAPO-18 sample was 80% at 250 °C despite a decrease
in activity was observed as compared with that over the fresh counterpart, which was still higher
than that over the SO;-treated Cu-SAPO-18 sample. In order to further explore their sulfur resistance,
we examined the effect of SO, on SCR activity of Cu-SAPO-18 and Ce-Cu-SAPO-18 at 300 °C (Figure 2).
For the Cu-SAPO-18 and Ce-Cu-SAPO-18 samples, the original NO conversions were 89.3 and 93.4%,
respectively. When 100 ppm of SO, was introduced and the NH3-SCR reaction achieved a steady state,
the NO conversion decreased from 89.3 to 52.3% over Cu-SAPO-18 after 34 h of reaction, whereas it
slightly decreased from 93.4 to 78.1% over Ce-Cu-SAPO-18. Obviously, activity of the latter was much
higher than that of the former, and NO conversion was not significantly altered within the subsequent
34 h of reaction over Ce-Cu-SAPO-18. With the removal of SO,, NO conversion over Ce-Cu-SAPO-18
could be quickly recovered to about 82.7%, while that over Cu-SAPO-18 was partially recovered to
about 57.7%, suggesting that the Ce-Cu-SAPO-18 sample possessed a better sulfur-resistant ability.
It is concluded that the addition of SO, exerted a negative impact on SCR activity of Cu-SAPO-18 and
Ce-Cu-SAPO-18, and the sulfur resistance of the latter was better than that of the former.
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Figure 1. NO conversion and N selectivity during the NH3-SCR reaction over the Cu-SAPO-18 and
Ce-Cu-SAPO-18 samples at a GHSV of 130,000 h~!. The reactant feed composition: 500 ppm NO,
500 ppm NHj3, 100 ppm SO, (when used), 14 vol.% O, 5 vol.% H,O, and N (balance).
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Figure 2. NO conversion as a function of reaction time over the Cu-SAPO-18 and Ce-Cu-SAPO-18
samples in the presence and absence of SO, at 300 °C. The reactant feed composition: 500 ppm NO,
500 ppm NHj3, 100 ppm SO, (when used), 14 vol.% O;, 5 vol.% HyO, and N, (balance).
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2.2. Surface Property

In order to better measure the changes in surface property of the samples before and after SO,
poisoning, the XPS technique was employed and the results are shown in Figure 3, Figure S3 and
Table S2. Figure 3 illustrates the Cu 2p3/2 XPS spectra of the samples. The Cu 2p3z;, XPS spectrum
of each sample shows two asymmetric signals, which were decomposed into three components at
binding energies (BEs) of 932.6-933, 934.6-936.5, and 945.7-947.7 eV, respectively. According to the
literature [28,29], the component at BE = 932.6-936.6 eV was assigned to the surface copper (including
the isolated Cu?* and CuO) species. Since the isolated Cu?* species has a higher BE than the CuO
species, the component at BE = 932.6-933.0 eV was attributed to the surface CuO species [28], the main
component at BE = 934.6-936.6 eV corresponded to the surface isolated Cu?* species, and the satellite
peak at BE = 945.7-947.7 eV indicates the presence of the surface Cu®* species [28].

Satalite of Cu**

Intensity (a.u)

950 945 940 935 930
Binding energy (eV)

Figure 3. Cu 2p3/2 XPS spectra of the fresh and sulfated samples: (a) Cu-SAPO-18, (b) Cu-SAPO-18-S,
(c) Ce-Cu-SAPO-18, and (d) Ce-Cu-SAPO-18-S.

In order to better understand the change of the surface Cu?* species, the Cu?*/Cugy,¢ molar ratios
on the samples were calculated. The surface Cu?*/Cugyf molar ratio decreased in the sequence of
Ce-Cu-SAPO-18 (0.336) > Ce-Cu-SAPO-18-5 (0.201) > Cu-SAPO-18 (0.121) > Cu-SAPO-18-5 (0.088).
The surface Cu?*/Cugy,s molar ratio of Cu-SAPO-18 increased from 0.121 to 0.336 after the doping of
Ce. Thus, introduction of Ce promoted formation of the surface isolated Cu?* species. Apparently,
SO, poisoning brought about a decrease in content of the surface isolated Cu®* species. The amount of
the surface isolated Cu?* species on Ce-Cu-SAPO-18-S was more than that on Cu-SAPO-18-S. It can be
concluded that sulfur resistance of the samples after Ce doping was enhanced.

It should be noted that, due to the lower Cu™ contents in the samples or the lower detection
sensitivity of the XPS technique, the signals due to the surface Cu* species were not recorded in the
XPS spectra of the samples [30]. Additionally, for the Cu-zeolite catalysts, the isolated Cu?* ions were
recognized as the active sites for the NH3-SCR reaction, and the Cu* ions did not exert a significant
effect on this reaction. Therefore, we paid more attention to the content of the Cu?* ions, other than to
the content of the Cu™ ions. However, using the Auger spectra would be a good method to determine
the presence of the Cu* species [31].
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Figure S3 illustrates the S 2p XPS spectra of the sulfated samples. The S 2p XPS spectrum of
Cu-SAPO-18-5S or Ce-Cu-SAPO-18-S could be decomposed into two components at BE = 168.4 and
170.2 eV. assignable to SO3%" and SO,4% species [32]. However, it cannot be distinguished among
CuSOy, Cey(SO4)3, SO32~, or (NHy),SO4 and other sulfated species. It should be noticed that the
Ce-Cu-SAPO-18-S sample showed the lower band strength, as compared with the Cu-SAPO-18-S
sample. The results indicate that sulfation of the sample during the NH3-SCR reaction process produced
only a small amount of sulfate species on the sample surface, which was consistent with the results of
in situ DRIFTS characterization.

2.3. Morphology

It is generally believed that sulfate species are formed on the surface of the supported metal oxide
catalysts after sulfur poisoning. SO, treatment of the Cu-SAPO-18 and Ce-Cu-SAPO-18 samples could
cause metal sulfates to be generated on their surface. The decomposition temperatures of copper
sulfate were in the range of 600-650 °C [33], whereas those of cerium sulfate were above 700 °C [34].
In order to distinguish copper sulfate from cerium sulfate, the Cu-SAPO-18-S and Ce-Cu-SAPO-18-S
samples were calcined in air at a ramp of 10 °C/min from RT to 650 and 950 °C and kept at this
temperature for 1 h, the as-obtained samples were labeled as Cu-SAPO-18-5-650, Ce-Cu-SAPO-18-5-650,
Cu-SAPO-18-5-950, and Ce-Cu-SAPO-18-5-950, respectively. It can be seen that morphologies of all
of the samples remained unchanged from SEM images and EDS patterns (Figures 54-56). However,
the dispersion of S was different in these samples. The S content in the Cu-SAPO-18-S sample was
0.65 wt.%, which was attributed to the sulfur in copper sulfate; the S content in the Ce-Cu-SAPO-18
sample was 0.71 wt.%, which was assigned to the sulfur in copper sulfate and cerium sulfate (Figure 54);
the S content in the Cu-SAPO-18-5-650 sample was 0.1 wt.%, which might be due to decomposition of
copper sulfate to SO,; however, the content of S in the Ce-Cu-SAPO-18-5-650 sample was 0.45 wt.%,
obviously higher than that in the Cu-SAPO-18-5-650 sample (Figure S5). In order to further determine
the attribution of sulfate species, the Cu-SAPO-18-5S and Ce-Cu-SAPO-18-S samples were treated
at 950 °C (Figure S6). It can be seen from the EDS analysis that the sulfates in the Cu-SAPO-18-5S
and Ce-Cu-SAPO-18-S samples were basically decomposed after treatment at 950 °C. Although the
Ce-Cu-SAPO-18-5 sample still contained a large amount of S after calcination at 650 °C, the S species
in the sample were completely decomposed after calcination at 950 °C. After calculation, we can
realize that the content of S attributed to copper sulfate in the Ce-Cu-SAPO-18-S sample was 0.26 wt.%,
whereas the other part of S (0.45 wt.%) was from cerium sulfate. The EDS data correlated with the
revealed fact that the S species could attach preferentially to the cerium species rather than the copper
species in the Ce-Cu-SAPO-18 sample, which was consistent with the subsequent H,-TPR results.

2.4. Reducibility

Figure 4 shows the H,-TPR profiles of the fresh and sulfated samples. For all of the samples
except Ce-SAPO-18, the peak at below 420 °C (yellow region) was the reduction of Cu (isolated Cu?*
and CuO) species [28]. For the Cu-SAPO-18 and Ce-Cu-SAPO-18 samples, the peaks at 814 °C were
attributed to the reduction of Cu* species [28,35]. For the Ce-SAPO-18 sample, the peak at 637 °C was
ascribed to the reduction of Ce (CeO;) species [36]. Compared with the Ce-SAPO-18 sample, however,
the reduction peak at 620 °C of CeO, in the Ce-Cu-SAPO-18 sample shifted to a lower temperature
by 17 °C (637 °C — 620 °C), indicating that the co-presence of Cu and Ce in SAPO-18 could modify
the reducibility.
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Figure 4. H,-TPR profiles of the fresh and sulfated samples.

Reducibility of the sulfated samples (Cu-SAPO-18-S and Ce-Cu-SAPO-18-S) was also measured by
the Hy-TPR technique, as illustrated in Figure 4. Compared with their fresh counterparts, the sulfated
samples show strong reduction peaks in the range of 550-700 °C, which might be attributed to the
reduction of sulfate species [36]. The subsequent S 2p XPS results demonstrate that sulfated species
existed in the Cu-SAPO-18-S and Ce-Cu-SAPO-18-S samples. Therefore, it can be inferred that the
stronger reduction peaks (550-700 °C) of the sulfated samples were mainly due to the reduction of
metal sulfate species. The reduction peak appeared at 686 °C on the Cu-SAPO-18 sample, which was
attributed to the reduction of copper sulfate species. For Ce-Cu-SAPO-18-S sample, a new reduction
peak appeared at 567 °C, besides the reduction peak at 686 °C, which was ascribed to the reduction of
cerium sulfate species. It can be seen that the intensity of the peak at 567 °C is higher than that of the
peak at 686 °C, which also shows that the amount of cerium sulfate species on Ce-Cu-SAPO-18-S sample
are significantly higher than that of copper sulfate species. It is apparent that the shift in reduction
temperature towards a lower temperature was a result due to ceria addition. The introduction of
cerium weakens the interaction between copper species and sulfate species in Ce-Cu-SAPO-18-5S
samples. Although sulfate species with reducibility can be produced in sulfur dioxide poisoned
samples, the reducibility of these sulfate species will not have a positive impact on the catalytic
activity. In addition, compared with the reduction of Cu-SAPO-18-S and Ce-SAPO-18-5 below 500 °C,
the change of hydrogen consumption of Ce-Cu-SAPO-18-5S (0.175 mmol/g) is significantly larger than
that of Cu-SAPO-18-5 (0.161 mmol/g) (Table S3). The results of H,-TPR also confirm that cerium
doping enhances the anti-sulfur dioxide poisoning ability of the catalyst.

2.5. Adsorption of NH3 by the Sulfated and Fresh Samples

The DRIFTS spectra of NH; adsorption on the fresh Cu-SAPO-18 samples are shown in Figure 5.
When NHj adsorption reached saturation, three bands at 1629, 1325, and 1217 cm™! (Lewis acid
centers) and two bands at 1461 and 3400-3000 cm™! (Bronsted acid centers) were detected. The bands
at 1325 and 1217 cm~! were due to the symmetric deformation of NHj coordination with the Lewis
acid centers [37], the band at 1629 cm™! was due to NHj coordination at the Lewis acid sites, and the
weak band at 1461 cm™! was the symmetric and asymmetric bending vibrations of the NH,* species at
the Bronsted acid sites [38]. Furthermore, NHj3 adsorption at 3000 to 3400 cm~! was attributed to the
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combination of coordinated NH; and NH4 " on Brénsted acid centers [39]. Figure 5B shows the DRIFTS
spectra of NHj adsorption on the Cu-SAPO-18-S sample. The initial band at 1629 cm~! ascribed to
the coordinated NH3 on the Lewis acid sites was sharply weakened, while the band at 1467 cm™!
due to NH,4 " species bound to the Bronsted acid sites could be still observed on the Cu-SAPO-18-S
sample, and the band at 1461 cm™! was significantly enhanced in intensity. These results indicate
that the sulfate species formed on the surface of Cu-SAPO-18 generated a new Bronsted acid center,
but significantly reduced the amount of the Lewis acid sites in the sample. The decrease in amount
of the Lewis sites might be due to the sulfation of some active Cu?* species that produced the Lewis
sites. For the Cu-SAPO-18-S sample, however, the reaction of ammonium species formed by NHj
adsorption at the Bronsted acid sites with the adsorbed nitrite, nitrate, or NO, was strongly inhibited
in a low-temperature range [40]. Therefore, it can be inferred that the Bronsted acidity generated after
SO, adsorption inhibited the SCR activity of the sample at low temperatures.
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Figure 5. DRIFT spectra of NH3 adsorption on (A) Cu-SAPO-18 and (B) Cu-SAPO-18-S at 150 °C for
various time.

In situ DRIFTS spectra of NH3 adsorption on the fresh Ce-Cu-SAPO-18 and Ce-Cu-SAPO-18-S
samples are shown in Figure 6. The peaks at 3400 ~ 3000, 1629, 1461, 1325, and 1217 cm™! (that were
recorded in the fresh Cu-SAPO-18 sample) could be also observed in the DRIFTS spectra of the fresh
Ce-Cu-SAPO-18 sample. The adsorption of the combination of coordinated NH; and NH4 " species
on the Bronsted acid sites was also significantly enhanced on the Ce-Cu-SAPO-18-S sample. For the
Cu-SAPO-18-S and Ce-Cu-SAPO-18-S samples, however, there was a considerable difference in the
Lewis acid sites. The NH3 coordination bands at 1629 and 1217 cm™! attributed to the Lewis acid sites
still existed on the Ce-Cu-SAPO-18-S sample. An important reason for this disparity is that the Ce
doping inhibited sulfation of the isolated Cu?* species, which could produce the Lewis sites.
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Figure 6. DRIFT spectra of NH; adsorption on (A) Ce-Cu-SAPO-18 and (B) Ce-Cu-SAPO-18-S at 150 °C
for various times.

2.6. Competitive Adsorption between SO, and NO on the Sample Surface

As demonstrated above, sulfation of the sample affected the adsorption of NH3, which led to
formation of ammonium sulfate on the sample surface. Since both SO, and NO are acid gases, SO;
and NO can be competitively adsorbed on the same active sites of a sample. Therefore, it is necessary
to investigate the competitive adsorption of SO, and NO on the samples.

Figure 7 shows the DRIFTS spectra of the Cu-SAPO-18 sample that was exposed first to 500 ppm
NO in the presence of oxygen at 150 °C and then to 100 ppm SO,. When the sample surface was
saturated by the adsorption of NO + O,, the bands at 1629 and 1575 cm~! were observed on the
in situ DRIFTS spectrum of the Cu-SAPO-18 sample, in which the band at 1629 cm~! was assigned
to the adsorbed bidentate nitrate species [41], whereas the one at 1575 cm™! was attributed to the
bridging nitrate species [34]. When SO, was introduced to the system, the characteristic band at
1575 cm™! attributed to the nitrate species at the copper sites disappeared with time extension, and the
characteristic bands at 1644 cm™! due to the adsorption of SO, on the hydroxyl groups [26] and at
1375 cm™! assigned to weak adsorption of sulfate species [42] increased in intensity. The new band
at 1325 cm™! attributed to the adsorbed bidentate sulfate appeared on the Cu-SAPO-18 sample [43].
The results show that there was a competitive adsorption of SO, and NO on the two samples, and the
adsorption capacity of SO, was significantly higher than that of NO. As shown in Figure 8, when NO
was adsorbed on the Ce-Cu-SAPO-18 surface for 30 min, the peaks that were the same as those recorded
on the Cu-SAPO-18 sample were observed. When SO, was introduced to the system, the original bands
at 1629 and 1575 cm™! rapidly decreased in intensity with time extension, and two new weak bands
at 1644 cm™! (SO,~OH group) and 1375 cm™~! (bidentate sulfate) appeared on the Ce-Cu-SAPO-18
sample. After introduction of SO, for 60 min, the original nitrate species still existed although its
band intensity was weak on the Ce-Cu-SAPO-18 sample, and the intensity of the new bands at 1644
and 1375 cm™! was lower than that of the corresponding bands recorded on the Cu-SAPO-18 sample.
This result indicates that Ce doping could effectively inhibit SO, adsorption on the sample surface.
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Figure 7. DRIFT spectra of the Cu-SAPO-18 sample exposed to 500 ppm NO in the presence of O,
followed by introduction of 100 ppm SO, at 150 °C.
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Figure 8. DRIFT spectra of the Ce-Cu-SAPO-18 sample exposed to 500 ppm NO in the presence of O,,
followed by introduction of 100 ppm SO, at 150 °C.

Figure 9 shows the DRIFTS spectra of the Cu-SAPO-18 sample that were exposed first to 100 ppm
SO, at 150 °C and then to 500 ppm NO in the presence of oxygen. When the sample surface was
saturated by the adsorption of SO, at 150 °C, the bands at 1644, 1509, and 1375 cm~! were observed
on the in situ DRIFTS spectrum of the Cu-SAPO-18 sample, in which the band at 1644 cm~! was
assigned to the SO,-OH group species [26], whereas the others bands at 1509 cm™! and 1375 cm™!
was attributed to the SO3%" species and bidentate sulfate species [42], respectively. The intensities
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of these peaks increase with the increasing time on stream. When NO+O; was introduced to the
system, the sulfate adsorption species existed all the time, which indicated that the adsorption of
sulfate species on the catalyst surface was relatively stable, which may be one of the reasons for the
irreversible poisoning and deactivation of Cu-SAPO-18 catalyst caused by SO,. The new absorption
bands at 1629, and 1575 cm™, after NO + O, introduction, are attributed to nitrate species. As shown
in Figure 10, when SO, was adsorbed on the Ce-Cu-SAPO-18 surface for 60 min, intensity of the bands
at 1644, 1509, and 1375 cm™! attributable to the sulfate species was significantly weaker than that on
the Cu-SAPO-18 sample, indicating that the addition of Ce inhibited adsorption of the sulfate species
on the sample surface. After NO+ O, was introduced on the Ce-Cu-SAPO-18 catalyst, the adsorption
peak of nitrate species increased rapidly, which indicated that the addition of Ce not only inhibited the
adsorption of sulfate, but also promoted the adsorption of NO species after SO, adsorption.
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Figure 9. DRIFT spectra of the Cu-SAPO-18 sample exposed to 100 ppm SO,, followed by introduction
of 500 ppm NO in the presence of O, at 150 °C.
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Figure 10. DRIFT spectra of the Ce-Cu-SAPO-18 sample exposed to 100 ppm SO,, followed by
introduction of 500 ppm NO in the presence of O, at 150 °C.
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2.7. Thermal Stability of Surface Species during the NH3-SCR Reaction Process

In order to further understand the SCR reaction behaviors in the presence of SO,, sulfur resistance
of the Cu-SAPO-18 and Ce-Cu-SAPO-18 samples when NO, NHj3, SO,, and O, were simultaneously
introduced in the reaction system was studied by the in situ DRIFTS technique.

When the Cu-SAPO-18 surface was saturated by adsorption of NO, NHj3, SO,, and O,, the bands
at 3328, 3284, 3187, 1629, 1495, 1287, and 1217 cm™! were recorded, as shown in Figure 11. The bands at
1629 and 1217 cm™! were due to the coordinated NHj at the Lewis acid sites, and the band at 1495 cm™!
were due to the NHy " species (symmetric and asymmetric bending vibrations) at the Brensted acid
sites, which were related to formation of sulfates [44]. In additional, the band at 1287 cm~! was
attributed to the adsorption of sulfate species [26].

The sample was then purged with N, instead of a mixture of NO, NHj3, SO,, O;, and N,
and the temperature was increased from 150 to 400 °C. For the Cu-SAPO-18 sample, the bands at
1621 and 3400-3000 cm~! almost disappeared at above 250 °C, and the other bands at 1495, 1287,
and 1217 cm~! decreased in intensity with a rise in temperature, but they were still seen at 400 °C. For the
Ce-Cu-SAPO-18 sample, all of the bands rapidly decreased in intensity with a rise in temperature and
entirely disappeared at 400 °C. This result indicates that such sulfate species on the Ce-Cu-SAPO-18
sample could more readily decompose than those on the Cu-SAPO-18 sample. The presence of
NH4HSO,4 and/or (NH4),SOy4 and sulfation in the NH3-SCR reaction resulted in deactivation of the
sample at low temperatures. It is also proven that sulfur resistance of the Ce-Cu-SAPO-18 sample was
better than that of the Cu-SAPO-18 sample.

To confirm the above conclusion, the TG/DSC technique was used to evaluate sulfur resistance
of the Cu-SAPO-18 and Ce-Cu-SAPO-18 samples. The fresh samples were treated in a mixture flow
(300 mL/min) of 500 ppm NO + 500 ppm NHj3 + 100 ppm SO, + 14 vol.% O, + Nj (balance) at 250 °C
for 10 h, and the obtained samples were labeled as Cu-SAPO-18-SN and Ce-SAPO-18-SN, respectively.
The TG curves of the pretreated Cu-SAPO-18-SN and Ce-Cu-SAPO-18-SN samples in a N, atmosphere
were quite different. Since the treatment atmosphere contained NH3 and SOy, it can be deduced that
(NH4),504 and NH4HSO, existed in the Cu-SAPO-18-SN and Ce-SAPO-18-SN samples. As shown in
Figure S7A, there were three weight losses in the TG curve and three corresponding peaks (the first
one emerged at approximately 120 °C) in the DSC curve of the Cu-SAPO-18-SN sample. These weight
losses were attributed to evaporation of water in the samples. The second peak appeared at 236 °C,
which was due to decomposition of (NHy4),SOy [26], and the third peak at 356 °C was attributed to
decomposition of NHsHSOy4 [26]. For the Ce-Cu-SAPO-18-SN sample, there were also three peaks in
the TG/DSC curve (Figure S7B); however, temperatures of the peaks due to (NH),SO4 and NH4HSO4
decomposition were lower than those of the Cu-SAPO-18 sample. Such phenomena indicate that
the sulfate species could more readily decompose on the Ce-Cu-SAPO-18-SN sample than on the
Cu-SAPO-18-SN sample, which was consistent with the in situ DIRFTS characterization results.
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Figure 11. DRIFT spectra of (A) Cu-SAPO-18 and (B) Ce-Cu-SAPO-18 first exposed to 500 ppm NO +
500 ppm NHj3 + 100 ppm SO; in the presence of O, at 150 °C for various time, and then switched from
the NO/NH3/SO,/N; mixture to only N, with the temperature being increased from 150 to 400 °C.

2.8. Possible Mechanism for Improved SO, Resistance of Cu-SAPO-18 by Ce Doping

The possible mechanisms of improved NOy reduction in the absence and presence of SO, over
the Cu-SAPO-18 and Ce-Cu-SAPO-18 samples are provided in Scheme 1. The isolated Cu?* with a
positive charge could form the Lewis acid on the sample surface, which was easy to combine with SO,
in the gas phase, and translated into the sulfates and/or sulfites in the presence of gas-phase oxygen
molecules [14]. It has been reported that conversion of SO, to SO3 could result in a much higher
reaction rate over the copper-containing catalysts [41]. Since Cu?* species in the cage of Cu-SAPO-18
exist in an isolated environment, they could interact with the sulfate and/or sulfite species to form
cupric sulfates and/or sulfites at the original positions of the catalyst. The above in situ DRIFTS and
TG/DSC characterization results reveal that the Ce-zeolite sample exhibited a better SO, resistance
than the Ce-free (Cu-SAPO-18) sample. The formation rate of bulk sulfate or sulfite was much higher
in the Ce-catalysis sample than in the Ce-free sample [26]. Cerium can act as a SO, trap to limit
sulfation of the main active phase (i.e., isolated Cu?"). The sulfation species attach preferentially to
the cerium species in the Ce-Cu-SAPO-18 sample. The Lewis acid sites could be mainly created by
the exchanged Cu?* ions in the Cu-zeolite catalysts at lower temperatures [28]. After addition of SO,
the isolated Cu®* could interact with the sulfate or sulfite species to generate cupric sulfates or sulfites,
causing amount of the Lewis acid sites to decrease. In the Ce-Cu-SAPO-18 sample, however, the SO3
and sulfated species were attached preferentially to cerium species (rather than to the isolated Cu®*
species), which was confirmed by the H,-TPR and XPS results.

Therefore, the formed cupric sulfates or sulfites were reduced and the Lewis acid sites (the isolated
Cu?*) were retained to some degree, since sulfation would normally induce the Brensted acid sites
and inhibit the Lewis acid sites. As pointed out in one of our previous works [28], adsorption and
activation of the Lewis acid sites created by the exchanged Cu?* ions were considered the key step
for the low-temperature NH3-SCR reaction. Additionally, the Brensted acid sites contributed a little
to SCR performance in the presence of SO, at low temperatures. This is one of important reasons
why cerium addition could remarkably improve SO, tolerance of the Ce-Cu-SAPO-18 sample for the
NHj3-SCR reaction. From Figure 12, one can see that the NH3-SCR activity over Ce-Cu-SAPO-18 was
almost fully recovered after the removal of SO,; however, the NH3-SCR activity of Cu-SAPO-18 could
not be fully recovered. These results can be further explained as follows: formation of cupric sulfates
or sulfites was greatly inhibited after Ce doping; moreover, since a more amount of sulfate or sulfite
species was stored in ceria, less amount of ammonium sulfate species was generated to cover the
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surface active Cu?* of the Ce-Cu-SAPO-18 sample during the SCR process. Therefore, the activity of
Ce-Cu-SAPO-18 was less influenced after the sulfated treatment. All of the above results demonstrate
that the doping of Ce could effectively inhibit formation of the cupric sulfate or sulfite species, giving
rise to enhancement in sulfur resistance of the Ce-Cu-SAPO-18 sample.
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Scheme 1. Formation pathways of the bulk-like sulfates on the Ce-Cu-SAPO-18 sample.
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Figure 12. NO conversion and Nj selectivity as a function of temperature for the NH3-SCR reaction
over the Cu-SAPO-18-S, Cu-SAPO-18-R, Ce-Cu-SAPO-18-S and Ce-Cu-SAPO-18-R samples at a GHSV
of 130,000 h~1. The reactant feed composition: 500 ppm NO, 500 ppm NH3, 14 vol.% O,, 5 vol.% H;O,
and N (balance).
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3. Materials and Methods

Details of the preparation of SAPO-18 and NH4-SAPO-18 can be found in previous studies [19].

In addition, 1.0 g of SAPO-18 was dispersed in 60 mL of NH4Cl aqueous solution (0.1 mol/L)
at 75 °C for 6 h under stirring. The solution was in turn filtered, washed with deionized water (until no
Cl™ ions were detected), and dried at 120 °C for 12 h, obtaining the NH4-SAPO-18. Afterwards, 1.0 g
of NH4-SAPO-18 was ion-exchanged with 29 mL of Cu(NO3), aqueous solution (0.05 mol/L) and/or
29 mL of Ce(NOj3)3 aqueous solution (0.0075 mol/L) under stirring at 60 °C for 4 h. Then, the obtained
product was filtered and washed several times with deionized water, dried in an oven at 120 °C for
12 h, and calcined in an air flow of 40 mL/min at 500 °C for 6 h, thus obtaining the Cu-SAPO-18
and Ce-Cu-SAPO-18 samples. The X-ray fluorescence (XRF) spectroscopic results reveal that the Cu
contents in all of the samples were 1.7 + 0.2 wt.%, and the Ce contents in the Ce-Cu-SAPO-18 samples
were 1.24 wt.%, respectively.

The fresh samples were treated in a mixture flow (300 mL/min) of 500 ppm NO + 500 ppm NH; +
100 ppm SO, + 14 vol.% O, + Ny (balance) at 250 °C for 10 h, and the obtained samples were labeled
as Cu-SAPO-18-S and Ce-SAPO-18-S, respectively.

The detailed test instruments, reaction conditions, calculation formulas, and reagent sources are
displayed in the Supporting Information (SI).

4. Conclusions

The Cu-SAPO-18 and Ce-Cu-SAPO-18 samples were prepared by the ion-exchanged method.
The results show that introduction of Ce to Cu-SAPO-18 could markedly increase its sulfur resistance
performance. The addition of Ce had a positive effect on delaying the catalyst deactivation in
the presence of SO,. Furthermore, XRD and BET results show that the sulfur treatment did not
induce a remarkable change in structure of Ce-Cu-SAPO-18, as compared with its fresh counterpart.
The catalytically active components of Ce-Cu-SAPO-18 were less affected after the sulfur treatment,
as confirmed by the TPR and XPS results. The Ce-Cu-SAPO-18 sample exhibited better sulfur resistance
than the Cu-SAPO-18 sample. According to the in-situ DRIFTS characterization results, we believe that
the sulfated species were attached preferentially to the cerium species (rather than to the isolated Cu?*
species). In particular, the TG/DSC results confirm that the sulfate species on the Ce-Cu-SAPO-18-5
sample could decompose more readily than those on the Cu-SAPO-18-S sample. In other words,
the doping of Ce could effectively inhibit formation of the cupric sulfate or sulfite species, giving rise
to enhancement in sulfur resistance of the Ce-Cu-SAPO-18 sample. Therefore, it is concluded that the
addition of Ce could improve the sulfur resistance performance of Cu-SAPO-18.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/7/783/
s1, Catalyst preparation procedures, catalyst characterization, catalytic evaluation, discussion, Figure S1:
NO conversion and Nj selectivity as a function of temperature for the NH; —SCR reaction over the Ce-Cu-SAPO-18
samples with different Ce contents at a GHSV of 130,000 h~l. The reactant feed composition: 500 ppm NO, 500 ppm
NHj, 14 vol.% O,, 5 vol.% H,0, and N, (balance), Figure S2: XRD patterns of the Cu-SAPO-18, Cu-SAPO-18-S,
Ce-Cu-SAPO-18, and Ce-Cu-SAPO-18-S samples, Figure S3: S2p XPS spectra of the sulfated samples, Figure S4:
SEM images and EDS mappings of (A) Cu-SAPO-18-S and (B) Cu-SAPO-18-5-650, Figure S5: SEM images and EDS
mappings of (A) Ce-Cu-SAPO-18-S and (B) Ce-Cu-SAPO-18-5-650, Figure S6: SEM images and EDS mappings of
(A) Cu-SAPO-18-5-950 and (B) Ce-Cu-SAPO-18-5-950, Figure S7: TG and DSC curves of NH;HSO, deposited on
(A) Cu-SAPO-18-SN and (B) Ce-Cu-SAPO-18-SN, Table S1: Chemical compositions and textural properties of the
Cu-SAPO-18, Ce-Cu-SAPO-18 samples, Table S2: Surface element compositions of the samples obtained from the
XPS spectra, Table S3: Hy consumption of the samples obtained from the H,-TPR profiles.
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