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Abstract: Lanthanide (La, Ce, Nd, Gd, Tb, Ho or Lu)-doped Cu-SAPO-18 samples were prepared
using the ion-exchange method. Physicochemical properties of the samples were systematically
characterized by a number of analytical techniques, and the effects of lanthanide doping on catalytic
activity and hydrothermal stability of the Cu-SAPO-18 catalysts for the NH3-SCR reaction were
examined. It is shown that the doping of lanthanide elements could affect the interaction between
the active components (copper ions) and the AEI-structured SAPO-18 support. The inclusion of
some lanthanides significantly slowed down hydrolysis of the catalyst during hydrothermal aging
treatment process, leading to an enhanced catalytic activity at both low and high temperatures and
hydrothermal stability. In particular, Ce doping promoted the Cu2+ ions to migrate to the energetically
favorable sites for enhancement in catalytic activity, whereas the other lanthanide ions exerted
little or an opposite effect on the migration of Cu2+ ions. Additionally, Ce doping could improve
hydrothermal stability of the Cu-SAPO-18 catalyst by weakening hydrolysis of the catalyst during
the hydrothermal aging treatment process. Ce doping increased the catalytic activity of Cu-SAPO-18
at low and high temperatures, which was attributed to modifications of the redox and/or isolated
Cu2+ active centers.

Keywords: SAPO-18-incorporated Cu catalyst; lanthanide doping; selective catalytic reduction;
NH3-SCR; hydrothermal stability

1. Introduction

Nitrogen oxides (NOx) are one of the main pollutants to the atmosphere. NOx is emitted from
fossil fuels burning, nitric acid and plating industries, and automotive vehicles [1,2], in which NOx

emission from vehicle exhaust has become a major source of air pollutants [3]. Selective catalytic
reduction of NH3 (NH3-SCR) over different catalysts has been extensively studied. The SCR of NOx

with ammonia is one of the most widely applied emission control technologies [4,5]. The key issue of
such a NH3-SCR technology is the availability of high-performance catalysts [6]. In recent decades,
the V2O5−WO3/TiO2 catalysts show high catalytic activities and SO2 poisoning resistance, and are

Catalysts 2020, 10, 336; doi:10.3390/catal10030336 www.mdpi.com/journal/catalysts

http://www.mdpi.com/journal/catalysts
http://www.mdpi.com
http://www.mdpi.com/2073-4344/10/3/336?type=check_update&version=1
http://dx.doi.org/10.3390/catal10030336
http://www.mdpi.com/journal/catalysts


Catalysts 2020, 10, 336 2 of 18

widely used in the NH3-SCR reaction [7]. These catalyst systems, however, have some disadvantages,
for example, generation of NOx due to oxidation of ammonia at high temperatures, narrow activity
window, and low hydrothermal resistance [8,9]. Therefore, it is urgent to develop catalysts with good
hydrothermal resistance, wide active windows, and high nitrogen selectivity.

In the past two decades, the zeolites with large and medium pore sizes (such as zeolite Y, zeolite
beta and ZSM-5) have received much attention [10,11]. The most extensive research has focused on the
copper ion-exchanged ZSM-5, which showed good catalytic activity for direct NO decomposition and
NH3-SCR reaction [12]. However, a big problem of this catalyst is its poor hydrothermal stability [8].
Nowadays, copper-based zeolites with small pore structures (such as Cu-SSZ-13 and Cu-SAPO-34),
especially the CHA structures, have attracted much attention in eliminating NOx pollution since they
possess good hydrothermal aging stability and NH3-SCR performance [13,14]. The AEI-structure
is similar to the CHA-structure. Previously, our team found that Cu-SAPO-18 possessed excellent
performance for the SCR of NOx, excellent hydrothermal aging stability and poisoning hydrocarbons
resistance [15]. The SAPO-18-supported Cu catalysts, however, have drawbacks of hydrothermal
deterioration, narrow activity windows, and nonselective NH3 oxidation which produces NOx and
hence restricts further commercial applications [16]. Since lanthanide oxides possess excellent oxygen
storage capacity and unique redox properties [17], lanthanide-doped catalysts have been widely
investigated for various reactions. Samojeden et al. found that the sample of Fe-modified vermiculite
doped with Ho showed better activity as compared with the Cu-modified vermiculite sample [18].

In this work, lanthanide (La, Ce, Nd, Gd, Tb, Ho or Lu)-doped Cu-SAPO-18 samples were
prepared by the ion-exchange method. Effects of lanthanide doping on NH3-SCR activity and
hydrothermal stability of Cu-SAPO-18 were investigated. The XRD, BET, 27Al NMR, NH3-TPD, and in
situ DRIFTS-NH3 adsorption were used to determine the changes in textural properties and acid
density of Cu-SAPO-18 possibly induced by the doping of lanthanides. In addition, the interaction
between copper and lanthanide was clarified by the XPS characterization, and reduction behaviour of
the copper species in the catalyst was measured by the H2-TPR technique.

2. Results

2.1. NH3-SCR Performance and Hydrothermal Stability

In order to eliminate the influence of calcination temperature, catalytic activities of the Cu-SAPO-18
and Ce-Cu-SAPO18 samples calcined at 500 and 600 ◦C were measured, as shown in Figure S1. NO
conversion over Cu-SAPO-18 increased in the temperature range of 100–300 ◦C, the maximum
conversion (91.5%) was reached at 300 ◦C, and dropped subsequently, whereas NO conversion
decreased to 66.4% at 600 ◦C, as shown in Figure 1a. The decrease in NO conversion might be
caused by the reaction of partial amount of NH3 with O2 to form NOx, which reduced the conversion
of nitrogen oxides. NH3-SCR performance over the fresh M-Cu-SAPO-18 sample is also shown
in Figure 1a. As expected, the simultaneously M- and Cu-exchanged catalysts exhibited different
activities, as compared with the Cu-exchanged catalyst. It is interesting to note that the Ce-Cu-SAPO-18
and Tb-Cu-SAPO-18 catalysts showed higher activities than the Cu-SAPO-18 catalyst in the whole
temperature range, which might be due to the synergistic effect. NO conversion was over 90 % in the
range of 200−550 ◦C, and NO conversion at 600 ◦C reached to 89.9% over Ce-Cu-SAPO-18 and 86.7%
over Tb-CuSAPO-18. After the doping of Lu or Ho, the activity increased only at high temperatures,
and NO conversion at 600 ◦C was ca. 80.2% over Lu-Cu-SAPO-18 and 82.7% over Ho-Cu-SAPO-18.
As can be seen from Figure 1a, compared with Cu-SAPO-18, the activity over Gd-Cu-SAPO-18 and
La-Cu-SAPO-18 decreased at low temperatures (e.g., only 78.7 and 70.1% at 200 ◦C, respectively).
Therefore, the introduction of Ce or Tb increased the catalytic activity in the whole temperature range
and the high activity was maintained even up to 600 ◦C.



Catalysts 2020, 10, 336 3 of 18

Figure 1. NO conversion and N2 selectivity as a function of temperature for the selective catalytic
reduction of NH3 (NH3-SCR) reaction over the (a) fresh and (b) hydrothermally aged Cu-SAPO-18
and M-Cu-SAPO-18 samples at a gas hour space velocity (GHSV) of 130,000 h−1. The reactant feed
composition: 500 ppm NO, 500 ppm NH3, 14 vol % O2, 5 vol % H2O, and N2 (balance).

In order to probe the hydrothermal stability, the above mentioned eight catalysts were further
treated in air with 10 vol% H2O at 850 ◦C for 12 h. The NH3-SCR activities over the aged catalysts
are shown in Figure 1b. For the Cu-SAPO-18-aged sample, NO conversion decreased significantly
(85.7 % at 350 ◦C), especially at higher temperatures (400−600 ◦C). After doping lanthanide elements,
however, NO conversions over the samples changed differently before and after hydrothermal aging
treatment. Over the Tb-Cu-SAPO-18-aged, Ho-Cu-SAPO-18-aged, and Lu-Cu-SAPO-18-aged samples,
NO conversions decreased obviously (e.g., 78.6, 82.3, and 83.9% at 350 ◦C, respectively), which were
lower than those over the corresponding fresh samples and the Cu-SAPO-18-aged sample in the
whole temperature range. The results indicate that the addition of Tb, Ho or Lu to Cu-SAPO-18
resulted in a worse performance after hydrothermal aging treatment. Over the La-Cu-SAPO-18-aged,
Nd- Cu-SAP-18-aged, and Gd-Cu-SAPO-18-aged samples, NO conversions decreased slightly (e.g.,
90.2, 92.2, and 90.5% at 350 ◦C, respectively), which were lower than those over the corresponding
fresh samples but higher than that the fresh Cu-SAPO-18 sample, especially at low temperatures
(200−350 ◦C). The results suggest that the doping of La, Nd or Gd improved the hydrothermal
aging ability of Cu-SAPO-18. In particular, even after hydrothermal aging treatment of the Ce-Cu-
SAPO-18, its catalytic activity was still high (NO conversion was over 90% at 250−400 ◦C). At higher
temperatures, NO conversion decreased slightly, but still retained 80−90% at 400−550 ◦C. It is concluded
that the hydrothermal stability of Ce-Cu -SAPO-18 was the highest among all of the lanthanide-doped
Cu-SAPO-18 samples.

Figure 2a shows the Arrhenius plots for the NH3-SCR reaction in the low-temperature range over
the fresh Cu-SAPO-18 and M-Cu-SAPO-18 catalysts. Figure 3 shows the apparent activation energies
obtained over all of the samples. The change in activation energy of M-Cu-SAPO-18 was similar to
that of Cu-SAPO-18, indicating that the nature of the Cu ions and SCR reaction mechanism were not
altered after the doping of lanthanides. As shown in Figure 3, the activation energy decreased in the
order of Lu-Cu-SAPO-18 > Ho-Cu- SAPO-18 > Cu-SAPO-18 > La-Cu-SAPO-18 > Nd-Cu-SAPO-18 >

Gd-Cu-SAPO-18 > Tb-Cu-SAPO-18 > Ce-Cu-SAPO-18. Specifically, after the introduction of Ce or Tb,
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the activation energy decreased (as compared with Cu-SAPO-18), which indicates that Ce or Tb doping
improved the catalytic activity, in good agreement with the NH3-SCR performance. Figure 2b shows
the Arrhenius plots for the NH3-SCR reaction in the low-temperature range over the hydrothermally
aged CuSAPO-18 and M-CuSAPO-18 catalysts. After hydrothermal aging treatment, the activation
energy declined in the sequence of Tb-Cu-SAPO-18-aged > Cu-SAPO-18-aged > Gd-Cu- SAPO-18-aged
> La-Cu-SAPO-18-aged > Lu-Cu-SAPO-18-aged > Ho-Cu-SAPO- 18-aged > Nd-Cu-SAPO-18-aged >

Ce-Cu-SAPO-18-aged. Compared with the corresponding fresh sample, the Ce-Cu-SAPO-18-aged
sample showed a slight change in catalytic activity, but the other aged samples exhibited an obvious
decrease in catalytic activity. The activation energy of Ce-Cu-SAPO-18 after hydrothermal aging
treatment increased slightly from 28.5 to 31.1 kJ/mol. The hydrothermally aged Tb-Cu-SAPO-18 sample
showed a more significant loss in the SCR rate and its activation energy increased obviously from
30.5 to 45.1 kJ/mol, also in good consistence with NO conversion in the NH3-SCR reaction. Therefore,
compared with the catalysts with other lanthanide doping, Ce doping was conducive to improve the
catalytic performance and hydrothermal aging stability.

Figure 2. Arrhenius plots for the NH3-SCR reaction in the low-temperature range over the (a) fresh
and (b) hydrothermally aged Cu-SAPO-18 and M-Cu-SAPO-18 samples, at a GHVS of 800,000 h−1.
The reactant feed composition: 500 ppm NO, 500 ppm NH3, 5 vol % H2O, 14 vol % O2, and N2 (balance).

Figure 3. Apparent activation energies for the NH3−SCR reaction over the fresh and hydrothermally
aged Cu-SAPO-18 and M-Cu-SAPO-18 samples.

2.2. NH3 Oxidation

The oxidation of NH3 is the main competitive reaction because it reduces the reduction of NOx.
High-temperature SCR activity is closely related to the ammoxidation by O2. In order to confirm the
product of NH3 oxidation in the NH3-SCR reaction, NH3 oxidation experiments were carried out over
the Cu-SAPO-18 and M-Cu-SAPO-18 catalysts before and after hydrothermal aging treatment.
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Figure 4a presents the catalytic activities of NH3 oxidation over the fresh catalysts. NH3 began
to oxidize at 300 oC, and became more and more severe with increasing the temperature. There was
a different change trend in catalytic activity of Cu-SAPO-18 and M-Cu-SAPO-18 for NH3 oxidation.
For instance, compared with the fresh Cu-SAPO-18 sample, NH3 conversion decreased from 79.6%
over Cu-SAPO-18 to 58.1% over Ce-Cu-SAPO-18 at 600 ◦C. These results suggest that Ce doping could
inhibit the oxidation of NH3. The decreases in NH3 conversion and NOx selectivity in NH3 oxidation
explain why the NO conversion over Ce-Cu-SAPO-18 increased at higher temperatures.

Figure 4. Catalytic activities for NH3 oxidation over the (a) fresh and (b) hydrothermally aged
Cu-SAPO-18 and M-Cu-SAPO-18 samples at a GHVS of 130,000 h−1. The reactant feed composition:
500 ppm NH3, 14 vol % O2, and N2 (balance).

Figure 4b shows the catalytic activities of NH3 oxidation over the hydrothermally aged
catalysts. Compared with their fresh counterparts, the Lu-Cu-SAPO-18-aged, Ho-Cu-SAPO-18-aged,
and Tb-Cu-SAPO-18-aged samples showed increased NH3 conversions and NOx selectivity.
This increase might be due to partial lattice damage and conversion of the copper site to an oxidized form,
as evidenced by the following H2-TPR results. Over Ce-Cu-SAPO-18-aged, however, NH3 conversion
and NOx selectivity in NH3 oxidation were not obviously changed. Actually, NH3 conversion exhibited
a slight decrease from 58.1% over fresh Ce-Cu-SAPO-18 to 56.4 % over Ce-Cu-SAPO-18-aged at
600 ◦C, and the extent of such a change was much less than those over the other samples. Therefore,
the changes in NH3 conversion and NOx selectivity during NH3 oxidation well explain the reason
why the catalytic activity over Ce-Cu-SAPO-18 was higher than that over Cu-SAPO-18, even after the
sample was hydrothermally aged.

2.3. Characterization of the Fresh and Aged Cu-SAPO-18 and M-Cu-SAPO-18 Catalysts

2.3.1. XRD and BET Results

Figure 5 shows XRD patterns of the fresh and aged M-Cu-SAPO-18 samples. As shown in
Figure 5a, the fresh M-Cu-SAPO-18 samples displayed the typical XRD pattern of zeolite with an
AEI framework [19], indicating that the structure was not destroyed after the adding of copper and
lanthanide elements. Furthermore, there were no distinct differences in XRD pattern of the Cu-SAPO-18
and M-Cu-SAPO-18 samples.

Figure 5b shows XRD patterns of the Cu-SAPO-18-aged and M-Cu-SAPO-18-aged samples.
Compared with the fresh samples, there was a change in diffraction peak intensity of the hydrothermally
aged samples, demonstrating a difference in the collapse extent of the zeolitic crystal structure after the
hydrothermal aging treatment. From Figure 5a,b, one can see that the structure was maintained in the
Ce-Cu-SAPO-18-aged and La-Cu-SAPO-18-aged catalysts. However, the crystallinity of M-Cu-SAPO-18
(M = Nd, Ho, Lu or Gd) decreased slightly, which might be due to partial damage of the zeolite structure
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due to the hydrothermal aging treatment. For the Tb-Cu-SAPO-18-aged sample, the hydrothermal
aging treatment caused more serious damage of the SAPO-18 crystal structure.

Figure 5. XRD patterns of the (a) fresh and (b) hydrothermally aged Cu-SAPO-18 and M-Cu-SAPO-18
samples.

BET surface areas and micropore volumes of the samples are summarized in Table 1. Surface area
and micropore volume did not change much after loading the lanthanides on the Cu-SAPO-18 support,
which was consistent with the XRD results. This result indicates that loading of the lanthanides had
little effect on the structure of Cu-SAPO-18. After hydrothermal aging, surface areas and micropore
volumes of all the samples decreased to various degrees, which indicates that the structure of these
samples collapsed differently. Among them, the Ce-Cu-SAPO-18 samples did not decrease significantly,
and surface area and micropore volume decreased by 11.92 and 15.02%, respectively.

Table 1. Chemical Compositions and BET Surface Areas of the Cu-SAPO-18 and M-Cu-SAPO-18 Samples.

Sample Cu (wt %) Lanthanide
(wt %)

Al
(wt %)

P
(wt %)

Si
(wt %)

SBET
(m2/g)

Micropore
Volume (cm3/g)

Cu-SAPO-18 1.76 - 31.57 53.19 10.63 597 0.234
Cu-SAPO-18-aged 1.76 - 31.57 53.19 10.63 304 0.129

La-Cu-SAPO-18 1.69 1.27 30.80 53.62 8.95 563 0.229
La-Cu-SAPO-18-aged 1.69 1.27 30.80 53.62 8.95 428 0.178

Ce-Cu-SAPO-18 1.71 1.24 29.62 53.94 10.56 579 0.233
Ce-Cu-SAPO-18-aged 1.71 1.24 29.62 53.94 10.56 510 0.198

Nd-Cu-SAPO-18 1.68 1.35 30.05 52.80 8.93 559 0.228
Nd-Cu-SAPO-18-aged 1.68 1.35 30.05 52.80 8.93 421 0.177

Gd-Cu-SAPO-18 1.57 1.36 29.76 51.56 9.29 561 0.229
Gd-Cu-SAPO-18-aged 1.57 1.36 29.76 51.56 9.29 366 0.144

Tb-Cu-SAPO-18 1.65 1.18 29.52 52.16 8.80 569 0.230
Tb-Cu-SAPO-18-aged 1.65 1.18 29.52 52.16 8.80 358 0.142

Ho-Cu-SAPO-18 1.55 1.18 29.92 51.58 8.42 556 0.228
Ho-Cu-SAPO-18-aged 1.55 1.31 29.92 51.58 8.42 410 0.174

Lu-Cu-SAPO-18 1.69 1.28 27.81 48.47 9.03 543 0.224
Lu-Cu-SAPO-18-aged 1.69 1.28 27.81 48.47 9.03 415 0.175

2.3.2. XPS Results

The types of copper species on the catalyst surface were detected using the XPS technique [20].
Figure 6 illustrates Cu 2p3/2 XPS spectra of the fresh Cu-SAPO-18 and M-Cu-SAPO-18 catalysts.
Each XPS spectrum shows two asymmetric signals that could be divided into three components at
binding energies (BEs) of 932.6–933, 934.6–936.5, and 945.67–947.7 eV. According to the literature [20],
the component at BE = 932.6–933 eV was assigned to the surface CuO species [21], while the one at
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BE = 934.6–936.5 eV corresponded to the surface isolated Cu2+ ions, and the peak at BE = 945.67–947.7 eV
was due to the shake-up satellite of the surface Cu2+ species on the fresh catalyst [22]. The Cu+ species
were not detected by the XPS technique, which might be owing to the lower Cu+ content in the
catalyst or the lower detection sensitivity of the XPS technique. The curve-fitting peaks of fresh
Cu-SAPO-18 and M-Cu-SAPO-18 and their surface Cu species contents are shown in Figure 6 and
Table 2, respectively. The surface Cu2+/Cusurf molar ratio (“Cu2+” represents the content of isolated
Cu2+ sites (i.e., in ion exchange positions of the zeolite structure) on the sample surface calculated from
the XPS results, while “Cusurf” represents the total copper content on the sample surface) decreased
in the sequence of Ce-Cu-SAPO-18 (0.333) > Tb-Cu-SAPO-18 (0.298) > Gd-Cu-SAPO-18 (0.278) >

La-Cu-SAPO-18 (0.276) > Cu-SAPO-18 (0.238) > Ho-Cu-SAPO-18 (0.235) > Nd-Cu-SAPO-18 (0.230) >

Lu-Cu-SAPO-18 (0.225). Compared with the fresh Cu-SAPO-18 sample, the Cu2+/Cusurf molar ratio
changed after the doping of lanthanide elements. For example, the surface Cu2+/Cusurf molar ratio
increased after the doping of Ce, Tb, Gd or La, which was attributed to the synergistic effect of the
lanthanide element and Cu species in the AEI-structured zeolitic skeleton [23]. The Cu2+/Cusurf molar
ratio, however, decreased after Ho, Nd or Lu doping, which was due to the fact that the doping of such
lanthanide elements might block the zeolite channels and/or occupy the active Cu2+ sites. Among
the M-Cu-SAPO-18 samples, the highest surface Cu2+/Cusurf molar ratio (0.333) was achieved on
Ce-Cu-SAPO-18. Therefore, after adding cerium, activity of the catalyst was improved. This result was
due to synergistic effect of the cerium and copper species, which increased the separated copper ions,
thereby enhancing the catalytic activity.

Figure 6. Cu 2p3/2 XPS spectra of the fresh Cu-SAPO-18 and M-Cu-SAPO-18 samples.

Figure 7 and Table 2 show the curve-fitting peaks and surface copper contents of the hydrothermally
aged Cu-SAPO-18 and M-Cu-SAPO-18. The Cu2+/Cusurf molar ratio decreased according to the
following order: Ce-Cu-SAPO-18-aged (0.275) > Gd-Cu-SAPO-18-aged (0.185) > Nd-Cu-SAPO-18-aged
(0.178) > La-Cu-SAPO-18- aged (0.175) > Cu-SAPO-18-aged (0.161) > Lu-Cu-SAPO-18-aged (0.132) >

Ho-Cu-SAPO-18-aged (0.128) > Tb-Cu-SAPO-18-aged (0.126). Compared with their fresh counterparts,
surface Cu2+/Cusurf molar ratio of the hydrothermally aged samples changed in different extents.

For example, the Cu2+/Cusurf molar ratio decreased from 0.333 on Ce-Cu-SAPO-18 to 0.275 on
Ce-Cu-SAPO-18-aged, which shows the lowest decrease in surface Cu2+/Cusurf molar ratio among all
of the samples before and after hydrothermal aging treatment. The surface Cu2+/Cusurf molar ratio
greatly decreased from 0.298 on Tb-Cu-SAPO-18 to 0.126 on Tb-Cu-SAPO-18-aged, which shows the
highest decrease in surface Cu2+/Cusurf molar ratio of all of the samples before and after hydrothermal
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aging treatment. Therefore, the Ce-Cu-SAPO-18 sample possessed the most stable surface Cu2+/Cusurf

molar ratio either before or after hydrothermal aging treatment, which was also in agreement with the
H2-TPR results (shown below).

Table 2. Cu2p3/2 XPS Curve-Fitting Results on the Surface of Cu-SAPO-18 and M-Cu-SAPO-18 Samples
Before and After Hydrothermal Aged Treatment.

Sample Isolated Cu2+

(mmol/g)
CuO

(mmol/g)
Cusurf

(mmol/g)
Cu2+/Cusurf
Molar Ratio

Cu-SAPO-18 0.0248 0.0900 0.1044 0.238
Cu-SAPO-18-aged 0.0131 0.0670 0.0812 0.161

La-Cu-SAPO-18 0.0456 0.1360 0.1651 0.276
La-Cu-SAPO-18-aged 0.0390 0.1950 0.2230 0.175

Ce-Cu-SAPO-18 0.0841 0.1685 0.2525 0.333
Ce-Cu-SAPO-18-aged 0.0674 0.1778 0.2452 0.275

Nd-Cu-SAPO-18 0.0460 0.1740 0.2000 0.230
Nd-Cu-SAPO-18-aged 0.0325 0.1489 0.1828 0.178

Gd-Cu-SAPO-18 0.0520 0.1444 0.1870 0.278
Gd-Cu-SAPO-18-aged 0.0401 0.1892 0.2169 0.185

Tb-Cu-SAPO-18 0.0638 0.1564 0.2142 0.298
Tb-Cu-SAPO-18-aged 0.0273 0.1880 0.2167 0.126

Ho-Cu-SAPO-18 0.0563 0.1994 0.2394 0.235
Ho-Cu-SAPO-18-aged 0.0228 0.1540 0.1783 0.128

Lu-Cu-SAPO-18 0.0414 0.1690 0.1840 0.225
Lu-Cu-SAPO-18-aged 0.0249 0.1586 0.1890 0.132

Figure 7. Cu 2p3/2 XPS spectra of the hydrothermally aged Cu-SAPO-18 and M-Cu-SAPO-18 samples.

Accordingly, a decrease in the surface Cu2+/Cusurf molar ratio indicates that Cu underwent
transformation or migration on the surface of the skeleton due to the hydrothermal aging treatment.
After introduction of Ce, hydrothermal stability of the catalyst was improved. This result was due to
the synergistic effect of Ce and Cu in the AEI framework [23] that resulted in stabilization of the active
centers and maintained activity of the catalyst.

2.3.3. H2-TPR Results

H2-TPR was performed to test interaction of the Cu and lanthanide elements. H2-TPR profiles of
all the samples are shown in Figures 8 and 9. Fresh samples displayed four reduction peaks. There
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were three reduction peaks below 500 oC, indicating that there were three types of Cu species in the
sample. According to the literature [24], the reduction peak (α) at low temperature was attributed to
reduction of the isolated Cu2+ ions in the 8MRs cage, which was related to the NH3-SCR reaction at
low temperatures. The reduction peak at mid-temperature (β) corresponded to reduction of the CuO
to Cu0 [25]. The peak (γ) at higher temperatures was considered as reduction of the Cu2+ ions in the
D6R cage [24], which was closely related to the activities in the mid-high temperature range.

Figure 8. H2-TPR profiles of the fresh samples.

Figure 9. H2-TPR profiles of the aged samples.

After adding the lanthanide, the γ peak below 600 oC in intenisty increased and the reduction
peaks above 600 oC changed as compared with the Cu-SAPO-18 catalyst. To confirm the assignments
of the reduction peaks, the free-Cu M-SAPO-18 catalysts were characterized by the H2-TPR technique
(Figure S2). The results show that the reduction peak temperatures of all of the M-SAPO-18 samples
were higher than 600 oC, which was consistent with the results reported earlier [25]. Combining the
H2-TPR results of the above M-SAPO-18 and Cu-SAPO-18 samples, one can realize that the γ peak
below 600 oC did not include reduction of the M element, which was consistent with the result reported
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in the literature [26]. Therefore, it is inferred that the increase in γ peak area of the M-Cu-SAPO-18
catalysts was only attributed to the increase in isolated Cu2+ content in the D6R cage [27,28] after
adding M element.

The estimated amounts of the copper species are summarized in Table 3. For the fresh samples,
the content of total isolated Cu2+ ions decreased in the following order: Ce-Cu-SAPO-18 (108.7 umol/g)
> Tb-Cu-SAPO-18 (102.5 µmol/g) > Gd-Cu- SAPO-18 (100.6 µmol/g) > La-Cu-SAPO-18 (99.9 µmol/g) >

Cu-SAPO-18 (98.3 µmol/g) > Ho-Cu-SAPO-18 (98 µmol/g) > Nd-Cu-SAPO-18 (96.6 µmol/g) > Lu-Cu-
SAPO-18 (81.4 µmol/g), which was in good consistence with the results of XPS.

Table 3. Quantitative Analysis on the H2-TPR Profiles of the Samples.

Sample Isolated Cu2+ (µmol/g) Total Cu2+

(µmol/g)
CuO

(µmol/g)8MRs D6R

Cu-SAPO-18 51.1 47.2 98.3 116.3
Cu-SAPO-18-aged 33.9 36.7 70.6 156.9

La-Cu-SAPO-18 46.8 53.1 99.9 112.4
La-Cu-SAPO-18-aged 39.4 42.2 81.6 140.8

Ce-Cu-SAPO-18 41.1 67.6 108.7 93.0
Ce-Cu-SAPO-18-aged 38.0 65.5 103.5 100.5

Nd-Cu-SAPO-18 46.2 50.4 96.6 115.1
Nd-Cu-SAPO-18-aged 41.7 39.4 81.1 136.1

Gd-Cu-SAPO-18 34.5 66.1 100.6 105.1
Gd-Cu-SAPO-18-aged 33.0 52.7 85.7 140.0

Tb-Cu-SAPO-18 60.3 42.2 102.5 103.8
Tb-Cu-SAPO-18-aged 26.4 23.5 49.9 176.4

Ho-Cu-SAPO-18 55.0 43.0 98 106.5
Ho-Cu-SAPO-18-aged 32.7 35.5 68.2 166.7

Lu-Cu-SAPO-18 47.8 33.6 81.4 126.9
Lu-Cu-SAPO-18-aged 28.2 19.9 48.1 148.1

However, amount of the isolated Cu2+ species in the D6R cage decreased in the sequence:
Ce-Cu-SAPO-18 (67.6 µmol/g) > Gd-Cu-SAPO-18 (66.1 µmol/g) > La-Cu-SAPO-18 (53.1 µmol/g)
> Nd-Cu-SAPO-18 (50.4 µmol/g) > Cu-SAPO-18 (47.2 µmol/g) > Ho-Cu-SAPO-18 (43.0 µmol/g) >

Tb-Cu-SAPO-18 (42.2 µmol/g) > Lu-Cu-SAPO-18 (33.6 µmol/g). Compared with the fresh Cu-SAPO-18
sample, amount of the isolated Cu2+ species in the D6R cage increased after the doping of Ce, Gd, La or
Nd, whereas it decreased after the doping of Ho, Tb or Lu. For example, amount of the isolated Cu2+

species in the D6R cage increased from 47.2 µmol/g in Cu-SAPO-18 to 67.6 µmol/g in Ce-Cu-SAPO-18,
but that in the 8MRs cage decreased from 51.1 µmol/g in Cu-SAPO-18 to 41.1 µmol/g in Ce-Cu-SAPO-18.
On the contrary, amount of the isolated Cu2+ species in the D6R cage decreased from 47.2 µmol/g in
Cu-SAPO-18 to 42.2 µmol/g in Tb-Cu-SAPO-18, and that in the 8MRs cage increased from 51.1 µmol/g
in Cu- SAPO-18 to 60.3 µmol/g in Tb-Cu-SAPO-18. The results indicate that the Ce-doped sample was
conducive to incorporation of the Cu species to the D6R sites of SAPO-18, and the Tb-doped sample
promoted the Cu species to enter the 8MRs cage of SAPO-18. The results of our previous work [29]
showed that stability of the isolated Cu2+ species in the D6R cage was better than that of the isolated
Cu2+ species in the 8MRs cage. The addition of Ce not only increased overall amount of the isolated
Cu2+ species, but also improved stability of Ce-Cu-SAPO-18.

H2-TPR profiles and amounts of the copper species after the hydrothermal aged treatment are also
shown in Figure 9 and Table 3, respectively. It can be seen that there were some differences in Cu species
of the samples before and after hydrothermal aging treatment. Amount of the total isolated Cu2+

ions decreased in the following order: Ce-Cu-SAPO-18-aged (103.5 µmol/g) > Gd-Cu-SAPO-18-aged
(85.7 µmol/g) > La-Cu-SAPO-18-aged (81.6 µmol/g) > Nd-Cu-SAPO-18-aged (81.1 µmol/g) > Cu-SAPO-
18-aged (70.6 µmol/g) > Ho-Cu-SAPO-18-aged (68.2 µmol/g) > Tb-Cu-SAPO-18-aged (49.9 µmol/g)
> Lu-Cu-SAPO-18-aged (48.1 µmol/g), which was in good agreement with the sequence in amount
of the isolated Cu2+ species in the D6R cage of the fresh samples. The results confirm that the
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more the isolated Cu2+ species amount in the D6R cage, the more stable was the sample [29].
Furthermore, as compared with Cu-SAPO-18, the Ce-Cu-SAPO-18, Gd-Cu-SAPO-18, La-Cu- SAPO-18,
and Nd-Cu-SAPO-18 samples contained more amounts of the isolated Cu2+ species in the D6R
cage, resulting in a better hydrothermal aging performance than the Cu-SAPO-18 sample. On the
contrary, for the Ho-Cu-SAPO-18, Tb-Cu-SAPO-18, and Lu-Cu-SAPO-18 samples, more amounts of
the isolated Cu2+ species in the 8MRs cage (Table 3) led to the poor hydrothermal aging performance.
Particularly, for Ce-Cu-SAPO-18, the isolated Cu2+ species amount decreased slightly from 108.7 umol/g
in Ce-Cu-SAPO-18 to 103.5 µmol/g in Ce-Cu-SAPO-18-aged, which was the lowest loss in amount of the
isolated Cu2+ species in all of the samples. The amount of the isolated Cu2+ species, however, decreased
significantly from 102.5 µmol/g in Tb-Cu-SAPO-18 to 49.9 µmol/g in Tb-Cu-SAPO-18-aged. It again
confirms that Ce-Cu-SAPO-18 had the most stable isolated Cu2+ species amount either before or after
hydrothermal aging treatment, which were in good consistence with the results of XPS characterization.

2.3.4. NMR Results

Solid-state NMR technique was used to study the changes in skeleton structure of the samples
before and after hydrothermal aging treatment. 27Al solid-state NMR spectrum of a zeolitic sample can
provide information related to coordination states of the Al species in the sample. From Figure 1, it can
be seen that catalytic activities over the Tb-Cu-SAPO-18 samples before and after hydrothermal aging
treatment were quite different, but those over the fresh and hydrothermally aged Ce-Cu-SAPO-18
samples remained almost unchanged. In order to explore the changes in zeolitic skeleton structure,
27Al MAS NMR characterization of the Cu-SAPO-18, Ce-Cu-SAPO-18, and Tb-Cu-SAPO-18 samples
before and after hydrothermal aging treatment was performed, and their spectra are shown in Figure 10.
For the SAPO-18 sample, the featured signal at 38 ppm was attributed to the framework of tetrahedral
Al (Alf) [30], whereas the one at −7 ppm was ascribed to the extra-framework of octahedral Al [31].
As shown in Figure 10, only a small amount of extra-framework Al atoms were detected, while almost
all of the Al atoms stayed as Alf in the fresh samples. After hydrothermal aging treatment, intensity
of the signal at 38 ppm decreased significantly in the Cu-SAPO-18 and Tb-Cu-SAPO-18 samples.
Compared with Cu-SAPO-18 (decrease by 35.1%), Tb-Cu-SAPO-18 (decrease by 66.8 %) showed a
more obvious Alf loss after hydrothermal treatment. In contrast, there was slight change (decrease by
4.1%) in peak intensity of Ce-Cu-SAPO-18. The change in hydrothermal stability of the sample was
observed to be consistent with the alteration in SCR activity. Obviously, these results confirm that Ce
doping could stabilize the framework Al in the Al-rich Cu-SAPO-18 sample.

Figure 10. 27Al NMR spectra of before (black line) and after (red line) hydrothermally aged Cu-SAPO-18
and M-Cu-SAPO-18 (M = Ce or Tb).
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2.3.5. NH3-TPD Results

Acidity is an important parameter related to NH3-SCR activity of a catalyst. The activation and
adsorption of NH3 is often used to determine the acid center of the zeolitic material [32]. Although
acidic sites were not the decisive factors affecting catalytic activity, it could indirectly help us to elucidate
properties of the catalysts. Figure 11 shows NH3-TPD profiles of the fresh and hydrothermally aged
Cu-SAPO-18 and M-Cu-SAPO-18 catalysts. In the fresh samples, there were three peaks at 200, 350,
and 500 oC. According to the literature [29,33], the desorption peak at 200 oC was ascribed to physical
adsorption of the NH3 or adsorption of the NH3 on the surface hydroxyl group (Si–OH, P–OH or
Al–OH), the one at 350 oC was a strong Lewis acid site produced by the Cu2+ ion exchange [34],
and the one at above 500 oC was due to adsorption of the NH3 on the structural Brønsted acid sites
with moderately strong acidity. The acid amount of the catalyst was obtained by curve-fitting of
the NH3-TPD profiles, as shown in Table 4. Amount of the total acid sites decreased in the order of
Cu-SAPO-18 (0.634 mmol/g) > Ce-Cu-SAPO-18 (0.584 mmol/g) > Tb-Cu-SAPO-18 (0.508 mmol/g) >

Gd-Cu-SAPO-18 (0.499 mmol/g) > La-Cu-SAPO-18 (0.489 mmol/g)> Ho-Cu-SAPO-18 (0.476 mmol/g) >

Lu-Cu-SAPO-18 (0.473 mmol/g) > Nd-Cu-SAPO-18 (0.467 mmol/g). The total acid quantity of the fresh
M-Cu-SAPO-18 samples showed a decreasing trend, which might be due to the fact that the lanthanide
element substituted the H+ in −Si−O(H)−Al and reduced acidity of the catalyst or partial metal species
were enriched by covering the acid sites [18]. When Lu was added to Cu-SAPO-18, however, amount
of the total acid sites decreased most obviously from 0.634 mmol/g in Cu-SAPO-18 to 0.473 mmol/g in
Lu-Cu-SAPO-18. Meanwhile, amount of the acid sites decreased only slightly from 0.634 mmol/g in
Cu-SAPO-18 to 0.584 mmol/g in Ce-Cu-SAPO-18. Additionally, amount of the Lewis acid sites increased
slightly from 0.101 mmol/g in Cu-SAPO-18 to 0.159 mmol/g in Ce-Cu-SAPO-18, indicating that the more
abundant isolated Cu2+ species existed in Ce-Cu-SAPO-18, which was in good agreement with the XPS
and TPR characterization results. The changes in amount of the moderate acid sites might be related to
the Ce- and Cu-doping effect. Figure 11 shows NH3-TPD profiles of the M-Cu-SAPO-18-aged samples.
After hydrothermal aging treatment, intensity of the NH3 desorption peaks of the M-Cu-SAPO-18-aged
and Cu-SAPO-18-aged samples was reduced, as compared with that of their fresh counterparts,
indicating that amounts of the Lewis acid sites and Brønsted acid sites decreased after hydrothermal
aging treatment. The reduction in the number of acid centers might be due to partial destruction of the
zeolitic structure (27Al NMR results (Figure 10)) and a decrease in the number of the active Cu2+ species
in the sample (H2-TPR results (Figures 8 and 9 and Table 3)). As shown in Table 4, amount of the total
acid sites decreased in the order of Ce-Cu-SAPO-18-aged (0.535 mmol/g) > Gd-Cu-SAPO-18-aged
(0.458 mmol/g) > La-Cu-SAPO-18-aged (0.443 mmol/g) > Nd-Cu-SAPO-18-aged (0.386 mmol/g) >

Cu-SAPO-18-aged (0.381 mmol/g) > Ho-Cu-SAPO-18-aged (0.375 mmol/g) > Tb-Cu-SAPO-18-aged
(0.354 mmol/g) > Lu-Cu-SAPO-18-aged (0.348 mmol/g). The decrease in total acid amount was related
to structure destruction of the sample and decrease in content of the isolated Cu2+ ions. By comparing
the fresh Cu-SAPO-18 and Ce-Cu-SAPO-18 catalysts, the influence of hydrothermal aging treatment on
acid amount of Ce-Cu-SAPO-18 was relatively small, and amount of the acid sites decreased slightly
from 0.584 mmol/g in Ce-Cu-SAPO-18 to 0.535 mmol/g in Ce-Cu-SAPO-18-aged. Furthermore, the
most prominent difference was that the amount of the NH3 desorbed from the Brønsted acid sites
in all of the hydrothermally aged samples above 500 ◦C decreased considerably. In particular, the
NH3 desorption above 500 ◦C was still observed from the hydrothermally aged Ce-Cu-SAPO-18
sample. The acid quantity of NH3 desorption above 500 ◦C of Ce-Cu-SAPO-18-aged was found to
be approximately 0.301 mmol/g, corresponding to 94.7% of acid quantity of NH3 desorption above
500 ◦C (0.318 mmol/g) of Ce-Cu-SAPO-18. For the other samples, high-temperature NH3 desorption
decreased obviously. The acid quantity of NH3 desorption from the mental ions and other Lewis acid
sites of Ce-Cu-SAPO-18-aged below 500 ◦C did not change significantly, as compared with that of
Ce-Cu-SAPO-18. In particular, the Ce-Cu-SAPO-18-aged sample possessed a higher ammonia storage
capacity than the other aged samples.
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Figure 11. NH3-TPD profiles of the fresh and hydrothermally aged Cu-SAPO-18 and M-CuSAPO-18 samples.

Table 4. Acidity of the Samples Obtained from Their NH3-TPD Profiles.

Sample
Acidity (mmol/g) Amount

(mmol/g)Weak Moderate Strong

Cu-SAPO-18 0.204 0.101 0.329 0.634
Cu-SAPO-18-aged 0.071 0.086 0.224 0.381

La-Cu-SAPO-18 0.082 0.085 0.322 0.489
La-Cu-SAPO-18-aged 0.070 0.074 0.289 0.443

Ce-Cu-SAPO-18 0.107 0.159 0.318 0.584
Ce-Cu-SAPO-18-aged 0.143 0.091 0.301 0.535

Nd-Cu-SAPO-18 0.097 0.090 0.280 0.467
Nd-Cu-SAPO-18-aged 0.079 0.065 0.242 0.386

Gd-Cu-SAPO-18 0.084 0.089 0.326 0.499
Gd-Cu-SAPO-18-aged 0.073 0.086 0.299 0.458

Tb-Cu-SAPO-18 0.104 0.103 0.301 0.508
Tb-Cu-SAPO-18-aged 0.081 0.074 0.199 0.354

Ho-Cu-SAPO-18 0.091 0.092 0.293 0.476
Ho-Cu-SAPO-18-aged 0.080 0.084 0.211 0.375

Lu-Cu-SAPO-18 0.078 0.085 0.310 0.473
Lu-Cu-SAPO-18-aged 0.075 0.081 0.192 0.348

2.3.6. Reactivity of NH3 Adsorption

The performance of the samples before and after hydrothermal aging can be verified by the NH3

adsorption DRIFTS characterization. NH3 was used as a probe molecule to estimate the acidity of a
sample [35]. Ammonia can be adsorbed on the Lewis and Brønsted acid sites [33]. DRIFTS spectra
of the samples are shown in Figures 12 and 13. For the fresh samples, there were the bands at 3671,
3625, and 3600 cm−1, which were attributed to the OH species on the sample surface [30]. For example,
the band at 3671 cm−1 was due to the NH3 adsorbed on the P−OH sites [30,36], and the one at 3625
and 3600 cm−1 corresponded to the bending vibration of the Al−OH−Si bond [37,38], which was
the feature of the Brønsted acid sites in the 8MRs cage [36]. As a solid sample, frequency of the OH
stretching vibration is in the range of 3500−3300 cm−1, while those after NH3 adsorption appeared at
3600, 3625 and 3671 cm−1. It shows that position of the peak really was shifted due to the interaction
of NH3, which was consistent with the results reported by Y. Li et al. [39]. Additionally, the bands
at 3000−3400 cm−1 were attributed to the N−H bonds [30]. Figure 12 presents the corresponding
internal asymmetric T−O−T vibration vas(T−O−T) of fresh samples. The vas(T−O−T) feature was
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caused by disturbance of the Cu2+ ions near the frame. The band at 840 cm−1 was induced by the Cu2+

ions near to the D6R cage, while the band at 910 cm−1 was related to the Cu2+ ions near to the 8MR
cage. Hun et al. [40] assigned the bands at 850 and 900 cm−1 to the Cu2+ in the D6R and CHA cages,
respectively, and the low frequency broad band was caused by the different coordination environment
of Cu2+. The Cu and lanthanide contents in the samples are shown in Table 1. As compared with
Cu-SAPO-18, the band at 859 cm−1 of Ce-Cu-SAPO-18 and Tb-Cu-SAPO-18 was strong in intensity
and well-resolved (Figure 12), suggesting migration of the Cu2+ ions to the D6R faces, which was
consistent with the H2-TPR results (Figure 8). For the other six samples, the band at 840 cm−1 became
much weaker in intensity and less resolved. Intensity of the band at 900 cm−1 increased with different
extents for the six samples except the Ce-Cu-SAPO-18 sample, which might be due to increase of the
Cu2+ content in the 8MRs cage after addition of the rare earth element.

Figure 12. DRIFT spectra of NH3 adsorbed on the fresh Cu-SAPO-18 and M-Cu-SAPO-18 samples.
Experimental conditions: the sample was exposed to 500 ppm NH3 (N2 as the balance gas) at 30 oC for
1 h, and the total flow was 100 mL/min.

Figure 13. DRIFT spectra of NH3 adsorbed on the hydrothermally aged Cu-SAPO-18 and M-Cu-SAPO-18
samples. Experimental conditions: the sample was exposed to 500 ppm NH3 (N2 as the balance gas) at
30 oC for 1 h, and the total flow was 100 mL/min.

Figure 13 shows DRIFTS spectra of NH3 adsorption on the hydrothermally aged samples. The band
intensity of NH3 adsorption on the hydrothermally aged samples decreased with different extents,



Catalysts 2020, 10, 336 15 of 18

which was consistent with the NH3-TPD results (Figure 11 and Table 4). In particular, the OH and N−H
tensile vibration of the Cu-SAPO-18 sample was significantly weakened, which was also attributed
to the collapse of the zeolitic structure caused by the hydrothermal aging treatment. It can be seen
that there were some differences in band intensity of the M-Cu-SAPO-18 samples before and after
the hydrothermal aging treatment. For example, compared with the fresh Ce-Cu-SAPO-18 sample,
intensity of the bands at 3671, 3625, and 3600 cm−1 of the Ce-Cu-SAPO-18-aged sample decreased
slightly. In addition, the bands at 840 and 900 cm−1 became much weaker in intensity and less resolved,
except for the Ce-Cu-SAPO-18-aged sample. The results demonstrate that after hydrothermal aging
treatment, amount of the isolated Cu2+ species decreased in the AEI structure, in good consistence
with the H2-TPR results (Figure 9). At the same time, it also confirms that Ce adding enhanced the
hydrothermal aging resistance of the Ce-Cu-SAPO-18 sample.

3. Experimental

3.1. Catalyst Preparation

N,N-diisopropyle-thylamine (C8H19N, DIPEA, Sinopharm Chemical Reagent Co., Ltd., Beijing,
China) was used as the template. NH4Cl (Sinopharm Chemical Reagent Co., Ltd., Beijing, China)
aqueous solution and H-SAPO-18 precursor were mixed for ion exchange to obtain the NH4/SAPO-18
sample. Afterwards, 1.0 g of NH4/SAPO-18 was added to 60 mL of the mixed solution containing desired
amounts of Cu(NO3)2 (Sinopharm Chemical Reagent Co., Ltd., Beijing, China) and M(NO3)3 (M = La,
Ce, Nd, Gd, Tb, Ho or Lu) (Sinopharm Chemical Reagent Co., Ltd., Beijing, China) under stirring.

Then, the samples were dried in an oven at 120 ◦C for 12 h to remove residual water and calcined
in an air flow (30 mL/min) at 500 ◦C for 6 h. In order to examine the hydrothermal stability, each of the
M-Cu-SAPO-18 samples was treated in a 10% H2O-containing air flow (300 mL/min) at 850 ◦C for 12 h.
The detailed preparation procedures are described in the Supplementary Materials.

3.2. Catalyst Characterization

Physicochemical properties of the M-Cu-SAPO-18 samples were characterized by means of
techniques, such as X-ray fluorescence spectrometer (XRF, Shimadzu, Kyoto, Japan), X-ray diffraction
(XRD, Philips, Amsterdam, Netherlands), N2 adsorption–desorption (BET, JWGB Sci & Tech Ltd.,
Beijing, China), X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific, 81 Wyman Street,
Waltham, MA, USA), hydrogen temperature-programmed reduction (H2-TPR, Beijing Biod Electronic
Technology Co., Ltd., Beijing, China), nuclear magnetic resonance (NMR, Agilent Technologies,
Shanghai, China), ammonia temperature-programmed desorption (NH3-TPD, Beijing Biod Electronic
Technology Co., Ltd., Beijing, China), and in situ diffused reflectance infrared Fourier transform
spectroscopy (in situ DRIFTS, Bruker, Karlsruhe, Germany). The detailed characterization procedures
are stated in the Supplementary Materials.

3.3. Catalytic Evaluation

Catalytic activities of the samples were evaluated using a using a fixed-bed quartz tubular
microreactor. The simulated exhaust gas consisted of 500 ppm NO, 500 ppm NH3, 14 vol % O2, 5 vol %
H2O, and N2 (balance) with a total flow rate of 300 mL/min. The exhaust gas consisted of 500 ppm NH3,
14 vol % O2, 5 vol % H2O, and N2 (balance) for NH3 oxidation. The detailed evaluation procedures are
described in the Supplementary Materials.

4. Conclusions

The lanthanide (La, Ce, Nd, Gd, Tb, Ho or Lu)-doped Cu-SAPO-18 catalysts were prepared using
the ion-exchange method. Doping of the lanthanide element influenced the zeolite structure and
interactions between copper and lanthanide ions. The introduction of Ce to Cu-SAPO-18 weakened the
interaction between Cu ions and AEI framework, which allowed the Cu ions to be positioned deeper
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in the 8MRs cage and became more reducible. Ce doping promoted the Cu2+ species to migrate to
the energetically favourable sites, whereas doping of the other lanthanide elements did not induce
such a promotion effect on Cu ions migration. Additionally, Ce doping could improve hydrothermal
stability of Cu-SAPO-18 by weakening hydrolysis of the zeolite structure during the hydrothermal
aging treatment process. Furthermore, doping of Ce increased the catalytic activity at low and high
temperatures, which was due to modification of the redox and/or isolated Cu2+ active sites. Therefore,
it is concluded that introduction of Ce could improve catalytic activity and hydrothermal stability
of the Cu-SAPO-18 sample, whereas doping of the other lanthanide elements did not exert such a
positive effect on catalytic activity and hydrothermal stability.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/3/336/s1,
Catalyst preparation procedures, catalyst characterization, catalytic evaluation, discussion, Figure S1: NO
conversion of the Cu-SAPO-18 and Ce-Cu-SAPO-18 catalysts at different calcination temperatures (500 and 600 ◦C).
The reactant feed composition: 500 ppm NO + 500 ppm NH3 + 14 vol % O2 + 5 vol % H2O + N2 (balance);
GHSV = 130,000 h−1, Figure S2: H2-TPR profiles of the M-SAPO-18 samples.
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