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Abstract

2

The Ce-Cu-SAPO-18 samples were prepared by the ion exchange method. Physicochemical properties of the samples were
systematically characterized by a number of analytical techniques, and Ce doping and hydrothermal temperature effects on
NH;-SCR activity of Cu-SAPO-18 were also investigated. The results show that doping of Ce increased NH;-SCR activity
and hydrothermal stability of the Cu-SAPO-18 sample. After Ce doping, a more amount of the isolated Cu?* ions entered
the D6R and the catalyst structure was more stable. The structure and catalytic activity of Ce-Cu-SAPO-18 remained almost
intact after hydrothermal aging at 650 °C. After hydrothermal aging at 850 °C, however, the structure of Ce-Cu-SAPO-18
was greatly destroyed, and its catalytic activity declined remarkably. The high-temperature hydrothermal aging treatment led
to decreases in amount of the isolated Cu?* ions and acidic sites, destroying in the zeolitic structure, and drop in NH;-SCR

activity.
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1 Introduction

Nitrogen oxides (NO,) emitted from diesel exhaust are the
main atmosphere pollutants [1]. NO, mainly refers to NO
and NO,, which are harmful to human health, especially to
the respiratory system [1]. Selective catalytic reduction of
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NO with ammonia (NH;-SCR) has been widely used as one
of the most effective technologies for the removal of NO,
from diesel engines [2—4], in which the core issue is the
availability of high-performance catalysts. The commercial
V,05/WO;-TiO, catalyst [5] has still many disadvantages,
such as vanadium toxicity, narrow temperature window, and
low hydrothermal stability [5], over which NH; can be oxi-
dized at high temperatures to produce NO, [6]. Therefore,
there is an urgent need to develop efficient catalysts for NO,
removal that show excellent NH;-SCR performance, wide
temperature windows, and good hydrothermal stability, and
high N, selectivity.

In recent decades, zeolites (e.g., SSZ-13 and SAPO-34)
have received extensive attention because of their porous
channel structures and high surface areas [7-10]. Cu-based
zeolites with a CHA structure, such as Cu-SSZ-13 and
Cu-SAPO-34, possess unique physicochemical proper-
ties. Among these porous materials, Cu-SSZ-13 has been
commercially to apply for the NH;-SCR of NO, emitted
from diesel exhaust [10-12]. The AEI structure is similar
to the CHA structure [13]. According to a report [14], Cu-
SAPO-18 with an AEI structure showed a high catalytic
activity for NH;-SCR. However, the overall activity of Cu-
SAPO-18 needs to be further improved. Lanthanide-doped
catalysts exhibit good oxygen storage ability and strong
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redox properties [15]. It has been found that the doping
of Ce to Cu-ZSM-5, Cu-SAPO-34 or Cu-SSZ-13 could
improve the high-temperature hydrothermal stability and
further broaden the operation temperature window [7, 16,
17]. In this work, we explore the effect of Ce doping on
the NH;-SCR performance and hydrothermal stability of
Cu-SAPO-18.

2 Experimental
2.1 Catalyst Synthesis

According to the literature [18], we use N,N-diisopropyleth-
ylamine as a template agent to synthesize SAPO-18. Details
of the preparation of SAPO-18 and NH,-SAPO-18 were
described in the Supplementary material.

Afterwards, an ion exchange method was employed to
prepare the Ce-Cu-SAPO-18 samples, in which 1.0 g of
NH,-SAPO-18 was dispersed in 29 mL of Cu(NO;), aque-
ous solution and 29 mL of Ce(NO;); aqueous solution [19,
20]. In order to obtain the samples after the hydrothermal
aging treatment, the samples were first treated in a 10 vol%
H,O-containing air flow (300 mL/min) at a ramp of 10 °C/
min from 30 to 650, 750 or 850 °C, and then maintained at
this temperature for 12 h.

Crystal structures of the samples were determined on an
X-ray diffractometer (XRD) using Cu Ka radiation. The Cu
and Ce contents in the samples were analyzed using an X-ray
fluorescence spectrometer (XRF). X-ray photoelectron spec-
troscopy (XPS) was used to determine the binding energies
of Cu 2p and Ce 2p as well as Cu and Ce concentrations
on the surface of the samples. H, temperature-programmed
reduction (H,-TPR) and ammonia temperature-programmed
desorption (NH;-TPD) of the samples were carried out on
the Builder PCA-1200 analyser. The in situ DRIFTS experi-
ment was carried out on a Bruker TENSOR II spectrometer
equipped with a smart collector and an MCT detector. For
the NH; or NO adsorption experiments, the sample was
exposed to a 500 ppm NO/N, flow or to a 500 ppm NH,/N,
flow. The NH; or NO adsorption spectrum of each sample
was obtained by subtracting the background spectrum that
was recorded by exposing the sample to a pure N, flow. The
detailed characterization procedures can be seen from the
Supplementary material.

2.2 Catalytic Activity Measurement

Catalytic activity evaluation of the samples was carried out
in a microreactor. 150 mg of sample and 150 mg of quartz
sand were mixed and put into the microreactor. NO concen-
trations at the inlet and outlet of the reactor were measured
by a Thermo Model 42i-HL analyzer. The simulated exhaust

gas was composed of 500 ppm NO, 500 ppm NH;, 14 vol%
0,., 5 vol% H,0, and N, (balance), and the total flow rate
was 300 mL/min. The gas hourly space velocity (GHSV)
was estimated to be 130,000 h™!.

3 Results
3.1 NH;-SCR Performance

NO conversions over the Ce-Cu-SAPO-18 samples with
different Ce contents are shown in Fig. S1. The Cu-
SAPO-18, Ce-Cu-SAPO-18 and Ce-SAPO-18 catalyst
activity and partial characterization data in this article are
quoted from our previous research [18]. The doping of
Ce obviously enhanced catalytic activity of Cu-SAPO-18.
Among the Ce-Cu-SAPO-18 samples with different Ce
contents, the one containing 1.24 wt% Ce exhibited the
widest reaction window and the best catalytic activity
(NO conversions exceeded 90% at 200-550 °C). There-
fore, the Ce-Cu-SAPO-18 sample with a Ce doping of
1.24 wt% was selected to investigate the hydrothermal
stability. Figure 1 shows the NH;-SCR performance of
the fresh and 850 °C-aged Cu-SAPO-18 (denoted as Cu-
SAPO-18-850) and the Ce-Cu-SAPO-18 samples with a
Ce doping of 1.24 wt% at hydrothermal aging treatment
(HAT) temperatures of 650, 750, and 850 °C (denoted as
Ce-Cu-SAPO-18-650, Ce-Cu-SAPO-18-750, and Ce-Cu-
SAPO-18-650, respectively). Obviously, compared with
Cu-SAPO-18, catalytic activity of the Ce-Cu-SAPO-18
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Fig. 1 NO conversion as a function of temperature for the NH;—
SCR reaction over the Cu-SAPO-18 and Ce-Cu-SAPO-18 samples
before and after hydrothermal treatment at different temperatures.
The reactant feed composition: 500 ppm NO, 500 ppm NH;, 14%
0,, 5% H,0, and N, (balanced); GHSV: 130,000 h~!. Cu-SAPO-18,
Ce-Cu-SAPO-18 catalyst activity data were obtained by our previous
research ref. [18]
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sample was better in the entire temperature range. Deacti-
vation of the Ce-Cu-SAPO-18 was not observed after the
hydrothermal aging treatment at 650 °C, wherein a NO
conversion of more than 90% was maintained in the range
of 250-500 °C. However, the activity at temperatures
higher than 400 °C declined after hydrothermal aging at
750 °C. A further rise in hydrothermal aging temperature
to 850 °C resulted in a significant decrease in NO conver-
sion at high temperatures, possibly due to sintering of the
active phase.

To further explore the role of Ce, hydrothermal stability
of the Cu-SAPO-18 and Ce-Cu-SAPO-18 samples after the
HAT at 850 °C were compared. As showed in Fig. 1, the
fresh Cu-SAPO-18 sample exhibited high catalytic activ-
ity (NO conversion exceeded 90% at a temperature range
of 250-450 °C). After the HAT at 850 °C, NO conver-
sion decreased to less than 85% in the whole temperature
range. Obviously, catalytic activity of the Ce-Cu-SAPO-18
sample was higher than that of the Cu-SAPO-18 sample
after the HAT at 850 °C, indicating that doping of Ce
to Cu-SAPO-18 considerably improved the hydrothermal
stability. To better understand the role of Ce, the NH;-SCR
activities of SAPO-18, Ce-SAPO-18 and Ce-SAPO-18-850
samples are shown in Fig. S2. Compared with the SAPO-
18 sample, catalytic activity of the Ce-SAPO-18 sample
did not change significantly, indicating that when 1.24 wt%
Ce was added, there were no more active sites added to
the sample, but the interaction of Ce and Cu enhanced the
NH;-SCR performance of Ce-Cu-SAPO-18. The reasons
for high hydrothermal stability of Ce-Cu-SAPO-18 were
explained below.

3.2 XRD and BET Results

In order to explore effect of the HAT on the sample
structure, XRD patterns of the Cu-SAPO-18 and Ce-Cu-
SAPO-18 samples before and after the HAT were recorded,
as shown in Fig. 2. Table 1 shows the BET surface area
of each sample. Upon hydrothermal aging at 650 °C, the
crystal structure and BET surface area of Ce-Cu-SAPO-18
were hardly changed. After hydrothermal aging at 750 °C,
crystal structure was partially destroyed and BET surface
area of the Ce-Cu-SAPO-18-750 sample decreased. How-
ever, crystal structure damage was serious when the HAT
temperature rose to 850 °C, resulting in a sharp drop in
surface area (e.g., from 597 m%/g for fresh Cu-SAPO-18 to
304 m*/g for Cu-SAPO-18-850 and 420 m?/g for Ce-Cu-
SAPO-18-850). Compared with the XRD and BET results of
Ce-Cu-SAPO-18 after the HAT at 850 °C, the Cu-SAPO-18
sample was destroyed more seriously, indicating that intro-
duction of Ce weakened damage of the sample structure
induced after the high-temperature HAT process. That is to

@ Springer

* * SAPO-18
N** O WURE. f

dhe M NN AN €

Intensity ( a.u.)
E—

a
HLELLE I I LR UL I I I
5 10 15 20 25 30 35 40 45
2 theta (0)

Fig.2 Powdered XRD patterns of (a) Cu-SAPO-18, (b) Cu-
SAPO-18-850, (c) Ce-Cu-SAPO-18, (d) Ce-Cu-SAPO-18-650, (e)
Ce-Cu-SAPO-18-750, and (f) Ce-Cu-SAPO-18-850

say, Ce doping was beneficial for maintaining the zeolitic
structure of the sample after the HAT at high temperatures.

3.3 NMR Results

In order to clarify the state of Al in the structure of the sam-
ples before and after the HAT, the 27A1 solid state NMR
experiments were carried out. 2’Al MAS NMR spectra of
the Ce-Cu-SAPO-18 samples before and after the HAT at
different temperatures are shown in Fig. 3. Feature peaks
at 38 ppm and —7 ppm were observed in these samples,
which belonged to the framework tetrahedral Al and the
extra-framework octahedral Al [8, 21], respectively. Upon
hydrothermal aging at 650 °C, intensity of the tetrahedral
Al signals in Ce-Cu-SAPO-18 did not change significantly.
When the hydrothermal aging temperature increased to
750 °C, intensity of the tetrahedral Al signals in Ce-Cu-
SAPO-18 decreased, especially that of the peak at 38 ppm
dropped by ca. 13%. With a rise in hydrothermal aging tem-
perature to 850 °C, peak intensity of the Ce-Cu-SAPO-18
samples decreased more significantly (e.g., the peak at
38 ppm decreased by ca. 23%).

To explore the effect of Ce doping on hydrothermal sta-
bility of Cu-SAPO-18, >’Al MAS NMR spectra of the Cu-
SAPO-18 and Ce-Cu-SAPO-18 samples before and after the
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Table 1 Chemical compositions

Sample Cu (wt%) Ce (Wt%) Al (Wt%) P (wt%) Si (Wt%) BET
and BET surface areas of the surface area
fresh and hydrothermally aged (m%g)
Cu-SAPO-18 and Ce-Cu-

SAPO-18 samples Cu-SAPO-18 1.76 - 31.57 53.19 10.63 597

Cu-SAPO-18-850 - - - - - 304

Ce-Cu-SAPO-18 1.71 1.24 29.62 53.94 10.56 579

Ce-Cu-SAPO-18-650 - - - - - 510

Ce-Cu-SAPO-18-750 - - - - - 460

Ce-Cu-SAPO-18-850 - - - - - 420

cuo—cu’
Ct;:M?‘)Cu ¢ Cu™ > Cu

80 60 40 20 0 -20 -40
Chemical shift (ppm)

Fig.3 Solid state 2’Al NMR spectra of (a) Ce-Cu-SAPO-18 and Ce-
Cu-SAPO-18-650, (b) Ce-Cu-SAPO-18 and Ce-Cu-SAPO-18-750;
(c) Ce-Cu-SAPO-18 and Ce-Cu-SAPO-18-850; (d) Cu-SAPO-18 and
Cu-SAPO-18-850

HAT at 850 °C are shown in Fig. 3. Intensity of the peak at
38 ppm of Cu-SAPO-18 decreased by 35.2% after the HAT
at 850 °C, while the Ce-Cu-SAPO-18 sample only dropped
by 22.7%. Apparently, dealumination of Cu-SAPO-18 was
more serious after the HAT at 850 °C. Therefore, it is clear
that the Ce addition can effectively reduce the dealumina-
tion in the hydrothermal aging process and promote the
hydrothermal stability of the Cu-SAPO-18 sample, result-
ing in excellent SCR activity. Fan et al. [20] also reported
that the introduction of a small amount of Ce or La into
Cu-SAPO-34 during the hydrothermal aging process could
effectively reduce the aggregation of copper and mitigate
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Fig.4 H,-TPR profiles of the Cu-SAPO-18 and Ce-Cu-SAPO-18
samples before and after the hydrothermal aging treatment

the dealumination progress of zeolite framework during the
HAT process, hence maintaining the relatively high surface
area and a uniform pore-size distribution of Cu-SAPO-34
sample. Based on the results of 27 Al solid state NMR, XRD,
and BET characterization, compared with those in the Ce-
Cu-SAPO-18-850 sample, dealumination and collapsing of
the zeolitic structure were more serious in the Cu-SAPO-18
sample after the hydrothermal aging at 850 °C, which con-
firms that Ce doping could stabilize the framework Al in
the sample.

3.4 Evolution of Cu Species

H,-TPR technique was used to investigate the changes of
reductive species in the samples before and after the HAT,
and their profiles are shown in Fig. 4. There were three
reduction peaks below 500 °C, which could be assigned to
reduction of the Cu species [10, 22]. The peak (peak «) at
ca. 220 °C belonged to reduction of the isolated Cu** ions
near to the 8MRs cage [10], which was related to catalytic
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activity of the sample in the SCR reaction at low tem-
peratures. The peak (peak f) at 310 °C was attributed to
reduction of the CuO to Cu® [22]. Another peak (peak y) at
400 °C was considered to reduction of the Cu** ions in the
D6R cage [10], which was closely associated with catalytic
activity of the sample in the medium- and high-temperature
range. In order to identify the reduction peak of Ce spe-
cies in the sample, Cu-free Ce-SAPO-18 was also prepared
and characterized by the H,-TPR technique (Fig. 4). It can
be seen that the reduction peak temperature of this sample
exceeded 600 °C, which was attributed to reduction of the
Ce species. Therefore, it can be inferred that the peak above
500 °C of Ce-Cu-SAPO-18 was partly due to reduction of
the Ce species.

To further investigate the effect of the HAT on amount
of the Cu species, the H,-TPR peaks of the samples before
and after the HAT were quantified via peak deconvolution,
and their results are summarized in Table 2. After the HAT
at 650 °C, amount of the total isolated Cu* species slightly
decreased from 0.109 mmol/g for the fresh Ce-Cu-SAPO-18
sample to 0.103 mmol/g for the Ce-Cu-SAPO-18-650
sample. After the HAT at 750 °C, amount of the total
isolated Cu”" species in Ce-Cu-SAPO-18-750 decreased
0.082 mmol/g. When the HAT temperature increased to
850 °C, amount of the total isolated Cu** species signifi-
cantly dropped to 0.073 mmol/g.

By Comparing amount of the total isolated Cu’*
ions in Ce-Cu-SAPO-18-850 (Fig. 4 and Table 2), that
in Cu-SAPO-18 obviously decreased by 0.053 mmol/g
(from 0.097 mmol/g in the fresh Cu-SAPO-18 sample to
0.044 mmol/g in the Cu-SAPO-18-850 sample), whereas
there was a decrease of 0.036 mmol/g in the Ce-Cu-
SAPO-18-850 sample as compared with that in the Ce-Cu-
SAPO-18 sample, indicating that a more serious decrease
in total isolated Cu®* species of Cu-SAPO-18. As shown in
data in Table 2, amount (0.069 mmol/g) of the isolated Cu?*t
species in the D6R of Ce-Cu-SAPO-18 was higher than that
(0.047 mmol/g) of Cu-SAPO-18. According to the literature

Table2 Amounts of copper species of the samples after quantitative
analysis on their H)-TPR profiles

Sample Isolated Cu?>*  Total Cu** CuO (mmol/g)
(mmol/g) (mmol/g)
8MR D6R
Cu-SAPO-18* 0.050 0.047 0.097 0.116
Cu-SAPO-18-850 0.012 0.032 0.044 0.169
Ce-Cu-SAPO-18? 0.040 0.069 0.109 0.100
Ce-Cu-SAPO-18-650 0.038 0.065 0.103 0.109
Ce-Cu-SAPO-18-750 0.028 0.054 0.082 0.120
Ce-Cu-SAPO-18-850 0.025 0.048 0.073 0.126

“Data were obtained by our previous research ref. [18]
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[10], a more amount of Cu®* in the D6R could enhance sta-
bility of a zeolitic sample. In addition, the CuO content in
the sample after Ce doping was reduced from 0.116 mmol/g
of Cu-SAPO-18 to 0.100 mmol/g of Ce-Cu-SAPO-18, indi-
cating that Cu addition reduced the agglomeration of Cu
species. Such a phenomenon was more obvious in hydrother-
mally aged samples (The CuO contents in Cu-SAPO-18-850
and Ce-Cu-SAPO-18-850 samples are 0.169 mmol/g and
0.126 mmol/g, respectively). Therefore, it can be deduced
that addition of Ce contributed to stabilization of the Cu**
species in the D6R cage of Ce-Cu-SAPO-18, i.e., Ce dop-
ing promoted amount of the Cu®" species to remain stable
during the hydrothermal aging process.

3.5 EPR Result

The Cu®* species can produce EPR signals, whereas the
other Cu species are silent in the EPR responses. The effect
of the HAT on amount of the Cu?* ions was explored by
the EPR technique, which can be used as a supplement to
H,-TPR. EPR spectra of the samples before and after the
HAT are shown in Figs. 5 and 6. As shown in Fig. 5, two
Cu?* species (labelled as a and ) were observed in the fresh
Cu-SAPO-18 and Ce-Cu-SAPO-18 samples, which were
attributed to the isolated Cu®* species in the D6R (g=2.42
mT and A;=124 G) and those in the CHA cage (g,=2.36 mT
and A;=122 G) [21], respectively.

As shown in Fig. 6, the hyperfine split associated with
the a and S species in Cu-SAPO-18 became significantly
weaker after the HAT at 850 °C. Moreover, a new Cu?*
ions (labelled as y) appeared, which was attributed to the
Cu** species on Al,05 (g,=2.35 mT and A= 126 G) [22],
a result probably due to destruction of the zeolitic crystal
structure. For Ce-Cu-SAPO-18, both a and f species had
little change and almost no y species appeared after the HAT
at 850 °C. Obviously, more amounts of the @ and f species
in the Ce-doped samples were retained after the HAT, indi-
cating that amount of the isolated Cu** species in the D6R
of the Ce-Cu-SAPO-18 sample was more than that of the
Cu-SAPO-18 sample, which was in good agreement with
the H,-TPR results. After adding Ce to Cu-SAPO-18, the
increase in amount of the Cu®* species in the D6R cage of
Ce-Cu-SAPO-18 might be a result due to the interaction
between Ce and Cu species, which promoted stability of
Ce-Cu-SAPO-18 after the HAT process.

3.6 Changes of Acidity

NH,-TPD experiments were conducted to evaluate acidic
sites of the samples before and after the HAT, and their pro-
files are shown in Fig. 7. There were three desorption peaks.
Peak A at lower temperatures (190-220 °C) was assigned
to physical adsorption of the NH; or adsorption of the
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Fig.5 EPR spectra of a ( A)
Cu-SAPO-18 and b Ce-Cu-
SAPO-18 before and after the
hydrothermal aging treatment
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Fig.6 Deconvolution of EPR spectra of the a fresh and b 850 °C-aged Cu-SAPO-18 and Ce-Cu-SAPO-18 samples

NH; on the surface hydroxyl groups (Si—OH, P—OH, and
Al—-OH) [23]. Peak B at medium temperatures (250-300 °C)
was attributed to the Lewis acid sites produced by the
isolated Cu* species [24]. The peak at higher tempera-
tures (450-500 °C) belonged to adsorption of the NH; at
the strong Brgnsted acid sites [23]. Table 3 lists the acid
amounts of the samples.

Figure 7a shows NH;-TPD profiles of the Ce-Cu-
SAPO-18 samples before and after the HAT at different tem-
peratures. After the HAT at different temperatures, amount
of each type acidic sites of the Ce-Cu-SAPO-18 sample

decreased, and the changes in amount of total acidic sites
were in the order of Ce-Cu-SAPO-18 (0.584 mmol/g) > Ce-
Cu-SAPO-18-650 (0.556 mmol/g) > Ce-Cu-SAPO-18-750
(0.546 mmol/g) > Ce-Cu-SAPO-18-850 (0.445 mmol/g).
Apparently, amount of the acidic sites in the sample
decreased when the HAT temperature rose. For example,
amount of the acid sites in the fresh Ce-Cu-SAPO-18 sample
decreased from 0.546 to 0.445 mmol/g after the sample was
hydrothermally aged at 850 °C, which might be due to the
structural damage during the high-temperature HAT process.
Amount of the total acid sites in the Cu-SAPO-18 sample
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Fig.7 NH;-TPD profiles of the fresh and hydrothermally aged Cu-SAPO-18 and Ce-Cu-SAPO-18 samples

Table 3 Acidity of the samples obtained from their NH;-TPD profiles

Sample Acidity (mmol/g) Total acidity
(mmol/g)
Weak  Moderate  Strong
Cu-SAPO-18* 0.204 0.101 0329  0.634
Cu-SAPO-18-850 0.071 0.076 0224  0.371
Ce-Cu-SAPO-18? 0.107  0.159 0318  0.584
Ce-Cu-SAPO-18-650  0.112  0.129 0315  0.556
Ce-Cu-SAPO-18-750  0.124  0.114 0.308  0.546
Ce-Cu-SAPO-18-850  0.143  0.091 0.211 0.445

#Data were obtained by our previous research ref. [18]

significantly decreased from 0.634 to 0.371 mmol/g after
the HAT at 850 °C. Obviously, amount of the acidic sites in
Cu-SAPO-18 decreased much more significantly than that
in Ce-Cu-SAPO-18. Additionally, amount (0.091 mmol/g)
of the Lewis acid sites formed by the isolated Cu®* species
in the Ce-Cu-SAPO-18-850 sample was also more than that
(0.076 mmol/g) in the Cu-SAPO-18 sample, indicating that
there was still presence of many isolated Cu®* species in Ce-
Cu-SAPO-18 after the HAT at 850 °C, which was in good
agreement with the H,-TPR results. In other words, doping
Ce could inhibit destruction of the acidic sites in the sample
after the HAT, as proven by the above XRD and *’Al MAS
NMR results.

3.7 NH; Adsorption Ability
NH; adsorption properties of the samples before and
after the HAT were characterized by the in situ DRIFTS

technique. The DRIFTS spectra of all samples are shown
in Fig. 8. It can be seen that all of the samples displayed
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Fig.8 The DRIFTS spectra of the NH;-saturated Cu-SAPO-18, Ce-
Cu-SAPO-18, Ce-Cu-SAPO-18-650, Ce-Cu-SAPO-18-750, and Ce-
Cu-SAPO-18-850 samples. Experimental conditions: the samples
were exposed to 500 ppm NH; in N, at 150 °C for 30 min, and the
total flow rate was 100 mL/min

characteristic bands at 3671, 3625, 3600, 3400-3000, 910,
and 840 cm™!. The bands at 3671, 3625, and 3600 cm™" were
attributed to the NH; adsorbed on the P-OH, Al-OH, and
Si—OH [12, 20], respectively, which were the characteristic
Brgnsted acid sites in the 8MRs cage [10, 12]. Addition-
ally, the band at 3000—3400 cm™! was assigned to the N—H
bonds [21]. The two negative bands at 840 and 908 cm™!
were due to the tetrahedral cation—oxygen—tetrahedral cat-
ion (T—O-T) framework vibrations of the samples [12, 20].
The band at 840 cm™" was associated with the Cu?* ions in
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the D6R, and the one at 910 cm™! was due to the Cu?* ions
in the 8MRs [20, 22]. Intensity of all of the bands assign-
able to the NH; adsorption on the samples after the HAT
decreased with different extents, which was consistent with
the H,-TPR and NH;-TPD results (Fig. 7 and Table 3).

As the hydrothermal temperature rose, intensity of the
bands at 3671, 3625, and 3600 cm~! became weaker. In
particular, when the temperature rose to 850 °C, intensity
of these bands decreased the most obviously, indicating
that the Brgnsted acid sites in the sample were significantly
reduced after the HAT at 850 °C. Intensity of the band at 840
and 908 cm™! also became weaker with the rise in hydro-
thermal aging temperature, indicating that amount of the
isolated Cu* species in the D6R and 8MR of the samples
decreased as the hydrothermal aging temperature increased.
Particularly, band intensity of the Cu-SAPO-18 sample was
weakened more seriously, as compared with that of the Ce-
Cu-SAPO-18 sample after the HAT at 850 °C. It can be
found from the above results that NH; adsorption capacity of
Ce-Cu-SAPO-18 was higher than that of Cu-SAPO-18 after
the HAT at 850 °C and introduction of Ce weakened damage
of the acidic sites in the samples during the hydrothermal
aging process.

4 Discussion

The results of activity evaluation indicate that Ce doping could
improve NH;-SCR performance and hydrothermal stability of
the Cu-SAPO-18 catalyst. Compared with Cu-SAPO-18-850,
Ce-Cu-SAPO-18-850 retained a higher surface area, a better
crystal structure, and less severe dealumination (Figs. 1-3).
This result indicates that addition of Ce weakened hydrolysis
of the zeolitic sample during the HAT process, thus allow-
ing the zeolitic structure to be mainly retained. Fan et al. [20]
reported that Ce addition could effectively reduce the hydro-
thermal aging dealumination process of the catalyst, while
Zhao et al. [24] claimed that the addition of rare earth ele-
ments increases the Al content of the zeolitic framework and
hence stabilize the Al in the zeolitic frame. From the results of
H,-TPR and EPR characterization (Figs. 4, 5 and Table 2), it
can be found that amount of the isolated Cu>* ions in the D6R
cage of Ce-Cu-SAPO-18 was more than that of Cu-SAPO-18.
According to the literature [10], the isolated Cu** species in
the D6R were more stable than the isolated Cu* species in the
8MR, which also made the isolated Cu?* in Ce-Cu-SAPO-18
more stable. Therefore, Ce-Cu-SAPO-18 possessed better
resistance ability to hydrothermal aging than Cu-SAPO-18.
Furthermore, the acid site change in Ce-Cu-SAPO-18 after
the HAT was not particularly big and acid sites in the Ce-Cu-
SAPO-18 samples were more stable, which might be a result
due to that the structure and isolated Cu* of/in the sample

were more stable after Ce doping, allowing acidic sites of the
sample to be largely retained after the HAT.

As the HAT temperature rose, deactivation of the Ce-Cu-
SAPO-18 sample became serious, which might be caused by
the following reasons: As the HAT temperature rose, damage
of the zeolitic structure was acumulated to a severe extent,
which caused surface area and surface acidity of the sample to
decrease, thus leading to drop in activity of the sample (Figs. 2
and 3). With a rise in hydrothermal aging temperature, amount
of the isolated Cu*" species in the sample gradually declined
(Fig. 4), which might be the main reason for catalyst deactiva-
tion. Therefore, it can be concluded that the HAT deactivated
the sample by destroying its zeolitic structure, decreasing acid-
ity, and reducing amount of the isolated Cu** species of/in the
sample.

5 Conclusions

Effect of Ce modification on hydrothermal aging property
of Cu-SAPO-18 was explored in detail. As compared with
Ce-Cu-SAPO-18, Cu-SAPO-18 was more severely destruc-
tive after the HAT. After adding Ce, effect of hydrothermal
aging on the Cu-SAPO-18 sample became weaker. The rea-
son for the deactivation of Cu-SAPO-18 after the HAT was
due to the fact: the Cu®* species in the 8MR cage were easily
aggregated to form the aggregated CuO, and further growth
of the aggregated CuO destroyed zeolitic structure of the Cu-
SAPO-18 sample. Doping of Ce exerted an influence on the
zeolitic structure and interaction between the Cu and Ce spe-
cies. Doping of Ce increased amount of the isolated Cu®* ions
in the D6R cage of Cu-SAPO-18, hence making the sample
more stable. Ce doping could improve the hydrothermal sta-
bility of Cu-SAPO-18 by weakening hydrolysis of the zeolitic
structure during the HAT process. Therefore, it is concluded
that introduction of Ce could protect the active components
(Cu**) and enhance stability of the zeolitic structure of the Cu-
SAPO-18 sample, thereby improving hydrothermal stability
of the sample. In addition, as the HAT temperature rose, the
zeolitic structure damage of Ce-Cu-SAPO-18 became more
serious, resulting in a decrease in catalytic activity.
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