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HIGHLIGHTS GRAPHICAL ABSTRACT
® The moisture stability of CuSAPO-34 The low-temperature moisture stability of CuSAPO-34 catalyst is improved by NH3-SCR reactant gas which exists
is improved by NH;3-SCR reactant gas. in working condition.

® The adspecies on CuSAPO-34 after
NH3-SCR reaction are NHj species.

® NH; adspecies prevent the decay of
Bronsted acid sites and reducibility of
cu?*.

® The protection effect of NH; adspecies
is prominent when T < 300 °C.

® The stability of CuSAPO-34 can be
improved by adjusting its location in

tailpipe.
ARTICLE INFO ABSTRACT
Keywords: The surface of CuSAPO-34 catalysts after NH3-SCR reaction (T < 400 °C) is revealed to have residual adspecies.
CuSAPO-34 Cycle hydration methods are designed to explore the influence of the residual species upon the moisture stability
Stability of CuSAPO-34. It is demonstrated that the residual species on the catalyst surface are NH; adspecies, which could
Residual ad_SPECieS help inhibit the transformation of Si(OAl), species to Si islands and prevent the decay of Bronsted acid sites
;e}l{f—_psrg;ectlon (BAS) during the hydration treatment; the better preserved acidity and the existence of NHj; facilitate the pre-
s servation of isolated Cu®* ions and their reducibility, and thus the SCR activity of the catalysts. The protective
effect of residual NH; species against the low-temperature water vapor is prominent when T < 300 °C, which
declines gradually and becomes weak when T > 400 °C due to the desorption of NH;3 adspecies. The present
work implies that the moisture stability of CuSAPO-34 catalyst could be simply ameliorated by locating it in an
appropriate zone of the tailpipe to avoid the excessive desorption of the NH3 adspecies.
1. Introduction technology has been regarded as one of the most efficient technologies
to eliminate NO,, in which NHj; is supplied by the in situ hydrolysis of
NOy emitted from lean burn vehicles is a major atmospheric pol- urea [3]. The typical after-treatment system consists of diesel oxidation

lutant, which causes serious environmental issues [1,2]. NH3-SCR catalyst (DOC), diesel particulate filter (DPF), SCR -catalyst and
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Fig. 1. The detailed treatment procedures for CuSAPO-34 catalysts. The procedures are designed to investigate the effect of the residual surface adspecies after the
NH3-SCR reaction on the moisture stability of CuSAPO-34. Four contact temperatures of NH;-SCR feed gas with the catalyst are investigated (200-400 °C). The
subsequent hydration temperature is 80 °C. The procedure is repeated for 6 times.

ammonia slip catalyst (ASC) in sequential [2]. In practice, periodical
regeneration is needed for the DPF, and a great deal of heat will im-
mediately transfer to the SCR unit (> 700 °C) [4]. Thus, excellent hy-
drothermal stability is a basic requirement for SCR catalysts. In recent
years, CuSAPO-34 catalyst receives much attention due to its excellent
NH3-SCR performance, high N, selectivity, outstanding hydrocarbon
resistance and high temperature hydrothermal stability [5-8].

One drawback that limits the practical application of CuSAPO-34 is
its high sensitivity to the low temperature vapor [9,10], since the SCR
catalyst has to encounter humid air during the cold-start or turn-off
period of the diesel engine. Leistner et al. once reported that the low-
temperature activity of CuSAPO-34 catalyst dropped sharply after hy-
dration treatment at 70 °C for 12 h. They claimed that the deactivation
of CuSAPO-34 was caused by the decrease of active Cu species upon
hydration treatment [11]. Wang et al. investigated the hydration sta-
bility of CuSAPO-34 with different Cu contents and found that the
sample with low content of Cu suffered an obvious activity drop upon
hydration treatment, similar as the results of Leistner. However, the
deterioration of CuSAPO-34 catalyst was ascribed to the framework
collapse, the decline of acid sites and the loss of active sites [12]. In
addition, we recently investigated the effect of hydration methods on
the stability of CuSAPO-34. It was revealed that compared with simply
prolonging the hydration duration, cycle hydration treatment with re-
peated hydration-calcination processes, which is closer to the condi-
tions of practical use of the catalyst, could induce a faster loss of the
strong BAS and a more pronounced decline of the reducibility of cupric
ions [13].

In practical application, except for the time during DPF regenera-
tion, the inlet temperature of the SCR unit is generally lower than
400 °C [3,14]. The NH3 used for the SCR reaction is supplied by the
hydrolysis of urea. The urea dosing system starts to work above 180 °C,
at which temperature the complete hydrolysis of urea occurs [3,15].
Therefore, the main operation temperature range of SCR catalyst is
between 180 and 400 °C. In addition, the surface of the CuSAPO-34 SCR
catalyst under working conditions should be unclean, which might be
covered by NHj species or NO species. After the turn-off of the NH;-
SCR system, these adspecies will reside (partially or completely) on the
surface of the catalyst, and exert influence on the stability of the cat-
alyst. However, as far as we know, less attention has been drawn to the
effect of these residual adspecies on the performance of CuSAPO-34
catalyst.

Herein, we investigated the residual adspecies on the surface of
CuSAPO-34 catalyst after NH3-SCR reaction, as well as the effect of
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residual adspecies on the moisture stability of CuSAPO-34.
Interestingly, it is demonstrated that the residual adspecies have a
powerful protection effect on the stability of CuSAPO-34 toward low-
temperature moisture.

2. Experimental
2.1. Synthesis, ion exchange and low-temperature hydration conditions

SAPO-34 was synthesized using diethylamine (DEA) as a template.
The gel molar ratio was 2.0DEA/0.4S5i05/1.0A1,03/1.0P505/50H,0.
The detailed synthetic procedure can be found in our recent study [13].

Direct-ion-exchange method was used to prepare CuSAPO-34 cata-
lyst [16]. 5g as-made molecular sieve was mixed with 100g Cu
(CH3COO0), solution (0.01 mol/L) at 50 °C. After stirring for 5h, the
solid was separated, washed and dried at 110 °C. The as-made sample
was calcined in air at 600 °C for 5h to remove the organics. The Cu
content and molar composition of SAPO-34 was 1.14wt% and
Sig.122Al0.495P0.38302 (XRF), respectively. The obtained fresh sample
was named as C.

The moisture stability of the catalyst was investigated by cycle hy-
dration procedure developed by us recently [13]. The calcined catalyst
was first hydrated at 80 °C under 10% H,0/N, flow (253.4 mL/min) for
30 min. Afterwards, the catalyst was heated to 600 °C in dry airflow
immediately. The hydration treatment was repeated for 6 times. More
details about the hydration process can be found in our previous study
[13]. The final sample was denoted as C-U.

To investigate the influence of the residual surface adspecies after
the NH3-SCR reaction on the moisture stability of CuSAPO-34 catalyst,
feed gas (322 mL/min) containing NH3; (500 ppm), NO (500 ppm), O,
(6.4%), H>0 (6.4%) and N, flowed through the calcined catalyst at
desired temperature for 50 min. Then, the catalyst was treated by dry
N, for 10 min, and cooled to 80 °C in N, (150 mL/min). Subsequently,
hydration treatment was conducted at 80 °C under a flow of 10% H,0 in
N, flow (253 mL/min) for 30 min. After that, the treated catalyst was
heated to 600 °C in a flow of dry air. The procedure was repeated for 6
times. The final sample was labeled as C-X (X represents the contact
temperature of NH3-SCR feed gas with the catalyst). Detailed treatment
procedures are illustrated in Fig. 1.

In addition, similar treatment procedures as those of the C-X cata-
lysts except using NO oxidation gas (NH3-SCR feed gas without NH3) or
NH; oxidation gas (NH3-SCR feed gas without NO) were conducted to
distinguish the effect of each reagent. The final samples were denoted
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Fig. 2. (a) Conversion of NOy on CuSAPO-34 catalysts before and after hy-
dration treatment, NH3-SCR feed gas was used for the treatment of catalysts C-
X. (b) Comparison of NO, conversion rate of the catalysts at 150, 175 and
200 °C.

as C-X-NHj; (using NH; oxidation gas) and C-X-NO (using NO oxidation
gas), where X represents the contact temperature of feed gas with the
catalyst.

2.2. Catalyst tests

NH;-SCR reaction was carried out in a fixed-bed quartz reactor as
our previous study [13]. For each test, 0.060g of CuSAPO-34 and
0.240 g of quartz beads (60-80 mesh) were blended and put into the
reactor. The catalyst was activated in N, at 550 °C for 2 h prior to ac-
tivity test. The feed gas contained NO (500 ppm), NH3 (500 ppm), H,O
(6.4%), O5 (6.4%) and N,. The gas hourly space velocity (GHSV) was
controlled as 300,000h~! (0.32L/min of total feed rate). The gas
compositions (NO, NO, and N,O) were continually monitored by an
FTIR spectrometer (Bruker). The FTIR spectra were collected after the
reaction reaching a steady state (about 40 min).

The formula shown below were used to determine the NO, con-
version and reaction rate:

NO, conversion (%)
— ([No]m - [No]out - [Noz]out - Z[Nzo]out)
[No]in

X 100 %
@
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NOy conversion (%) X Fx [C]
22.4Xm

rate =

mol-g~1.s7!
(mol-g ) @

Herein, F is 0.32 L/min (feed rate), [C] is 500 ppm (inlet NO, con-
centration) and m is 0.06 g (catalyst weight).

2.3. Catalyst characterization

In situ DRIFTS spectra were collected using a FTIR spectrometer
(Bruker) with high temperature chamber (ZnSe windows) and MCT
detector (64 scans, 4cm~! resolution). Before measurements, the
sample was activated in N, (40 mL/min) at 500°C for 40 min.
Background spectrum of the sample associated to each temperature was
recorded in N, flow independently. For NH3-TPD measurements, the
sample was first exposed to 1000 ppm of NH; at 150 °C for 40 min. After
purging with N, to reach a steady spectrum, the sample was heated to
specific temperature in Ny (20 mL/min). The spectrum was collected
after purging for 40 min at each specific temperature. NH3-SCR surface
reaction was conducted at 150, 200, 300, 350 and 400 °C, respectively.
A feed gas (40 mL/min) containing 500 ppm NO, 500 ppm NHj, 6.4% of
0O, and N, for balance passed through the sample for 40 min. Then the
spectrum was collected after purging the catalyst by N, for 40 min
(20 mL/min) at each specific temperature.

N, adsorption isotherms of the samples were determined on a
Micromeritics ASAP 2020 at —196 °C. Before analysis, each sample was
outgassed at 350 °C for 360 min. The micropore areas and volumes were
evaluated by t-plot method. The relative micropore areas were calcu-
lated by the following formula:

micropore area of the sample
P f D X 100%

micropore area of the sample C

3

The elemental composition was detected on a PANalytical X-ray
fluorescence (XRF) spectrometer. The 29Gi MAS NMR spectra were
measured using Bruker Avance III 600 spectrometer operating at 14.1 T
using a 4 mm double resonance MAS probe. The resonance frequency of
29i was 119.2 MHz. The spinning rates were 8 KHz using high power
proton decoupling. 4096 scans were accumulated with a /4 pulse
width of 2 us and a 10 s recycle delay. Kaolinite was utilized to calibrate
the chemical shifts. The powder XRD patterns were recorded on a
PANalytical X’Pert Pro X-ray diffractometer (Cu ka radiation). The re-
lative crystallinity of the samples was calculated from the three stron-
gest peaks in the XRD patterns. Ho-TPR and NH3-TPD measurements
were performed on a Micromeritics AutoChem II analyzer. For H,-TPR,
the sample (80 mg) was first degassed at 500 °C for 60 min under Ar
(30 mL/min) and then cooled to 100 °C. H-TPR was performed from
100 to 700 °C in 10% H,/Ar flow (10 °C/min, 30 mL/min). For NHj-
TPD, the sample (100 mg) was degassed at 500 °C for 60 min under He
and then cooled down to 120 °C. After that the sample was saturated
with NH3 under a flow of 2% NH3/He (30 mL/min) and further flushed
with He (30 mL/min) until the baseline was steady. Subsequently, NH;
desorption was carried out in the range of 120-600 °C at a rate of 10 °C/
min in flowing He (30 mL/min). The EPR spectra of Cu?* ions were
measured on Bruker A200 X-band spectrometer at —170 °C (9.50 GHz,
1.998 mW). The sweep field was in the range of 2000-4000 Gauss (G).
The amount of cupric ions over the sample was quantified by standard
cupric sulfate solution. The dehydrated samples for the test were pre-
pared as our previous study [13].

3. Results and discussion
3.1. Catalytic performance

Fig. 2a displays the NO, conversion results of the CuSAPO-34 before
and after different hydration treatments. The best catalytic performance
is observed for the fresh catalyst (sample C). The catalyst C-U, which
was obtained simply by low-temperature cycle hydration treatment,
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shows the worst catalytic activity. For the C-X catalyst series prepared
by repeated contacts of NH3-SCR feed gas (step 2 in Fig. 1) and low-
temperature hydration treatments (step 4 in Fig. 1), higher reaction
activities were observed, indicating an enhanced moisture stability.
Given the different treatment procedures for C-U and C-X catalysts, it is
speculated that some adspecies form and reside on the catalyst surface
during the feed gas contact treatment (step 2 in Fig. 1) and might
provide certain protection effect and thus help improve the moisture
stability of catalysts C-X. Besides, with the rise of the contact tem-
perature, the NH3-SCR activities, more prominently for those located in
the low-temperature range, show a declining trend for the C-X catalyst
series. This implies that the lower the in situ feed gas contact tem-
perature is, the better the protection effect we could get. To better
compare the activity change with the variation of the contact tem-
perature of NH3-SCR feed gas, the NO, conversion rates derived from
Fig. 2a at low temperatures are plotted and given in Fig. 2b. Clearly, the
protection effect of NH5-SCR gas on CuSAPO-34 is strong when the
contact temperature is <300 °C; further increasing the contact tem-
perature to 350 and 400 °C, the protection effect decreases drastically.
The N, selectivity on CuSAPO-34 catalysts is displayed in Fig. Al,
which is very high (> 96%) even after low-temperature hydration
treatment.

To identify the exact component associated with the protection ef-
fect in the NH3-SCR feed gas, NHs-free feed gas (NO oxidation gas) was
used for the catalyst treatment procedures as illustrated in Fig. 1. The
corresponding reaction results are displayed in Fig. A.2. Compared with
the fresh catalysts, an obvious activity decrease could be observed for
the hydrated catalyst treated with NO oxidation gas, suggesting the
trivial protection effect of NO oxidation gas. Moreover, the effect of NO-
free feed gas (NH; oxidation gas) was also explored. From Fig. 3a, all
the hydrated catalysts treated with NH;3 oxidation gas possess higher
NH;-SCR activities than the catalyst C-U, indicating that NH3 oxidation
gas treatment is beneficial for the moisture stability of CuSAPO-34
catalyst. To better indicate the activity variation as the contact tem-
perature of NH; oxidation gas, the NOy conversion rates of the catalysts
at 150, 175 and 200 °C are plotted and given in Fig. 3b. Obviously, the
protection effect of NH3 oxidation gas upon the moisture stability of
CuSAPO-34 resembles that of NH3-SCR feed gas (Fig. 2b). The above
results indicate that the NH; in NH3-SCR feed gas is crucial for im-
proving the moisture stability of CuSAPO-34.

3.2. NHj3 adspecies on CuSAPO-34 catalyst

NH;-TPD experiments were conducted to monitor the amount of
NH; adsorption on the fresh CuSAPO-34 at different temperatures. The
profiles are displayed in Fig. 4. When the adsorption temperature of
NH; is at 120 °C, two obvious desorption peaks centered at 194 and
429 °C can be observed, which correspond to weak and moderate/
strong acid sites, respectively. With the elevation of NH3; adsorption
temperature to 200 °C, one desorption peak centered at 429 °C together
with a shoulder around 300 °C are present. Further increasing the NH3
adsorption temperature to 300 and 350 °C, only symmetrical desorption
peaks centered around 429 °C could be recorded, the area of which
drops with the rising of adsorption temperature. For the sample that
adsorbs NH; at 400 °C, its NH3-TPD profile only contains a very small
peak at 504 °C, resulting from NH;3 desorption from stronger acid sites.
By assuming that the coverage of NH3; on CuSAPO-34 at 120 °C is 100%,
the relationship between the NH; coverage and temperature is plotted
and shown in Fig. 4 (inset). Clearly, the NH; coverage reduces linearly
with the increase of NH;3 adsorption temperature.

In-situ DRIFTS was further used to probe the NH3 adspecies over the
fresh CuSAPO-34 catalyst. The fresh catalyst was first saturated with
NH; under a NH3(500 ppm)-N, flow at 150 °C for 40 min and then
flushed with N, until the spectrum was stable. As displayed in Fig. 5,
the negative bands at 900 and 850 cm ! are ascribed to the perturba-
tion of T-O-T bonds by exchanged copper ions, which are consumed
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Fig. 3. (a) Conversion of NOy on CuSAPO-34 catalysts before and after hy-
dration treatment, NH3 oxidation gas (NH3-SCR feed gas without NO) was used
for the treatment of catalysts C-X-NH3. (b) Comparison of NOy conversion rate
of the catalysts at 150, 175 and 200 °C.

Fig. 4. NH3-TPD curves of the fresh CuSAPO-34 samples that adsorbed NH; at
different temperatures. The insert shows the relationship between the NHj
coverage and the NH; adsorption temperature.
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Fig. 5. NH5-TPD DRIFT spectra of the fresh CuSAPO-34 samples. Each spectrum
was collected after N, purging at each specific temperature for 40 min.

upon NH; adsorption due to the weakened interaction between the
copper ions and the zeolite framework [17,18]. The bands at 1609/
1291 and 1475cm ™' arise from the N-H bending vibration of NHs
adsorbed on the Lewis acid sites (LAS) and BAS, respectively [19,20].
The N-H stretching vibration region is located in the range of 3000 to
3400cm ™, in which the positive bands at 3376, 3320, 3289 and
3188 cm ™ are attributed to the physisorbed NH; molecule, the sym-
metric vibration of NH,*, the asymmetric vibration of NH," and the
NH; adsorbed on the Cu ions [19,21], respectively. In addition, the
negative band at 3675 cm ™! is due to the consumption of P-OH bond by
NH; [19,21], and the negative bands at 3621 and 3598 cm ™! are cor-
related with the consumption of Si-OH-Al bonds located at 8R channel
and D6R [22,23], respectively.

To study the desorption behavior of NH3 adspecies, NH;-TPD DRIFT
was performed and the collected spectra are displayed in Fig. 5. When
the desorption temperature increases from 150 to 200 °C, the negative
band at 3675 cm ™! ascribed to NH; on P-OH reduces drastically, while
the bands at 3621 and 3598 cm ™! corresponding to the Si-OH-Al
bonds only present a slight decrease, indicating that the desorption
peak at 195 °C in Fig. 4 mainly originates from the NH; desorption from
P-OH and a slight amount of weak BAS. Further elevating the deso-
rption temperature, the bands at 3621 and 3598 cm ™! reduce sig-
nificantly, and the corresponding exposure of the Si-OH-Al bonds is
calculated to be 50% at 300 °C and 90% at 400 °C according to the
recovery percentage of the peak area. The simultaneous decrease of the
bands at 3621 and 3598 cm ™' implies that the BAS located in the 8R
channel and D6R have similar acid strength. Meanwhile, with the rise
of the desorption temperature above 200 °C, a drop trend could also be
observed for the bands at 1475 and 1609 cm ™. It implies that the
desorption peak at 429 °C in Fig. 4 contains the contribution of NH3
desorbed from both LAS and BAS. Notably, after desorption at 400 °C,
weak absorbance signals at 1475 and 1609 cm ™! could still be dis-
cerned, corresponding to the residual NH3 adsorption on the BAS and
LAS with relatively stronger acidities. This is congruent with the pre-
sence of the tiny desorption peak at 504 °C in Fig. 4.

3.3. The residual surface adspecies on the CuSAPO-34 catalyst after the
NH3-SCR process

In-situ DRIFTS was employed to investigate the surface adspecies on
the CuSAPO-34 after the SCR reaction at different temperatures. The
spectra are presented in Fig. 6. The shapes and positions of the bands in
Fig. 6a are quite similar to those in Fig. 5, implying the existence of
adsorbed NHj3 on the catalyst surface. A mixture of NO and O, gas was
introduced to probe the NO, adspecies on CuSAPO-34 (Fig. A.3). As
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Fig. 6. (a) In-situ DRIFTS spectra of the fresh CuSAPO-34 after the NH3-SCR
process at different temperatures. Each spectrum was collected after exposing
the catalyst in the NH3-SCR gases for 40 min followed by N, purging for 40 min
at specific temperature. (b) Intensity comparison of NHj3 adspecies-related
signals during the NH3-SCR and NH3-TPD processes.

displayed in Fig. A.3, upon the adsorption of NO species, an increase of
the positive bands at 900 and 850 cm ™' could be observed, indicating
an enhanced interaction between the copper ions and the framework,
which should result from the adsorption of NO4 on Cu ions. Since no
positive bands at 900 and 850 cm ™! can be observed in Fig. 6a, the
adsorbability of NO, adspecies on the catalyst is supposed to be much
weaker than that of NH; during the SCR reaction. TPD-MS experiments
were also conducted to detect the residual species over the surface of
CuSAPO-34 after NH3-SCR reaction. From Fig. A.4, it is clear that cer-
tain amounts of NH; are retained on the catalyst after SCR reaction at
200 °C, which become rare after reaction at higher temperature of
400 °C. However, no signals due to the NOy adspecies can be discerned
over the catalyst surface, irrespective of the reaction temperature.

Fig. 6b further compares the intensity of NH3 adspecies-related
signals on CuSAPO-34 during the NH3-SCR process and NH3-TPD pro-
cess. It is clear that both the intensity and variation trend following the
temperature change are similar for the two sets of DRIFTS experiments,
confirming that the residual surface adspecies on CuSAPO-34 catalyst
after the NH3-SCR process are NHj3 species.
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Table 1
The textural properties and relative crystallinity of the CuSAPO-34 catalysts
before and after hydration treatments.

Sample Smicro' (M?/g) Viniero® (cm®/g) R, (%)? Ry (%)*
C 683 0.27 100 100
C-200 647 0.27 94.7 94
C-300 622 0.26 91.1 98
C-350 644 0.27 94.3 95
C-400 670 0.28 98.1 90

C-U 681 0.28 99.7 89

!Micropore surface area. Micropore volume. *Relative micropore surface area.
“Relative crystallinity (XRD results are shown in Fig. A.5).

3.4. The physicochemical properties of the CuSAPO-34 catalysts after
different hydration treatment procedures

3.4.1. Texture and structure

Table 1 presents the textural properties and relative crystallinity of
the samples. Both the relative microporous surface area (R;) and the
relative crystallinity (R,) of the treated samples are maintained at high
levels, indicating that different low-temperature hydration treatment
procedures in the present study have little impact on the texture and
structure of CuSAPO-34 samples.

3.4.2. Acid properties

It is well known that the acidity of the CuSAPO-34 catalysts is es-
sential for their SCR performance. Wang et al. reported that CuSAPO-34
with larger amounts of strong BAS had better SCR performance [19].
Recently, we confirmed that the decline of strong acid sites would cause
the decay of NH3-SCR performance [13]. In this study, NH3-TPD was
employed to monitor the protection effect of surface NH;z adspecies on
the acid sites of CuSAPO-34 against the hydration treatment. From
Fig. 7a, it is evident that the acid concentrations of the catalysts C-X
prepared by repeated contacts of NH3-SCR feed gas and hydration
treatments are larger than that of the catalyst C-U, indicating that the
residual NH; adspecies on the former catalysts can help preserve the
acid sites during the hydration treatment process.

Fig. 7b shows the de-convoluted results of the NH3-TPD curves of
the samples. Similar amounts of the weak acid sites are observed on all
the investigated catalysts, suggesting that the those sites are barely
perturbed by treatment procedures. The strong acid sites are also well
maintained when the contact temperature is below 300 °C (samples C-
200 and C-300). However, further increasing the contact temperature
to 350 °C (sample C-350) and 400 °C (sample C-400), the amounts of the
strong acid sites gradually decline. Since the content of the LAS over the
samples is relatively low, the reduction of the strong acid sites should
be mainly owing to the deterioration of the BAS. The deterioration
trend in strong acid sites consists with the decline of NOy conversion of
the catalysts.

Note that a turning point could be observed in the variation curve of
the strong acid sites (Fig. 7b, sample C-300). Given that the exposed
Bronsted acid sites without NH3 perturbation rise pseudo-linearly with
the increase of NH3-SCR reaction temperature as evidenced by in-situ
DRIFTS (Fig. 6b), the presence of the turning point in Fig. 7b suggests
that a critical value of surface NH; content exists for the better pre-
servation of the strong acid sites. More specifically, the residual NH3
adspecies on the catalyst surface treated at T < 300 °C could provide
better protection for the acidic Si-OH-Al bonds against hydrolysis (the
amount of NH; adspecies > critical value); at higher treatment tem-
peratures, the amount of the residual NH; adspecies drops, which leads
to the degradation of the protection effect and hence a prominent de-
cline of the strong acid sites.

3.4.3. ?°Si MAS NMR
The BAS of SAPO-34 are correlated to the Si species in the SAPO-34

Chemical Engineering Journal 374 (2019) 832-839

Fig. 7. (a) NH3-TPD curves of the CuSAPO-34 samples, (b) The variation of
weak and strong acid sites over the catalysts.

Fig. 8. 2°Si MAS NMR spectra of the CuSAPO-34 catalysts.

framework [24]. Hence, 2°Si MAS NMR was conducted to probe the Si
species in the CuSAPO-34 catalysts. From Fig. 8 and Fig. A.6, the 2°Si
spectrum of the fresh catalyst C presents one strong peak at —95 ppm
ascribed to Si(OAl), species, and one tiny shoulder resonance at around
—101 ppm due to Si(OAl); species [9,25], indicating that the majority
of the BAS in sample C are derived from Si(OAl), species.
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After hydration treatments, resonances due to Si(OAl),, Si(OAl),
and Si(OAl), species arise at —105.9, —110.6 and —115.6 ppm, re-
spectively. Note that no signals due to the defect Si, Al and P species
(Figs. A.6 and A.7) could be discerned, indicating that part of the Si
(OAl), species are directly transformed to Si islands without damage to
the structural integrity. This phenomenon is consistent with our pre-
vious results [13].

Fig. A.6 displays the de-convoluted 2°Si MAS NMR spectra. The
quantitative results are summarized in Table A.1. It can be found that
the Si environments over samples C-200 and C-300 are similar to those
of the fresh sample. With the rising of the contact temperature (the
hydrated catalysts C-350 and C-400), the ratio of Si islands apparently
increases, in accordance with the transformation of Si(OAl), species
and the reduction trend of the strong acid sites. The formation of Si-
islands should be caused by the migration and aggregation of the ad-
jacent Si species. For samples C-200 and C-300, the naked Si-OH-Al
bonds without NH; perturbation are less than 50% after contacting the
NH3-SCR feed gas, and hence the aggregation probability of adjacent
naked Si-OH-Al is low, which limits the formation of Si-islands. For
samples C-350 and C-400, with the decreased coverage of the NH; and
increased Si-OH-Al exposure, the aggregation probability increases, and
thus the formation of Si-islands becomes serious. The above results
suggests that the existence of surface NH; adspecies could help inhibit
the transformation of Si(OAl), species and improve the hydro-stability
of the BAS.

3.4.4. The location and the amount of isolated Cu?* ions

EPR was used to identify the amount and coordination environment
of isolated cupric ions (active sites) over CuSAPO-34. The spectra are
presented in Fig. 9. All samples display similar EPR signals (g,, = 2.36,
A,, =133 G), which can be ascribed to the cupric ions near the face
center of six-membered rings [26]. The quantitative results based on
the EPR spectra are displayed in Fig. 10. For the fresh sample C, about
86% of the total Cu can be found to exist as isolated cupric ions. The
amount of isolated cupric ions shows an increase for the treated cata-
lysts C-200, C-300 and C-350. This may be ascribed to the introduction
of the NH; during the treatment process, which facilitates the trans-
formation of CuO to cupric ions [27]. For C-400 and C-U with trivial
protection from the residual NH; species, the amount of cupric ions
decreases by 13% and 11%, respectively. This confirms the important
protective effect of the residual NH; adspecies upon the preservation of
cupric ions.

3.4.5. The reducibility of isolated cupric ions
Previous studies by other research groups as well as our group

Fig. 9. EPR spectra of the CuSAPO-34 catalysts.
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Fig. 10. The content of isolated Cu?>* ions over the CuSAPO-34 catalysts.

Fig. 11. H,-TPR curves of the CuSAPO-34.

revealed that the decay of reducibility of Cu®** — Cu* ions over
CuSAPO-34 would result in the decline of its NO, conversion
[13,28,29]. Herein, the reducibility of CuSAPO-34 was investigated by
H,-TPR. From Fig. 11, the evident peak at ca. 288 °C can be attributed
to the reduction of Cu?>* — Cu™ ions; the peak around 379 °C corre-
sponds to the further reduction of Cu* — Cu; the last inconspicuous
peak around 591 °C may result from the reduction of isolated cuprous
ions (more difficult to be reduced) [30-32].

For C-200 and C-300, compared with the fresh catalyst, similar peak
shapes and positions could be observed, suggesting the comparable
reducibility of Cu®?" ions in these treated catalysts. It is generally ac-
knowledged that the acidities and spatial proximity between acid sites
and Cu species are important to the reducibility of Cu species [13,33].
For catalysts C-200 and C-300, the well preserved acidity and Cu spe-
cies status, as revealed by the aforementioned characterization results
of NH5-TPD, 2°Si NMR and EPR, are assumed to account for the pre-
servation of the Cu®>" reducibility. However, for catalysts C-350 and C-
400, the peaks corresponding to the reduction of Cu®>* — Cu™ move to
higher temperature, and the reduction peak of Cu®™ — Cu° shifts to
lower temperature. The decreased reducibility of Cu>* — Cu* ions is
congruent with NH3-SCR activity decay and should be mainly caused by
the deterioration of the acid sites during the hydration treatment. The
above results imply that the residual NH; adspecies over the catalyst
after the SCR process facilitate the preservation of acid sites and the
reducibility of Cu?* ions against the low-temperature hydration
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treatment, both of which are essential for the NH3-SCR performance of
the catalysts.

4. Conclusions

In summary, it is demonstrated that the moisture stability of
CuSAPO-34 catalyst could be ameliorated by the residual adspecies
after the NH5-SCR reaction. In-situ DRIFTS and TPD-MS results reveal
that the residual species over the catalyst surface are NH3 adspecies,
which can help inhibit the migration/aggregation of Si(OAl), into Si
islands, and thus improve the stability of the BAS. Correspondingly, the
better-preserved acid sites and the existence of surface NH;3 adspecies
help prevent the loss of the isolated Cu®* ions and maintain their re-
ducibility during the hydration treatment. The protective effect func-
tions and the catalysts thus show improved low-temperature hydro-
stability. It is noted that this protective effect drops following the in-
crease of NH3-SCR reaction temperature owing to the desorption of
residual NH; adspecies; when T < 300 °C, the protection effect is no-
table; the protection effect declines gradually and becomes weak when
T > 400 °C. It is expected that our present findings could help promote
the practical application of CuSAPO-34 catalyst and enhance its
moisture stability by adjusting its location in the tailpipe to avoid the
impact of high temperature on the NH; desorption over the catalyst. In
addition, NH; pre-saturation may be applied for the freshly prepared
Cu-SAPO-34 catalyst to enhance its resistance to the moisture during
the storage.
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