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A novel Cu-exchanged catalyst, Cu-SAPO-56 prepared by direct ion exchange method, was studied for NH3-SCR
reaction. Cu-SAPO-56 exhibits excellent NH3-SCR activity and hydrothermal stability. The NOx conversion of Cu-
SAPO-56 maintains more than 90 % at a wide temperature range between 250 °C and 400 °C even after a
rigorous steam treatment (800 °C for 16 h or 50 °C for 24 h). The isolated Cu®" ions located in double 6-ring of
AFX structure are determined as the catalytic active sites. Both of Cu content and Si content in Cu-SAPO-56 play

critical roles in NH3-SCR activity and hydrothermal stability. The excellent catalytic performance and strong
hydrothermal stability exhibits the huge application potential of Cu-SAPO-56 for NH3-SCR reaction.

1. Introduction

Selective catalytic reduction of NOx (nitrogen oxides, including NO,
NO; and Ny0) by ammonia (NH3-SCR) is one of the most effective
technologies to reduce NOx emission [1]. The more and more stringent
NOx emission standards prompt the development of high efficient cat-
alysts for the NH3-SCR reaction. Cu-exchanged zeolite with excellent
catalytic activity and environmentally benign seems to be a promising
candidate [2,3]. Mesoporous zeolite Cu-ZSM-5 was proposed as an
efficient catalyst for NH3-SCR by Iwamoto in 1986 [4]. Unfortunately,
the macroporous and mesoporous zeolites, such as Cu-Beta, Cu-FAU and
Cu-MF]I, suffer from dealumination processes which lead to a bad hy-
drothermal stability [5,6].

Recently, the micropore Cu-exchanged zeolites such as Cu-SSZ-13
and Cu-SAPO-34 with better NH3-SCR activity and hydrothermal sta-
bility have been proposed as NH3-SCR catalysts [7]. The better NH3-SCR
performance of Cu-CHA is attributed to the preferential coordination of
Cu?* ions at double 6-ring (D6R) cages which are proved to be the
NH3-SCR activity sites. And the less dealumination confined by the small
8-ring channels contributes to its strong resistance for steam treatment
[8,9]. In addition to CHA, other Cu-exchanged micropore zeolites, such
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as Cu-SSZ-16, Cu-SSZ-39 and Cu-LTA, containing D6R cages in the
structures also have been found as suitable catalysts for NH3-SCR
[10-12].

The framework of Cu-SSZ-16 is AFX structure formed by three types
of cages: D6R cage, GME cage and large AFT cage with a smaller pore
size (3.4 x 3.6 [o\) than CHA pore size (3.8 x 3.8 [o\). Lobo et al. found Cu-
SSZ-16 had a comparable NH3-SCR activity to Cu-SSZ-13 indicating its
potential in NH3-SCR catalysts [13]. However, Cu-SSZ-16 is restricted by
the poor hydrothermal stability. The NOx conversion of Cu-SSZ-16 de-
creases obviously even after a mild hydrothermal treatment (750 °C for
7 h). The poor hydrothermal stability probably caused by the obvious
crystallinity decrease and loss of active Cu®* ion sites in aluminosilicate
framework under H,0 attack [14,15]. Compared to aluminosilicate ze-
olites, silicoaluminophosphate (SAPO) molecular sieves exhibit better
hydrothermal stability [16-19]. The desilicication defects can be healed
by the migration of the extra-framework P atoms during the hydro-
thermal treatment. At the same time, the surface CuO particulates in
SAPO molecular sieves may transform to active isolated Cu®>* ions which
further improves the NOx conversion [20,21]. Thus, SAPO molecular
sieves Cu-SAPO-56 with same AFX structure is a potential catalyst with
good NH3-SCR activity and better hydrothermal stability. However, the
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related research about its NH3-SCR activity and hydrothermal stability is
rare.

Cu exchanged SAPO molecular sieves generally prepared by a time-
consuming post-treatment method contained calculation for removing
templates, NHZ ion exchange and Cu?* ion exchange in aqueous solu-
tion. This process may cause the structural damage and crystallinity loss
due to the high sensitivity of the SAPO frameworks to HpO at low
temperature [22]. By contrast, direct ion exchange method only con-
tains Cu?" ion exchange procedure which employs the amine templates
for Cu-exchange. As the pores and cages are occupied by organic amines
and the negative Si-O-Al bonds are balanced by protonated amines,
SAPO framework is more resistant during the direct ion exchange pro-
cess [23].

Herein, we employed direct ion exchange method to prepare Cu-
SAPO-56 with different Si and Cu contents. We also reported the cata-
lytic properties of Cu-SAPO-56 for NH3-SCR. Nuclear magnetic reso-
nance (NMR), electron paramagnetic resonance (EPR), NHj
temperature-programmed desorption (NHs3-TPD), H, temperature-
programmed reduction (Hy-TPR), N, adsorption-desorption, X-ray
diffraction (XRD), X-ray fluorescence (XRF) and scanning electron mi-
croscopy (SEM) measurements were performed to investigate the
physicochemical characteristics and the active species of Cu-SAPO-56.
More importantly, the influences of Si and Cu contents to the NHs-
SCR activity and hydrothermal stability were further revealed over Cu-
SAPO-56 in our work.

2. Materials and methods
2.1. Raw materials

The raw materials used include phosphoric acid (HsPO4, 85 wt%),
tetraethyl orthosilicate (TEOS, 99 wt%), pseudoboehmite (Al;03, 77 wt
%), copper (II) acetate pentahydrate (Cu(Ac)2e5H>0, 98 wt%), ammo-
nium nitrate (NH4NO3, 99 wt%), N,N,N’,N-tetramethyl-1,6-hexanedi-
amine (TMHD, 99 wt%) and triethylamine (TEA, 99 wt%). All the
chemicals were obtained from commercial suppliers and used directly
without further purification.

2.2. Synthesis of SAPO-56

SAPO-56 was synthesized by using TMHD as a template. Typically,
pseudoboehmite was first dissolved into a certain amount of distilled
water followed by the addition of phosphoric acid, TEOS and TMHD.
The molar compositions of the final gels were 1.0 Al;03/1.2 P205/2.5
TMHD/(0.4-0.9) SiO2/58H50. The crystallization was carried out in
Teflon-lined autoclaves at 210 °C for 24 h under rotation. The products
were collected by centrifugation, washed with deionized H,0, and dried
at 100 °C for 24 h.

2.3. Catalyst preparation

The Cu-SAPO-56 catalysts were prepared by conventional ion ex-
change method and direct ion exchange method. For the conventional
ion exchange method, the as-synthesized molecular sieves were calcined
at 600 °C for 3 h to remove the templates. The calcined molecular sieves
were put into the NH4NOj3 solution (3.66 mol/L) and stirred at 80 °C for
2 h. And the molecular sieves were collected by centrifugation, washed
with deionized H50, and dried at 100 °C for 24 h. Then, the molecular
sieves were put into the copper (II) acetate solution and stirred at 50 °C
for 4 h. Afterwards, the catalysts were collected by centrifugation,
washed with deionized H,0, and dried at 100 °C for 24 h and calcined at
600 °C for 3 h to remove the organics.

For the direct ion exchange method, the as-synthesized molecular
sieves were directly put into the copper (II) acetate solution and stirred
at 50 °C for 4 h. Afterwards, the catalysts were collected by centrifu-
gation, washed with deionized H,0, and dried at 100 °C for 24 h. Then,
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the Cu-exchanged samples were calcined at 600 °C for 3 h to remove the
organics.

2.4. Characterizations

The powder XRD patterns were recorded on a PANalytical X’ Pert
PRO X-ray diffractometer with Cu-Ka radiation (A = 1.54059 10\) at 40 KV
and 40 mA. Element analyses of the samples were tested on a Philips
Magix-601 X-ray fluorescence (XRF) spectrometer. The crystal
morphology of the samples was observed by a Hitachi S-3400 N scan-
ning electron microscopy (SEM). Textural properties of the calcined
samples were determined by Ny adsorption at 77 K on a Micrometrics
ASAP 2020 system. The total surface area was calculated based on the
Brunauer-Emmett-Teller (BET) equation, and the micropore volume and
surface area were determined by using the t-plot method. The 2°Si MAS
NMR spectra was recorded on a Bruker Avance III 600 spectrometer
equipped with a 14.1-T wide-bore magnet. The resonance frequencies
was 119.2 MHz. The spinning rates of the samples at the magic angle for
was 6 kHz. The reference material for the chemical shift (in parts per
million (ppm)) determination was the sodium salt of 2,2-dimethyl-2-
silapentane-5-sulfonate (DSS). The temperature-programmed desorp-
tion of ammonia (NH3-TPD) experiments were conducted in a Micro-
meritics Autochem II 2920 device. 100 mg calcined sample particles
(40-60 mesh) were loaded into a U-quartz tube and pretreated at 650 °C
for 1 h in He flow (30 mL/min) to remove the impurities, and then
treated in a gas mixture of 2 % NH3-98 % He flow (30 mL/min) at 120 °C
to saturate the sample surface with NH3 adsorption (60 min). After this,
He flow (30 mL/min) purged through the sample for 30 min to remove
the weakly adsorbed NH3 molecules. The measurement of the desorbed
NHj was performed from 100 to 600 °C (10 °C/min) under He flow (30
mL/min).

Electron paramagnetic resonance (EPR) was performed on a Bruker
A 200. 20 mg calcined sample was pre-treated in pure N3 at 120 °C for
12 h, and finally sealed into a quartz tube for characterization. During
spectral collection, microwave power was 2 mW, and frequency was
9.52 GHz. The sweep width was 2000 G and sweep time was 84 s,
modulated at 100 kHz with a 2 G amplitude. A time constant of 41 ms
was used. The spectrum was collected at —171 °C. Quantification of
isolated Cu>* was conducted by using copper sulfate solution as a
standard (at —171 °C).

The temperature-programmed reduction of hydrogen (H,-TPR) was
obtained on a Micromeritics Autochem II 2920 device. 100 mg calcined
sample particles (40-60 mesh) were pretreated at 500 °C for 30 min in 2
% O2/He flow (30 mL/min) to remove the impurities and then cooled
down to 100 °C by purging in Ar (30 mL/min). The H,-TPR was treated
from 100 to 900 °C with a rate of 10 C/min under a 10 % H2-90 % Ar
flow (30 mL/min). A TCD detector was used to detect the consumption
of H2.

2.5. Catalyst evaluation

The NH3-SCR reaction was tested by using 100 mg of catalyst (60-80
mesh) diluted by 400 mg of quartz beads (60-80 mesh) in a fixed bed
quartz reactor. To determine the temperature of catalyst, the thermal
couple was placed in the centre of catalyst bed. Before entering the
reactor, the reactant gases were regulated by mass-flow controllers
(Brookers). All gas lines were heated to 100 °C to prevent the conden-
sation of vapor. The composition of the reactant gases was as follows:
500 ppm of NO, 500 ppm of NHs, 6.1 % of Oy, 6.4 % of HoO and
balanced with Ny with the flow rate of 320 mL/min. The gas hourly
space velocity (GHSV) was 180,000 h~!. The concentrations of NOy (NO,
NO; and N20) in the inlet and outlet gases were continually analyzed by
a Tensor 27, Bruker Fourier transform infrared (FTIR) spectrometer
equipped with a 2 m gas cell. All catalysts were pretreated in the reac-
tant gases at 550 °C for 2 h before activity test. Catalytic activity tests
were carried out over the temperature range of 150-550 °C. And before



L. Xu et al.

Table 1
Direct ion-exchange conditions” and elemental compositions of the samples.

Sample Cu(Ac), Composition® Cu content” (wt
concentration %)
(0.01 mol/L)
$56-0.13Si - Alo.469P0.305510.13602 0
$56-0.16Si Alp.465P0.369510.16602 0
$56-0.22Si - Alp 431P0.351510.21802 0
$56-0.13Si- 2.5 Alp 480P0.392510.12802 1.75
1.8Cu ¢
$56-0.13Si- 6.3 Alo.483P0.388510.12002  2.64
2.6Cu ©
$56-0.13Si- 12 Alo.482P0.388510.13002  3.67
3.7Cu ¢
$56-0.13Si- 15 Al 486P0.386510.12802 4.64
4.6Cu ©
$56-0.16Si- 10 Alg.470P0.368510.16202  3.64
3.6Cu ©
$56-0.22Si- 5.0 Alp 435P0.341510.22402 3.76
3.8Cu ©

Cu-SAPO-56-CIE 3.0

d

Alg.467P0.372510.16102  2.43

@ The liquid (mL)/solid (g) ratio for Cu ion exchange is 10 (80 °C, 5 h). b
Determined by XRF.

¢ The Cu-SAPO-56 was prepared by direct ion exchange method.

4 The Cu-SAPO-56 was prepared by conventional ion exchange method.

recording the activity results, the reaction was holding at each tem-
perature for 40min. The NOy conversion and N seletivity were calcu-
lated by using the following formula (1) and (2), respectively:

(NO + NO, + N,0),, — (NO + NO, + N,0)

o 5 100%
(NO + NO, + N,0),, St

NO, conversion =

(€8]

2(N20)0Ul
(NO + NO, + N,0), —(NO + NO, + N,0),,
x 100% 2

N, seletivity = |1 —

Relative Intensity(a.u.)

L .
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2.6. Hydrothermal stability evaluation

After a standard NH3-SCR evaluation, the samples were further
heated to 600 °C in dry air for ca. 15 min in the quartz reactor. And then,
a gas flow containing 10 % water balanced with Ny and air passed
through the sample at 800 °C for 16 h to make a high-temperature hy-
drothermal treatment. For the low temperature steam treatment, a gas
flow containing 10 % water balanced with N3 and air passed through the
sample at 50 °C for 24 h. And the total flow rate was 253 mL/min. Before
any characterization or evaluation, the steaming treated samples were
further heated to 600 °C in dry air and then kept in oven at 120 °C.

3. Results and discussion
3.1. Synthesis and characterizations of Cu-SAPO-56

As the Si content may influence the NH3-SCR activity and hydro-
thermal stability of Cu-exchanged molecular sieve catalysts, SAPO-56
with various Si contents have been firstly synthesized with TMHD as
the template according to the previous report [24]. The product com-
positions of SAPO-56 are listed in Table 1. The Si content can be adjusted
from 0.136 to 0.218 by altering the dosage of silica source. The SAPO-56
precursors are named as S56-xSi, while x represents the Si content. As
seen in Fig. 1, XRD patterns for the as-synthesized SAPO-56 precursors
are indexed to the typical AFX structure. No impurity phases or amor-
phous are observed indicating the purity of the as-synthesized SAPO-56.
The SEM image of S56-0.13Si is shown in Fig. 2. The sample presents
typical hexagonal platelet morphology of SAPO-56 with a particle size of
ca. 6-12 pm.

The Cu-SAPO-34 was first prepared by conventional ion exchange
method (named as Cu-SAPO-56-CIE). The XRD pattern of Cu-SAPO-56-
CIE is shown in Fig. 1. The crystallinity of Cu-SAPO-56-CIE decreases
dramatically and a lot of amorphous phase is formed after conventional
ion exchange process. To improve the structure stability of Cu-SAPO-56,
direct ion exchange method was employed to prepare Cu-SAPO-56 with

56-0.22Si-3.8Cu
$56-0.16Si-3.6Cu

| 56-0.13Si-4.6Cu
$56-0.13Si-3.7Cu
$56-0.13Si-2.6Cu
$56-0.13Si-1.8Cu
$56-0.22Si
$56-0.16Si
56-0.13Si
Cu-SAPO-56-CIE
) é;.lulated AFX

30 40

2 Theta (deg)

Fig. 1. XRD patterns of all the samples.
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Table 2

S$56-0.13Si

Textual properties of the samples.
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Fig. 2. SEM images of sample S56-0.13Si and S56-0.13Si-3.7Cu.

Sample Surface area (m? g™1) Pore volume (cm® g~1)
Sota’  Smice’ S’ Vit Vmiero'
S$56-0.13Si 617 534 83 0.31 0.26
S$56-0.13Si-1.8Cu 570 486 84 0.30 0.23
$56-0.13Si-2.6Cu 548 463 85 0.29 0.22
$56-0.13Si-3.7Cu 537 454 84 0.29 0.22

@ BET surface area.

b tplot micropore surface area.

¢ t-plot external surface area.
4 t-plot micropore volume.

varied Si and Cu contents [25]. The Cu-SAPO-56 samples are named as
S$56-xSi-yCu, while x and y represent the Si and Cu contents, respec-
tively. The XRD patterns of the Cu-SAPO-56 samples are displayed in
Fig. 1. All the XRD patterns remain the typical AFX structure without
amorphous phase. There are no peaks at 35.3° and 38.5°, proving the
absence of CuO species [21] and the advantage of the direct ion ex-
change method in achieving a uniform Cu distribution. The
ion-exchange conditions, product compositions and Cu contents are
listed in Table 1. After the direct ion exchange process, the compositions
of all the samples have invisible changes. The Cu content can be adjusted
from 1.75 wt% to 4.64 wt% by altering the concentrations of the Cu(Ac)2
solution. Meanwhile, it should be noted that the Cu-exchange capacity
are affected by the Si content of SAPO-56 precursors. Comparing the
ion-exchange conditions of $56-0.13Si-3.7Cu, S56-0.16Si-3.6Cu and
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Fig. 3. 2°Si MAS NMR spectra of $56-0.13Si, S56-0.16Si and $56-0.22Si.
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Table 3

The content of different Si environments based on?°Si NMR results.
Sample Si(4Al) Si(3Al) Si(2Al) Si(1Al) Si-islands
S$56-0.13Si 0.093 0.021 0.016 0 0
S$56-0.16Si 0.083 0.039 0.040 0 0
$56-0.22Si 0.066 0.033 0.064 0.030 0.031

$56-0.22Si-3.8Cu, SAPO-56 with higher Si content needs a lower Cu
(Ac), concentration to achieve the similar Cu loading. This result in-
dicates SAPO-56 with higher Si content has a stronger Cu-exchange
ability. The SEM image of S56-0.13Si-3.7Cu (Fig. 2) reveals that the
sample remains hexagonal platelet morphology with similar particle
sizes after ion-exchange process.

N, adsorption measurements were conducted to test the textual
properties, and the results are listed in Table 2. The micropore surface
area and micropore volumes of $56-0.13 are 534 m? g~* and 0.26 cm®
g1, respectively, confirming a good crystallinity of the as-synthesized
SAPO-56. After the direct ion exchange behavior, the micropore sur-
face area and micropore volumes of the Cu-SAPO-34 samples have a
slight decrease. As the Cu-SAPO-56 with higher Cu content has a bigger
decline, the reduced micropore surface area and micropore volumes are
probably caused by the occupation of framework channels by the
exchanged Cu species.

It is well accepted that the chemical environments of the Si are
crucial for both acid sites and Cu-exchange process. The Si environments
of SAPO-56 and Cu-SAPO-56 were investigated using solid-state 2°Si
MAS NMR, and the spectra are shown in Fig. 3 and Fig. S1. In the
spectrum of $56-0.13Si (in Fig. 3), a strong signal at —91.7 ppm and two
weak signals at —95.6 ppm and —100.5 ppm are observed which
attributed to the Si(4Al) environments, Si(3Al) environments and Si
(2Al) environments, respectively [26]. The spectrum of S56-0.168Si also
shows these three signals. However, the peak strength of Si(3Al) envi-
ronments and Si(2Al) environments becomes stronger. For the spectrum
of §56-0.22Si with the highest Si content, the above two peaks are
further increased while two new peaks at —105.5 ppm and 109.9 ppm
are observed which correspond to the Si(1Al) environments and
Si-islands, respectively [26]. To estimate the amounts of different Si
environments in the as-synthesized SAPO-56 samples, the 2°Si MAS
NMR spectra are deconvoluted by Lorentzian method. The quantifica-
tion results are listed in Table 3. Even though S56-0.22Si has the highest
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Si content, the Si(4Al) environment of S56-0.228Si is less than those of
$56-0.16Si and S56-0.228S. It is due to the Si aggregation. Thus, most of
the increased Si atoms formed Si(nAl) (n = 1-3) environment while the
amount of Si islands in S56-0.22Si only accounts for a small proportion
(about 15 %) of the whole Si content. As shown in Fig. S1, the 295 MAS
NMR spectra of S56-0.13Si-3.7Cu, S56-0.16Si-3.6Cu  and
§56-0.22Si-3.8Cu are similar to the spectra of their precursors
(856-0.13Si, S56-0.16Si and S56-0.22Si). Therefore, the Si environ-
ments of Cu-SAPO-56 are basically maintained after direct ion exchange
process.

It is well known that there are two Si insertion mechanisms in the
crystallization of SAPO framework. The first one denoted SM2 is the
substitution of P atom by Si atom, which results in the formation of Si
(4Al) environments. The other one denoted as SM3 is double replace-
ment of adjacent P atom and Al atom by two Si atoms, which generates
Si(nAl) (n = 3-0) environments [27,28]. As the SM3 produces more
protons, the Brgnsted acid sites formed by this Si insertion mechanism
are stronger. The 2°Si MAS NMR results indicate the insertion of Si atoms
in SAPO-56 firstly follow SM2 indicating the generation of abundant Si
(4Al) environments. However, as the P substitution sites are limited, the
exceeded Si atoms have to follow SM3 and form Si(nAl) (n = 3-0) en-
vironments with stronger Brgnsted acidity.

3.2. NH3-SCR performance of the Cu-SAPO-56 catalysts

The catalytic performances of Cu-SAPO-56 samples were evaluated
under standard NH3-SCR conditions at a GHSV of 180,000 h™!. The
reaction results are presented in Fig. 4(a) and (b). All the samples exhibit
good NH3-SCR activities. The samples give the NOx conversion of 16-43
% and 28-85 % at 150 °C and 175 °C, respectively. When the reaction
temperature rises to 200 °C, the NOx conversion quickly increases to
more than 90 %. This high NOx conversion maintains until 400 °C. Then,
the NOx conversion drops to 67-87 % at 500 °C, which is probably
caused by the undesired NH3 oxidation reaction [29,30]. Comparing the
catalytic performances of Cu-SAPO-56 with different Cu content (as
shown in Fig. 4(a)), Cu-SAPO-56 with more Cu content has a higher NOx
conversion at low temperature range but a lower NOx conversion at high
temperature range. And the influence of Si content in Cu-SAPO-56 to the
NH;3-SCR activity is complicated (as shown in Fig. 4(b)). Among the
three Cu-SAPO-56 samples with different Si content, S56-0.13Si-3.7Cu
has the highest low temperature NOx conversion. Meanwhile, the low
temperature NOx conversion of $56-0.22Si-3.8Cu is higher than that of
$56-0.16Si-3.6Cu.

To investigate the high temperature hydrothermal stability of Cu-
SAPO-56, all the samples were steam treated at 800 °C for 16 h. Then,
the catalytic performances of the steam treated Cu-SAPO-56 were
evaluated. As shown in Fig. 4(c) and (d), most of the Cu-SAPO-56
samples maintain more than 90 % NOx conversion at 250-400 °C. The
results prove the Cu-SAPO-56 has a good high temperature hydrother-
mal stability. According to the NOx conversion of steam treated
S$56-0.22Si-3.8Cu and S56-0.132Si-4.6Cu, the excess Cu content and Si
content have negative effects on the high temperature hydrothermal
stability of Cu-SAPO-56. As shown in Fig. 52, all the Cu-SAPO-56 sam-
ples exhibit high N selectivity before and after high temperature steam
treatment. The fresh samples give almost 100 % N selectivity at
150-400 °C. When the reaction temperature rises to 500 °C, the Ny
selectivity is decreased because of the competition of NH3 oxidation.

Cu-SAPO-56 samples were also steam treated at 50 °C for 24 h to test
the low temperature hydrothermal stability. As shown in Fig. S3, all the
samples exhibit excellent low temperature hydrothermal stability. The
NOx conversion maintains more than 85 % at 200-450 °C. It is surprised
to find the low temperature hydrothermal treatment is helpful to
improve the high temperature NOx conversion of Cu-SAPO-56. More-
over, the higher Si content and lower Cu content are benefit to the low
temperature hydrothermal stability of Cu-SAPO-56.
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Fig. 4. NOx conversion as a function of reaction temperature over (a) fresh and (c) high-temperature steam treated S56-0.13Si-1.8Cu, S56-0.13Si-2.6Cu,
$56-0.138Si-3.7Cu and S56-0.13Si-4.6Cu; (b) fresh and (d) high-temperature steam treated S56-0.13Si-3.7Cu, S56-0.16Si-3.6Cu and S56-0.22Si-3.8Cu. The feed
contains 500 ppm of NO, 500 ppm of NHg, 6.1 % of O,, 6.4 % of H,0 and balanced with N5 at 180,000 h! gas hourly space velocity.

$56-0.228i-3.8Cu

Table 4
Isolated Cu®" ions contents of the samples from EPR results.

$56-0.16Si-3.6Cu

$56-0.13Si-4.6Cu

$56-0.13Si-3.7Cu

Sample Cu?* content ( wt% ) Cu?*/Cu (%)
S$56-0.13Si-1.8Cu 0.80 45.7
$56-0.13Si-2.6Cu 1.31 49.6
$56-0.13Si-3.7Cu 1.70 46.3
S56-0.13Si-4.6Cu 2.11 45.5
$56-0.16Si-3.6Cu 1.83 50.3
$56-0.228i-3.8Cu 2.09 55.6

$56-0.13Si-2.6Cu

Intensity (a.u.)

: : ; S$56-0.13Si-1.8Cu
(R B B

g,=2.40
A =135G
T T T T T T T T T T T T
2400 2600 2800 3000 3200 3400 3600

Magnetic Field (Gauss)
Fig. 5. EPR spectra of the samples.
3.3. Cu species characterization
According to the catalytic reaction results, Cu species play crucial

roles in the NH3-SCR performance. EPR analysis was employed to
analyze the isolated Cu®>" ions in Cu-SAPO-56. As shown in Fig. 5, all the

samples have only one signal at g = 2.40 and A| = 135 G, which is
assigned to the isolated Cu®" ions located at the double 6-ring [31]. The
amounts of isolated Cu?* jon have been estimated from the EPR spectra,
and the results are listed in Table 4. The Cu?" ion contents are lower
than the Cu loading tested by XRF which indicates the existence of other
Cu species. This phenomenon is probably caused by the limited
Cu-exchange sites (located in hydroxyl sites of Si-OH-Al). Thus, the
exceeded exchanged Cu ions have to form other Cu species. Although
Cu-SAPO-56 with higher Cu content possesses more isolated Cu®* ions.
The ratio of isolated Cu®" ions in this kind of Cu-SAPO-56 is decreased.
Meanwhile, it should be noted that the higher Si content in Cu-SAPO-56
is helpful to raise the proportion of Cu?* ions, which is attributed to the
formation of more Si-OH-Al environments.

As different Cu species can be distinguished by their reduction
temperatures, H o-TPR was carried out to probe the Cu species in Cu-
SAPO-56. As shown in Fig. 6, the TPR profiles of the samples present
four main reduction peaks at ca. 150-210 °C, 210-320 °C, 320-550 °C
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$56-0.228Si-3.8Cu
608

$56-0.138i-4.6Cu
612

$56-0.13Si-3.7Cu
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Temperature (C)

Fig. 6. H,-TPR profiles of the samples.

Table 5
Different Cu species contents based on H-TPR results.
Sample Surface CuO (wt cu®t (wt CuO (wt Cu't (wt
%) %) %) %)
$56-0.13Si- 0.13 0.90 0.64 0.08
1.7Cu
$56-0.13Si- 0.33 1.36 0.94 0.01
2.6Cu
S$56-0.13Si- 0.67 1.79 1.20 0.01
3.7Cu
$56-0.13Si- 1.10 2.07 1.34 0.13
4.6Cu
S$56-0.16Si- 0.40 1.83 1.27 0.14
3.6Cu
S$56-0.22Si- 0.40 2.02 1.18 0.16
3.8Cu
— S56-0.13Si

- - - -$56-0.13Si-1.8Cu|
453 0C - $56-0.13Si-2.6C|
$56-0.13Si-3.7Cu

$56-0.13Si-4.6Cul

NH, (ppm)

i ! T T v T v T T T T
100 200 300 400 500 600 700
Temperature (°C)

Fig. 7. NH3-TPD profiles of §56-0.13Si, S56-0.13Si-1.8Cu, S56-0.13Si-2.6Cu,
§56-0.13Si-3.7Cu and S56-0.13Si-4.6Cu.

and 550-800 °C. The four reduction peaks are attributed to the reduc-
tion of surface CuO to Cuo, the reduction of isolated Cu®" to Cu™, the
reduction of bulk CuO to Cu® and the reduction of Cu * to Cu® [32-34].
By regression analysis of Hy-TPR profiles, the quantities of different Cu
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Fig. 8. The change of NO, conversion with Cu®>* ion content of Cu-SAPO-56
under different temperatures.

species are listed in Table 5. The amount of Gu?" ions is similar to the
estimated results of EPR. According to the regression analysis, the Cu
species in Cu-SAPO-56 are mainly Cu®* ions and CuO as well as a bit of
Cu * ions. With the increasing of the Cu content, the proportion of CuO
grows from 44 % to 53 %.

3.4. Investigation of the catalyst acidity

The NH3-TPD was employed to determine the density and strength of
different acid sites. The NH3-TPD profiles of the SAPO-56 are displayed
in Fig. S4. Each desorption curves can be decomposed into three peaks
centered at ca. 194 °C (assigned to weak acid sites from surface hydroxyl
groups), 370 °C (assigned to moderate Brgnsted acid sites), and 453 °C
(assigned to strong Brgnsted acid sites) [35,36]. Moreover, the area of
desorption peak in NH3-TPD profiles are listed in Table S1 by regression
analysis. Compared to S56-0.31Si, there are more strong Brgnsted acid
sites but less moderate Brgnsted acid sites in S56-0.16Si and S56-0.22Si.
This result is consistent with the Si environments analyzed by 2°Si MAS
NMR.

As shown in Fig. 7, the NH3-TPD profiles of (S56-0.13Si-1.8Cu,
§56-0.13Si-2.6Cu, S56-0.13Si-3.7Cu and S56-0.13Si-4.6Cu) exhibit the
influence of the Cu content to the acidity of $56-0.13Si and its ion-
exchange derivatives Cu-SAPO-56. Cu-SAPO-56 with higher Cu con-
tent contains a larger area of moderate acid desorption peak and a
higher desorption temperature. Meanwhile, its strong acid desorption
peak shows a contrary tendency. Thus, after Cu ion exchange, the strong
Brgnsted acid sites are replaced by the exchanged Cu ions and transform
to Lewis acid sites during the ion-exchange process. And the new Lewis
acid site has a stronger acidity than the original moderate Brgnsted acid
site.

3.5. The relationship between NH3-SCR performance and Cu/Si species

Based on the above experimental results and analyses, we next
discuss the influences of Cu species and acidity to the NH3-SCR activity.
As shown in Fig. 8, the NOy conversion is almost in proportionate to the
cu®* ion content of Cu-SAPO-56 at low temperature range. As the NHs-
SCR activity at low temperature rang is influenced by the amount of
active sites in catalysts [37], the isolate Cu®" ions located in D6R cages
are the active sites of NH3-SCR reaction. However, the excess Cu content
in Cu-SAPO-56 is harm to the NH3-SCR performance at high temperature
range. It should be attributed to the high proportion of CuO which
promotes the undesired NH3 oxidation reaction. Meanwhile, the unde-
sirable hydrothermal stability of S56-0.13Si-4.6Cu is probably due to
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the existence of abundant CuO.

$56-0.13Si-2.6Cu with lower Cu?* ion content exhibits similar NH3-
SCR activity at low temperature range compared to S56-0.16Si-3.6Cu.
The gap of NH3-SCR activity for S56-0.13Si-2.6Cu caused by the lower
Cu* ion content is probably filled by its weaker acidity, which promotes
the NH; diffusion to Cu?* ion activity sites and accelerates the reaction
rate [36]. Thus, S56-0.22Si-3.8Cu exhibiting a better low temperature
NH3-SCR activity than S56-0.16Si-3.6Cu is probably caused by its
higher Cu®?" ions content. And the bad hydrothermal stability of
$56-0.22Si-3.8Cu is due to the existence of Si-islands, which are more
easily to be attacked by HyO during the steam treatment.

4. Conclusion

In conclusion, Cu-SAPO-56 prepared by direct ion exchange method
gives a NH3-SCR catalyst that exhibits excellent activity over a wide
temperature window even after severe hydrothermal aging (800 °C for
16 h or 50 °C for 24 h). All the isolated Cu®" ions are located in D6R
cages and proved to be the active sites of NH3-SCR reaction. Both Cu
content and Si content in Cu-SAPO-56 play significant roles in NH3-SCR
reactions. The higher Cu content makes Cu-SAPO-56 have more Cu?*
ions and CuO. Thus, raising Cu content is benefit to the low temperature
NH;3-SCR activity but harm to the high temperature NH3-SCR activity
and hydrothermal stability. The influence of Si environment in Cu-
SAPO-56 to the low temperature NH3-SCR performance is compli-
cated. Even though the higher Si content in Cu-SAPO-56 is helpful to
raise the proportion of Cu?" ions, weaker acidy in Cu-SAPO-56 is also
benefit to the low temperature NH3-SCR activity. Meanwhile, the excess
Si content is bad for high temperature hydrothermal stability which is
due to the formation of Si-islands.
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