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Copper-exchanged chabazite (Cu/CHA) catalysts have been found to be affected by alkali metal
and alkaline earth ions. However, the effects of Na* ions on Cu/SAPO-34 for ammonia selective
catalytic reduction (NH3-SCR) are still unclear. In order to investigate the mechanism, five
samples with various Na contents were synthesized and characterized. It was observed that the
introduced Na* ion-exchanges with H* and Cu®* of Cu/SAPO-34. The exchange of H" is easier
than that of isolated Cu?*. The exchanged Cu®* ions aggregate and form “CuAl,0,-like” species.
The NH;-SCR activity of Cu/SAPO-34 decreases with increasing Na content, and the loss of
isolated Cu®* and acid sites is responsible for the activity loss.
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Introduction

Ammonia selective catalytic reduction (NH3-SCR) has been
considered to be one of the most promising techniques to
reduce NO, emissions due to its high efficiency and broad
operating temperature window (Koebel et al., 2000). Copper
chabazites (Cu/CHA, e.g., Cu/SSZ-13 and Cu/SAPO-34) have
been studied extensively as excellent SCR catalysts due to
their outstanding catalytic activity, N, selectivity and hydro-
thermal stability (Fickel et al., 2011; Ishihara et al., 1997; Wang
etal., 2012, 2013; Xue et al., 2013; Yu et al., 2013; Liu et al., 2016;
Ma et al., 2016; Panahi et al., 2015). In spite of their excellent
performance in NH3-SCR, Cu/CHA catalysts face chemical

deactivation problems such as sulfur poisoning (Li et al., 2014;
Shen et al., 2015) and alkali metal poisoning (Ma et al., 2015;
Liu et al., 2015; Xie et al., 2015).

In commercial applications, the ammonia used in NH3-SCR
is produced via decomposition of a urea solution that may
contain trace amounts of alkali metal and alkaline earth ions
(e.g., K*, Na*, Ca®*, Mg**). These ions, which have easy access to
the SCR catalyst, have been reported to affect the properties of
Cu/CHA catalysts (Fedeyko and Chen, 2015; Gao et al., 2015b; Ma
et al., 2015; Liu et al., 2015; Xie et al.,, 2015). Xie et al. (2015)
studied the effects of Na co-cations on the hydrothermal
stability of Cu/SSZ-13, and the results showed that Cu/SSZ-13
with high Na contents and low Cu contents exhibited poor
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hydrothermal stability. Fedeyko and Chen (2015) and Gao et al.
(2015b) investigated the effects of alkali metal and alkaline earth
co-cations (Li*, Na*, K*, Cs*, Ca®*, Mg**) on the activity and
hydrothermal stability of Cu/SSZ-13. Their results demonstrated
that by removing a portion of the Brgnsted acid sites, all co-
cations helped to mitigate hydrolysis of the zeolite catalysts
during hydrothermal aging. For Cu/SAPO-34, Liu et al. (2015)
compared the potassium poisoning phenomena of Cu/SAPO-34
and V,0s (WO3)/TiO, by impregnating KOH solution into
these two catalysts. The results demonstrated that potassium
indeed had negative effects on the catalytic performance of
Cu/SAPO-34, even though the poisoning effect of potassium
on Cu/SAPO-34 was less significant compared to that of
V,0s (WOs3)/TiO,. Ma et al. (2015) investigated the potassium
poisoning mechanism for Cu/SAPO-34 by impregnating the
catalyst with KNO; solutions, to obtain five samples with
different potassium contents. Their results illustrated that the
transformation of isolated Cu?* to square-plane copper oxide
clusters arising from the potassium poisoning was considered to
be the main reason for the deactivation of the Cu-SAPO-34
catalyst, although the Brgnsted acid sites were also decreased.
The study only investigated the effect of K" on Cu/SAPO-34, but
both K" and Na* co-exist in urea solutions. Thus, it is necessary to
examine the Na effect on Cu/SAPO-34 and the mechanism of its
effect on SCR reactions.

In this study, different Na contents were investigated
(0, 0.3, 0.7, 1.0 and 1.5 wt.%). The compositions of these
samples were characterized by inductively coupled plasma
and atomic emission spectrometry (ICP-AES), and the effects
of Na on the structure and Cu species of Cu/SAO-34 were
studied through specific surface area test, X-ray diffraction
(XRD), temperature programmed desorption by NH; (NHs-
TPD), temperature programmed reduction by hydrogen (H,-
TPR) and electron paramagnetic resonance (EPR). Na species
were determined with CO, adsorption diffuse reflectance
infrared Fourier transform spectroscopy (CO,-DRIFTS). Cata-
lytic performance tests and kinetic experiments were also
conducted to explore the effects of Na® on the NH3-SCR
reaction, and to gain insights into the mechanism of its effect.

1. Materials and methods
1.1. Catalyst preparation

Cu/SAPO-34 catalysts were synthesized using a modified “one-
pot” method from a gel with a molar composition of: 1.0 Al,03:1.0
P,05:0.6 Si0,:0.05 Cu0:0.05 tetraethylenepentamine (TEPA):2.0
morpholine (MOR):60 H,O (Fan et al, 2013; Gao et al, 2013;
Martinez-Franco et al., 2012). The sources of Al, P, Si and Cu were
pseudoboehmite (83.5 wt.% Al,0s), orthophosphoric acid (99 wt.
% H3PO,), LUDOX (40% SiO,) and copper (II) sulfate pentahydrate
(CuS0O4-5H,0) respectively. MOR was chosen as the template

agent and TEPA as the Cu®* complexing agent. The detailed
synthesis procedures were as follows: firstly, the H3PO, and the
pseudoboehmite were mixed with distilled water and stirred for
2 hr at room temperature, and the mixture was named Mix1.
Silica sol, MOR, TEPA and CuSO,-5H,0 were mixed with distilled
water and stirred for 1 hr at room temperature, named Mix2.
Mix2 was slowly added into Mix1, stirred for more than 3 hr at
room temperature, and then sealed in a 200 mL Teflon-lined
stainless-steel pressure vessel and heated at 200°C for 44 hr for
crystallization in an oven under autogenic pressure. Subse-
quently, the sediment was separated from the mother liquid by
centrifuging, then successively washed with distilled water and
centrifuged more than 3 times. Finally, the zeolite powder was
dried at 120°C in an oven for 12 hr.

The Na-containing samples were synthesized by wetness
impregnation with sodium nitrate solutions. The impregnated
samples were firstly dried at 100°C for 12 hr, calcined in a muffle
furnace with air at 650°C for 5 hr, and finally treated at 750°C for
24 hrin 10 vol.% H,0O/air to imitate the interaction environment
of Na* and Cu/SAPO-34. The Na-free sample was impregnated
with pure water and treated like the Na-containing samples.
The fresh sample is designated Cu-F, and others are named Cu-
NaX, where “X” represents the nominal weight percentage of
sodium. The compositions of the samples from ICP measure-
ments are listed in Table 1 and all catalysts contain similar Cu
contents with varying amounts of Na.

1.2. Characterization of catalysts

The compositions (Cu and Na contents) of Cu/SAPO-34
catalysts were determined by ICP-AES.

XRD patterns (Cu Ka radiation, wavelength (\) = 1.5418 A)
(Bruker D8 Advance TXS, Bruker, USA) were used to characterize
the structure and phase compositions of catalysts, measured in
the range of 5° < 26 < 50° with a step size of 0.01°. Brunauer—
Emmett-Teller (BET) surface area was calculated from the linear
portion of the BET plot through measuring the N, isotherm of the
samples at 77 K using F-Sorb 3400 volumetric adsorption—
desorption apparatus (F-Sorb 3400, Jin Aipu, China). The catalysts
were evacuated at 150°C for 3 hr to remove absorbed water and
clean the surface of the catalysts before the measurement.

NH;-TPD experiments were performed to evaluate the acid
sites of the catalysts. 0.1 g catalyst (powder 60-80 mesh) and 0.9 g
quartz sand were mixed, and then the mixture was packed in a
plug flow reactor. A K type thermocouple was inserted into the
center of the catalyst to control the temperature. Prior to the
experiments, the catalysts were pretreated at 500°C in 5% O,/N,
for 30 min, and then cooled to 100°C. When the temperature had
become stable, 500 ppm NHy/N, was flowed through until the
outlet NH; concentration was stable. Then the catalysts were
purged with N, to remove weakly absorbed NH; until the NHj
concentration in the outlet gas was lower than 10 ppm. Finally,
the catalysts were heated from 100 to 600°C with a ramp rate of

Table 1 - Chemical composition of Cu/SAPO-34 catalysts.

Samples Cu-F Cu-Nag4 Cu-Nagg Cu-Na; 3 Cu-Naj g
(fresh sample)
Cu contents (wt.%) 1.95 1.95 1.93 2.02 2.04
Na contents (wt.%) - 0.37 0.80 1.29 1.77
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10°C/min. A Fourier transform infrared spectrometer (FTIR) (MKS-
2030, MKS Instruments, USA) was used to analyze the outlet NH;
concentration.

H,-TPR was performed to identify the reducibility and
distribution of Cu species in catalysts. Prior to the experiment,
the samples were pretreated at 500°C in 5% O,/N, for 30 min,
and then cooled to 30°C; when the temperature achieved
stability, 5% H,/N, was flowed through until the bridge current
was stable, and the catalysts were elevated at a ramp rate of
10°C/min from 30 to 900°C. The hydrogen consumption was
analyzed by a thermal conductivity detector (TCD).

EPR was performed to probe the surrounding environment
and quantity the isolated Cu?*. The spectra were acquired
on a Bruker ESP A320 spectrometer (ESP A320, Bruker, USA) at
-120°C and atmospheric pressure. The Bruker ESP A320
software and a special Bruker program were used for data
analysis. For observing the hyperfine splitting of the isolated
Cu?* species, the catalysts were treated for 2 hr at 600°C under
air to dehydrate them before the experiment.

DRIFTS was performed to study the structural properties of
the catalysts, using a FTIR (Nicolet 6700, Thermo Scientific,
USA) equipped with a mercury cadmium telluride (MCT)
detector at a resolution of 2 cm™, averaging 32 scans for
each spectrum. For ex-situ DRIFTS, KBr was chosen as the
standard substance to establish the background spectrum.
The samples were initially treated in 5% O,/N, at 500°C for
30 min, and then cooled to 150°C under N, purging, until the
temperature became stable, the spectra were collected. For
CO,-DRIFTS, the samples were initially treated in 5% O,/N, at
500°C for 30 min, and then cooled to 50°C in N,. The
background spectrum was collected first when the tempera-
ture became stable, then the sample was purged in 1% CO,/N,
for 15 min and N, for only 30 min, and the spectra were
collected.

1.3. Catalytic performance tests

The NH;-SCR catalytic performance was tested in a quartz reactor
(20 mm inner diameter) at atmospheric pressure, using 0.1 g
catalyst (60-80 mesh) with 0.9 g quartz sand (60-80 mesh). The
temperature was monitored by a K type thermocouple inserted
into the center of the catalyst. The concentrations of NO, NO,,
N,O and NH; were measured by a FTIR spectrometer (MKS-2030,
MKS, USA) equipped with a 5.11 m gas cell. The gas hourly space
velocity (GHSV) was 720,000 hr™!, and the reaction gas composi-
tion was 500 ppm NO, 500 ppm NHjs, 5% O,, 2% H,0, 8% CO,
balanced with N,. Prior to the tests, the catalysts were heated to
500°C for 30 min under 5% O,/N, with a ramp rate of 10°C/min.
When the system was cooled down to 100°C, the reactants were
introduced into the reactor. When the outlet concentrations
became stable, the catalysts were heated at a ramp rate of 10°C/
min from 100 to 600°C. The concentrations of outlet gases were
analyzed by a FTIR spectrometer (MKS-2030, MKS, USA). The NO
conversion was calculated using the following equation:

[NOX] inlet™ [NOX]

NO, conversion = NOL, outlet » 100% (1)
Xlinlet

where [NOyJinet represents NO,, concentration before entering
reactor, [NOy]outet represents NO, concentration after reacting.

1.4. Kinetic measurements

NH,-SCR kinetic tests were performed in a thin quartz tube, using
0.025 g catalyst mixed with 0.075 g quartz sand packed in the
plug flow reactor. The temperature was controlled by a K type
thermocouple inserted into the center of the catalyst bed. Mass
flow controllers were used to control the gas composition, and a
FTIR spectrometer (MKS-2030, MKS, USA) equipped with a 5.11 m
gas cell was used to analyze the outlet gas concentrations. To
exclude the influence of internal and external diffusion effects,
the total gas flow rate was chosen to be 1.5 L/min (GHSV =
432,000 hr'!) and the particle size was chosen as 80-100 mesh.
The specific process is described in detail in Appendix A.
Supplementary data. The kinetic test conditions were: 500 ppm
NHs;, 500 ppm NO, 5% O, balanced by N,. To control the NO
conversion in the kinetic control range, the steady-state kinetic
measurements were conducted in the temperature range from
170 to 240°C. The isolated Cu”* ions have been suggested to be the
active sites of NH3-SCR reaction over Cu/SAPO-34 (Xue et al,,
2013). Hence, the tumover frequency (TOF) could be calculated
from the NO, conversion by:

XNOX X FNOX x 63.5

TOF =
60 x 22.4 x 100 X Mcata X M2+

x 100% 2)

where Xynox (%) is the NO, conversion, Fnox (L(NO,)/min)
is the flow rate of NO,, Mcata (g) is the mass of catalysts, Mc+ (%)
is the number of isolated Cu®* sites (based on EPR), 63.5 (g/mol) is
the molar mass of Cu, and 224 (L/mol) is the gas volume in
standard condition.

2. Results
2.1. Cu/SAPO-34 structural properties

2.1.1. XRD and BET results

XRD measurements were used to characterize the phase
composition and structure of the catalysts. Fig. 1 shows that
all catalysts exhibit the typical CHA structure (Prakash and

SiO, or AIPO,
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Fig. 1 - X-ray diffraction (XRD) profiles of Cu/SAPO-34
catalysts.
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Unnikrishnan, 1994). However, a new diffraction peak at
21.65° assigned to SiO, or AlPO, appeared in Na-containing
samples (Wondraczek et al., 2013). This result indicates that
structure of Cu/SAPO-34 was damaged slightly. No crystalline
diffraction peaks of Na species were detected, suggesting that
Na species are highly dispersed. The BET surface areas of
these five samples are 577, 547, 523, 469, 464 m?/g respec-
tively. The BET surface areas of catalysts declined with
increasing Na content.

2.1.2. NH3-TPD results

To identify the density and strength of the acid sites in
Cu/SAPO-34, NH5-TPD measurements were carried out and
the results are shown in Fig. 2. All samples show similar
desorption curves, with three peaks. The desorption peaks
around 180, 230 and 350°C are attributed to NH; adsorption on
the surface hydroxyl groups (Si-OH, P-OH and Al-OH), weak
Brgnsted acid sites (Si-OH-Al), and strong Brgnsted acid sites

NH, concentration (a.u.)

100 200 300 400 500 600

Temperature ("C)
/e
) V1B
E L AA
E
g
=
&
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C
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s ]
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Na contents (wt. %)

Fig. 2 - (a) Temperature programmed desorption by NH3
(NH3-TPD) profiles of Cu/SAPO-34 catalysts; (b) Amount of
acid sites based on NH;-TPD. The desorption peaks around
180, 230 and 350°C are markd as A, B and C, which are
attributed to NH; adsorption on the surface hydroxyl
groups (Si-OH, P-OH and Al-OH), weak Brgnsted acid sites
(Si-OH-Al), and strong Brgnsted acid sites (Si-OH-Al) or
Lewis acid sites (Si-O(Cu)-Al), respectively.

(Si-OH-Al) or Lewis acid sites (Si-O(Cu)-Al), respectively
(Wang et al., 2015a, 2015b; Yu et al., 2013).

The numbers of acid sites were calculated by integrating
the desorption peaks, and the results are listed in Fig. 2b.
Notably, the desorption peak at 350°C assigned to strong
Brgnsted and Lewis acid sites declined as the Na content
increased. The results show that the introduction of Na*
mainly affects the strong Brgnsted acid sites (Si-OH-Al) and
Lewis acid sites (Si-O(Cu)-Al).

2.1.3. CO,-DRIFTS results

CO,-DRIFTS were used to monitor the state of Na species (Fig. 3).
Compared with Cu-F, two peaks around 2352 and 2345 cm™
appear in the spectra of Na-containing samples. According to
the literature (Bonelli et al., 2000; Garrone et al., 2002), the
vibrational peak of CO, gas molecules is centered at 2349 cm™™.
When isolated Na* is present in the system, the peak will shift
due to the interaction between Na* and CO,. The two peaks are
assigned to the vibrations of CO, interacting with Si-O (Na*)-Al
As shown in Fig. 3, the intensities of these two peaks increase
with increasing Na content, demonstrating that the Si-O(Na*)-Al
structure forms and in turn, suggesting that Na* ion-exchanges
with H* and Cu*".

2.2. Distribution of copper species in Cu/SAPO-34

2.2.1. H,-TPR results

H,-TPR was carried out on the fresh and Na-containing
catalysts, and the results are shown in Fig. 4. The H,
consumption profile of Cu-F can be divided into three peaks
(A, B, D), while Na-containing catalysts present a new peak
(C). The peaks of A, B, C and D represent four types of copper
species. Usually (Fan et al., 2013; Wang et al., 2014; Xue et al.,
2013), peak A is assigned to the reduction of isolated Cu* to
Cu*, peak B is ascribed to the reduction of CuO to Cu® and
peak D in the high temperature range is attributed to the
reduction of Cu* to Cu® while the new Peak C is assigned to
“CuAl,04-like” species (Gao et al., 2015a).
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2400 2380 2360 2340 2320 2300
‘Wavenumber (cm 1)

Fig. 3 - Diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) results of CO, adsorbed on
Cu/SAPO-34 catalysts.



24 JOURNAL OF ENVIRONMENTAL SCIENCES 70 (2018) 20-238

D CuNal$
-
=
K Cu-Nal.3
el B o =
2
=
=7
g Cu-Na0.8
= —
172]
=
S
:N Cu-Na0.4
Cu-F
I T T TR TR S TR |

100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 4 - Temperature programmed reduction by hydrogen
(H2-TPR) profiles of Cu/SAPO-34 catalysts. The peaks of A, B,
C and D represent four types of copper species. Usually, Peak
A is assigned to the reduction of isolated Cu?* to Cu*, peak B
is ascribed to the reduction of CuO to Cu°, Peak C is assigned
to “CuAl,0,-like” species and peak D in the high tempera-
ture range is attributed to the reduction of Cu* to Cu®.

Fig. 5 shows that the amount of isolated Cu®* decreases,
whereas the amount of “CuAl,04-like” species increases as
the Na content increases. In addition, the amounts of CuO
species remain the same. This reveals that the isolated Cu®*
turns into “CuAl,0,-like” species after Na introduction.

2.2.2. EPR results

EPR was used to probe the coordination environment of
isolated Cu®* in the Cu-zeolite catalysts and quantify the
amount of isolated Cu®* (Fig. 6a). All catalysts show the same
gy = 2.39 (g, is the g factor corresponding to the center of the
hyperfine splitting of the EPR signal, and is related to the
substance type and coordination information. g factor can be
calculated by equation: g = hv/pH, wherein h is the Planck

777} 1solated Cu™*
R Highly dispersed CuO
B CuAlLO,like species

Relative contents

2

0.0 04 0.8 13 1.8
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Fig. 5 - Relative amounts of each copper species in Cu/SAPO-34
catalysts based on H,-TPR.
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Fig. 6 - Electron paramagnetic resonance (EPR) spectra
collected at —-120°C of Cu/SAPO-34 catalysts: (a) EPR signal;
(b) the derivative of the EPR signal around 3310 G. The star
symbol represents the signal change around 3310 G in
panel a. g/, is the g factor corresponding to the center of the
hyperfine splitting of the EPR signal, and is related to the
substance type and coordination information. g factor can be
calculated by equation: g = hv/BH, wherein h is the Planck
constant, v is the frequency of the applied electromagnetic
wave, B is the Bohr magnet, and H is the magnetic field
strength.

constant, v is the frequency of the applied electromagnetic
wave, B is the Bohr magnet, and H is the magnetic field
strength), indicating the same coordination of isolated Cu®* for
samples with or without Na* (Wang et al., 2015a; Xue et al.,
2013). Anew feature (region b) is found at ~3310 G on Cu-Na1l.3
and Cu-Nal.8 (in order to clearly display the feature, the
derivative of the EPR signal around 3310 G is shown in Fig. 6b),
which can be assigned to the effects of “CuAl,0,-like” species
(Gao et al., 2015a).

Using CuSOy solution as the standard substance, the amount
of isolated Cu®* ions was estimated by double integration of the
signals in Fig. 6a. Fig. 7 shows that the amount of isolated Cu**
declines with increasing Na content, which is consistent with
the results of H,-TPR.



JOURNAL OF ENVIRONMENTAL SCIENCES 70 (2018) 20-28 25

0.12 -

0.10

0.08 -

0.06 -

0.04 -

0.00

Amount of isolated Cu’* calculated by EPR (mmol/g)

0.0 0.4 0.8 1.3 1.8
Na contents (%)

Fig. 7 - Amount of isolated Cu®* of Cu/SAPO-34 catalysts
calculated based on EPR.

2.3. NH3-SCR reactions over Cu/SAPO-34

To understand how Na* affects the catalytic activity, the NH;-
SCR reaction was carried out and the results are shown in
Fig. 8. Compared to Cu-F, the NO, conversion of the Na-
containing catalysts decreases. The NO conversion of the Na-
containing catalysts declined with increasing Na* content.
Notably, Cu-Nal.8 was the least active catalyst among all the
samples.

Fig. 9 displays the results of kinetic experiments for all
catalysts in the temperature range 170 to 230°C. The activa-
tion energies estimated from the Arrhenius plots show that all
catalysts have a similar apparent activation energy (E, = 39 +
1.5 kJ/mol), which is reasonable compared with literature
results (Wang et al., 2014, 2015a; Xue et al., 2013). The results
also demonstrate that the presence of Na* does not change
the reaction mechanism, rather it reduces the number of
active sites.
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Fig. 8 - NH;3-SCR resluts of Cu/SAPO-34 catalysts. NH3-SCR:
ammonia selective catalytic reduction.
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Fig. 9 — Decrease of acid sites (based on the results of NH;-
TPD) and isolated Cu”* (based on the results of EPR) as a
function of Na molar content.

3. Discussion
3.1. Na effects on the structure and Cu species of Cu/SAPO-34

Our CO,-DRIFTS results (Fig. 3) show that Si-O(Na*)-Al
structures exist on Na-containing samples. It reasonable to
believe that Na* can exchange with H* or Cu®* to form Si-O
(Na*)-Al. This assumption is supported by the NH;-TPD and
EPR results, which show that the amounts of acid sites and
isolated Cu®* decrease when Na* is introduced. The reduced
numbers of acid sites (based on the results of NH;-TPD) and
isolated Cu®* (based on the results of EPR) as a function of Na
molar content were further considered and the results are
shown in Fig. 9. The reduction in Brgnsted acid sites (H*) was
much more pronounced than the reduction in isolated Cu?*,
which shows that Brgnsted acid sites (H') are easily ex-
changed by Na*. This is due to H* being more acidic than Cu?*.
After being exchanged by Na*, the Cu®* forms CuAl,O,-like
species as corroborated by the H,-TPR and EPR results.
Similarly, H" is generated after the ion-exchange process,
which helps to create a local acidic environment. As a result,
the structure of Cu/SAPO-34 is slightly damaged. Since the
extent of damage is negigible, the changes in acid and active
sites are considered to be mainly caused by the ion exchange
between Na® and H*/Cu®’. Based on the data we obtained
above, a mechanism for Na* interaction with Cu/SAPO-34 can
be proposed, as shown in Fig. 10.

3.2. Na effects on activity of Cu/SAPO-34

Fig. 8 shows that the NH;-SCR activity of Cu/SAPO-34
decreases after Na introduction. Combining the effects of Na
on the structure and on the Cu species of Cu/SAPO-34, the
reasons for the activity loss of Cu/SAPO-34 after Na introduc-
ing are as follows:

Studies on the mechanism of NH;-SCR suggest that the
NHj3-SCR reaction over Cu/SAPO-34 includes two steps (Yu
et al,, 2014, 2015): the first step is the adsorption of NH;3 on
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Fig. 10 - Sketch of the mechanism of Na interaction with Cu/SAPO-34.

Brgnsted acid sites (H*) and isolated Cu®*, and the second step
is reaction between the adsorbed NH; and NO. Since the SCR
reaction only occurs on active isolated Cu®>*, NH; adsorbed on
Brgnsted acid sites (H') needs to migrate to isolated Cu®* sites
when reacting with NO. In the low temperature range (lower
than 230°C), the migration rate is too slow, so NH; adsorbed
on Brgnsted acid sites (H') does not participate in the SCR
reaction (Yu et al, 2015). Thus, the only factor affecting
activity in this temperature range is the number of active
isolated Cu®* ions. To justify this assumption, the turnover
frequencies (TOFs) were calculated and the data are shown in
Fig. 11. TOFs, calculated based on the number of isolated Cu*
ions measured by EPR, are identical for all samples. Therefore,
the activity loss in this temperature range is attributed to the
loss of isolated Cu®* in the kinetically controlled temperature
region.

At high temperatures (above 230°C), two reactions, NHjs-
SCR and NHj; oxidation, occur. NH; oxidation is considered to
be the main side reaction, which has a negative effect on the
high temperature NH,-SCR activity. However, the influence of
NH; oxidation is negligible in this study because the amount
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Fig. 11 - Ln (TOF) of NH5-SCR reaction over Cu/SAPO-34
catalysts. TOF: turnover frequency; E,: reaction activation
energy; T: reaction temperature.

of CuO, which was proved to be the active site of NHj
oxidation (Wang et al, 2014), remains the same for all
samples. It has been reported that NH; migration from
Brgnsted acid sites to active Cu®* sites is not the reaction
rate determining step in NH3-SCR at high temperatures (Duan
etal.,, 2015; Yu et al., 2015). Thus, the effects of the NH; storage
capacity on NH;-SCR cannot be ignored (Wang et al., 2015b).
The NH;-TPD results show a drop in the NH; storage capacity
of catalysts after Na introduction. Therefore, in addition to the
loss of isolated Cu?*, the loss of Brgnsted acid sites is another
reason for activity loss.

Our research probes the mechanism of the effect of Na* on
Cu/SAPO-34. Similar to the K" effect, Na* causes activity loss
by decreasing the number of active sites and acid sites on
Cu/SAPO-34. However, the natures of the alkali metal effects
on Cu/SAPO-34 are different from those on Cu/SSZ-13.

The different effects of alkali metal ions on Cu/SSZ-13 and
Cu/SAPO-34 may relate to the different alkali metal ion
loading methods and the difference in high temperature
hydrothermal stability between these two kinds of catalysts.
All studies on the effect of alkali metal ions on Cu/CHA have
indicated that alkali metal ions can undergo ion-exchange
with Cu/CHA. Two studies (Fedeyko and Chen, 2015; Gao et al.,
2015a) used ion exchange to load alkali metal ions on Cu/SSZ-
13, and Cu?* was loaded after or together with the alkali metal
ion loading. Therefore, the alkali metal ions only affect “H*”
instead of “Cu®*”. In addition, Cu/SSZ-13 shows relatively
poor hydrothermal stability compared with Cu/SAPO-34. The
presence of Na® on Brgnsted acid sites can mitigate the
hydrolysis process. Even though the decrease of Si-OH-Al
may influence the high temperature activity of Cu/SSZ-13 in
theory, its positive effects of mitigating hydrolysis seem to
be more significant. Thus, alkali metal ions exhibit positive
effects on Cu/SSZ-13. However, in our study, we impregnated
sodium salt solutions on Cu/SAPO-34 and find that both “H"”
and active “Cu®*” decline, and the decline further leads to the
activity loss of Cu/SAPO-34. In a word, alkali metal ions have
a negative effect on Cu/SAPO-34.

4, Conclusion

The effects of Na* on Cu/SAPO-34 were investigated in this
work. The results demonstrate that Na* exchanges with
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both H* and Cu®* of Cu/SAPO-34. Na* mainly substitutes for
H* in Si-OH-Al to form Si-O(Na*)-Al and H*, and also
substitutes for isolated Cu®* to form Si-O(Na*)-Al and
“CuAl,04-like” species. The NH;-SCR activity decreases
with increasing Na content. For temperatures below 230°C,
the loss of active isolated Cu®* is the reason for the activity
loss, whereas for temperatures higher than 230°C, the
declines of both active isolated Cu®* and acid sites contrib-
ute to the activity loss.
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