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The costly synthesis of conventional CHA zeolites for ammonia selective catalytic reduction of nitrogen oxides
(NH3-SCR of NOy) has hindered their widespread applications. In this study, highly crystalline CHA zeolites
(CHA-Y and CHA-B) were successfully synthesized from low-cost NaY and Al-rich beta precursors and alternately
low cost or low content structure directing agents through the inter-zeolite conversion route. After ion exchange
with Cu, the Cu—CHA-Y and Cu—CHA-B showed superior performance in the NH3-SCR of NOy reaction, which

can be attributed to their high surface area, abundant acidic sites. The in situ analysis by diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) revealed the reaction intermediates of NH3-SCR of NOy over
the low-cost prepared Cu—CHA catalysts. The as- prepared low-cost Cu—CHA catalysts are promising candidates
for the reduction of NOy conforming to the economic production of deNOy catalysts.

1. Introduction

Nitrogen oxides (NOy) is one of the major atmospheric pollutant gas
emitted from vehicle engines and industrial boilers processes [1,2]. The
hazards of NOy include formation of photochemical smog, acid rain,
atmospheric haze and ozone. However, at present, the control of NOy
emission remains a challenging task [3-6]. Thus, it is necessary to install
an after-treatment system on the sources of harmful gases in order to
effectively protect the environment. Various technologies have been
developed and used in the after-treatment system. Commercial selective
catalytic reduction of NOy by NH3z (NH3-SCR of NOy) is the most efficient
technology for NOy removal, and has been applied in exhaust purifica-
tion systems for vehicles and industrial boilers [1,2,7]. Recently, much
attention has been paid to ion-exchanged zeolites with active species (e.
g, Fe, Co, and Cu) [3,8-11], due to their uniform channels, abundant
acidic sites, superior thermal and hydrothermal stability, and large
surface area. Among them, Cu-exchanged small pore zeolites (SSZ-39,
SSZ-13 and high-silica LTA) show good catalytic performance in
NH3-SCR of NOy [8,9,12]. Compared with Cu-SSZ-13, although
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Cu-SSZ-39 and Cu-LTA have good catalytic performance, especially in
high temperature region, the organic template used in the synthesis
process is more complicated, which limits their wide application.
Recently, Cu-exchanged SSZ-13 with chabazite (CHA) structure has
been commercialized for diesel vehicle emission control. The CHA to-
pological structure consists of large cavities (8.35 A x 8.35 A x 8.23 &)
and eight-membered ring (8MR) pore windows (3.8 A x 3.8 A).
Importantly, this structure plays an important beneficial role in
providing better resistance to SOz [13]. In addition, the
silicon-aluminum ratio (SAR) of zeolite is also a key factor influencing its
hydrothermal and thermal stability. A SAR of 6-30 for CHA zeolite is
considered stable after hydrothermal aging at 800 °C for 12 h [14]. In
short, the proper topology and SAR play crucial roles in NOx removal.
Although the small pore Cu-SSZ-13 zeolite with CHA crystal structure
has been commercialized for diesel emission control system [15], its
costly synthesis, to a large extent, limits its wide application. This is
largely due to, as is widely known that numerous expensive organic
template agents are usually necessary to synthesize CHA-type zeolites.

In the last few decades, many methods have been used to reduce the
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cost of synthesizing CHA zeolites [16-19], such as organic template free
method [20], the method with minimal organic template [17], and the
method replacing expensive templates with relatively inexpensive
templates [16,18]. Additionally, Xiao et al. showed that the Cu-SSZ-13
zeolite can be produced by using an inexpensive copper-amine com-
plex as template [19]. Wang et al. found that the SSZ-13 zeolite can be
obtained by using a mixture of organic structure-directing agents
(OSDA) composed of N, N, N-trimethyl -1-ammonium adamantine hy-
droxide (TMAdaOH) and the less expensive tetramethylammonium hy-
droxide (TMAOH) [16]. The mixture of TMAdaOH and TMAOH was
used as structure directing agents to obtain the CHA structure, thereby
effectively reducing the consumption of the more expensive TMAdaOH
template. Inter-zeolite conversion technologies have also been devel-
oped. Corma et al. showed that the CHA-type zeolites can be synthesized
by using high silica USY zeolites as precursor [18]. Recently, Jhung et al.
demonstrated that SSZ-13 can also be obtained by using the high-silica
beta zeolite as the precursor in the presence of a small amount of
TMAdaOH (TMAdaOH/SiOy = 0.03) [17].

Even though the above strategies can to some extent reduce the cost
of synthesizing CHA-type zeolites, considering the cost of USY and high-
silica beta, the synthesis strategy of CHA-type zeolites by hydrothermal
conversion of USY and high-silica beta did not have the noticeable
advantage at the economic level. Therefore, reducing the cost and
obtaining an acceptable zeolite precursor is still a difficult task. Fortu-
nately, NaY (SAR =~ 2.6) and Al-rich beta (SAR ~ 4.0) can be prepared in
the absence any organic templates [20]. However, the low-silica pre-
cursor as a source of silicon and aluminum is not adequate for the
preparation of CHA zeolites for the NH3-SCR of NO reaction, due to the
unstability of the low-silica CHA zeolites during practical application.

In this study, the high-silica precursors were synthesized by post-
treating the low-cost NaY and Al-rich beta zeolites and using them in
the synthesis of CHA-type zeolites for NH3-SCR of NOy. In particular, the
high-silica CDY-wash-X precursor was obtained by treating NaY with
aluminum sulfate and nitric acid, while, the high-silica H-beta-A pre-
cursor was also obtained by calcinating the Al-rich beta and treating it
with nitric acid. Noteworthy, the Cu—CHA-Y and Cu—CHA-B, which
were successfully synthesized through the hydrothermal conversion of
the precursors CDY-wash-X and H-beta-A, exhibited superior selective
catalytic reduction of NOy (deNOy) performance. The structural and
textural properties, redox behaviors, and other physicochemical prop-
erties of the catalysts were also investigated by various characterization
methods. The deNOy reaction mechanism of the low-cost synthesis of
Cu—CHA catalysts was determined by in situ diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS).

2. Experimental section
2.1. Precursor preparation

Preparation of the low-cost high-silica CDY-wash-X precursor. A
commercial NaY (SAR =~ 2.6) zeolite was used as raw material. The

preparation of the CDY-wash-X precursor involves several steps, as
depicted in Scheme 1.
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Preparation of high silica H-beta-A precursor. The parent beta was
prepared by using fumed silica, sodium hydroxide, and sodium alumi-
nate as precursors, according to the method reported by Xiao et al. [20].
The preparation of the H-beta-A precursor is depicted in Scheme 2.

The detailed synthesis processes of the above two low-cost zeolite
precursors are described in the Supporting Information.

2.2. CHA-type zeolite preparation

Synthesis of H-CHA-Y zeolite. The CHA-Y zeolite was synthesized by
the hydrothermal conversion of the CDY-wash-X precursor under the
guidance of the low-cost structure-directing agent tetraethylammonium
hydroxide (TEAOH; 25 % aq. solution), as previously described by
Corma et al., with some slight modifications [18]. The composition of
the gel mixture was as follows: 1 SiOy: 0.3 TEAOH: 0.08 NayO: 0.065
A1203I 15 H20.

Synthesis of H-CHA-B zeolite. The CHA-B zeolite was prepared by
the hydrothermal conversion of H-beta-A under the guidance of TMA-
daOH (25 % aq. solution), according to previously reported procedures
with slight modifications [17]. The composition of the gel mixture was
as follows: 1 SiOy: 0.026 TMAdaOH: 0.077 Na30: 0.1 K20: 0.038 Al;03:
36 Hy0.

Synthesis of traditional H-SSZ-13. For comparison, the traditional
SSZ-13 was also synthesized by using colloidal silica, NaOH, NaAlO,,
and TMAdaOH as precursor. The synthesis process was similar to that in
a previous report [12].

H—CHA-Y and H—CHA-B zeolites were obtained after 12 h crystal-
lization. The detailed synthesis process of the above three H-type CHA
zeolites is described in the Supporting Information.

2.3. Catalyst preparation

The Cu—CHA-Y (Cu—CHA-B or Cu-SSZ-13) catalysts were prepared
by the exchange impregnation method. The process was similar to that
in a previous report [21]. The Cu content was about 2 wt% and further
confirmed by inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) analysis and the results are shown in Table S1. To determine
the hydrothermal stability of the catalysts, these CHA-type zeolites were
treated at 750 °C with 5 vol.% water vapor for 16 h, and designated as
Cu—CHA-Y-HTA (Cu—CHA-B-HTA or Cu—SSZ-13-HTA).

2.4. Catalysts characterization

The physicochemical properties and reaction mechanisms of the
samples were characterized by powder X-ray diffraction (PXRD) anal-
ysis, 2°Si and 27Al MAS NMR spectra, Ny adsorption/desorption tech-
nique, UV-vis spectroscopy, electron paramagnetic resonance (EPR)
experiments, temperature-programmed reduction of hydrogen (Ho-
TPR), scanning electron microscopy (SEM), scanning transmission
electron microscopy mapping (STEM)-mapping analysis, NH3 tempera-
ture programmed-desorption (NH3-TPD), the pyridine adsorption FTIR
spectra, X-ray photoelectron spectroscopy (XPS) and in situ DRIFTS. The
detailed descriptions of these measuring methods are provided in the
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Scheme 1. Dealumination process for low-cost NaY zeolite.
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Supporting Information.

2.5. Catalytic performance evaluation

The catalysts for NH3-SCR of NOy were evaluated using a fixed-bed
quartz reactor (i.d. = 6 mm). Typically, 100 mg of the catalyst was
loaded into a straight-type quartz tube. The feed consisted of 5% O3, 500
ppm NO, 500 ppm NHg, 5 vol% H50 with Ny balance, and the total flow
rate was set at 100 mL min ™!, which corresponds to the gas hourly space
velocity (GHSV) was estimated to be ~48,000 h™!. The dynamics test
was conducted under 800,000 h™! with 5 vol% H,0. The reaction
temperature was monitored by placing a thermocouple on the catalyst
bed with its head point touching the catalyst bed. All data were collected
with increasing temperature. The reactants and products were measured
by Fourier transform infrared (FT-IR) spectroscopy using a Nicolet
Antaris IGS-Gas Analyzer (Thermo Fisher Scientific Inc., Waltham, MA,
USA) equipped with a 2-m length gas cell. The NO conversion, Ny
selectivity and reaction rate were calculated using the following Egs. (1),
(2) and (3):

NO Conversion % = (NO + NO2)yye = (NO -+ NO> + 2N:0)qye x 100 [%)
(NO + Noz)inlcl
@
P NO, + 2[N2O]ou\lel
Ny selectivity = (NO )mlet (NH3)inlel - (NOX)oullsl - (NH3)nul]el
x 100[%]
2)

Rate [mol g1.s7'] = Xxo, [%] X Fyo, [L min"1] 3
e 60 [s min~!] x 22.4 [L mol '] X mey,[g]

where Xyox = NOy Conversion, [%], and Fyox = Flow rate of NOy [L
(NOy) min~ 1.

3. Results and discussion
3.1. Crystal structure characterization of the precursor zeolites

The CDY-wash-X precursor zeolite was derived from the low-cost
commercial NaY zeolite. The synthesis process was divided into three
steps: (1) treatment of NaY with Al3(SO4)3 to obtain the CDY zeolite; (2)
washing the CDY zeolite with 0.08 M NaOH to obtain the CDY-wash; (3)
further treatment of the CDY-wash with different concentrations of
HNO3 to obtain the CDY-wash-X. The SAR of NaY obtained after the
above process can be increased from 2.6 to 7.7-11.4. CDY-wash-X, as
initial silica-alumina source is considered feasible to obtain high-silica
CHA and used for the NH3-SCR of NOy reaction. The evolutionary pro-
cess of the crystal structure and strength during above processes are
shown in Fig. S1(A). Besides the characteristic diffraction peaks of
faujasite (FAU) zeolite, the other peaks at 18.1, 25.5, 30.2, 30.5, 40.6,
and 48.0° are assigned to the typical diffractions of the Na alunite
(PDF#41-1467) phase [22]. After treatment with NaOH, the alunite

phase completely disappeared, while the crystallinity of the CDY-wash
was not significantly changed. Additionally, the crystallinity of the
CDY-wash-X zeolite exhibited a descending trend during the acid
treatment process, especially for the CDY-wash-0.16. Fortunately, the
CDY-wash-X zeolites still maintain the FAU topological structure.

The other low-cost precursor, H-beta-A, was derived from the low-
cost Al-rich beta. The synthesis of the original Al-rich beta did not
require any organic templates. The XRD patterns of the Na-beta, H-beta
and H-beta-A are displayed in Fig. S1 (B). The results indicated that the
crystallinity of the beta zeolite has been well maintained during the
dealumination process. The H-beta-A obtained by calcination at high
temperature and acid treatment of Al-rich beta, not only had an
increased SAR but also retained the crystal structure and strength. Ac-
cording to the above results, the two low-cost CDY-wash-X and H-beta-A
precursors were successfully prepared.

3.2. Preparation and characterization of CHA-type zeolites

The CDY-wash-X was used as the initial silica-alumina source to
obtain the CHA-Y through the hydrothermal conversion method. The
results shown in Fig. 1 (A-C) reveal that all the CDY-wash-X precursor
can be efficiently converted into the CHA-Y under the guidance of
relatively low cost TEAOH as structure directing agent.

Although the crystal structure of the CDY-wash-X precursors had
some damage, it is feasible to use them as initial silica-alumina sources.
As it is widely known, the TEAOH plays a key role in the conversion
process during the synthesis of the CHA zeolite [18]. It was found that
the conversion of CDY-wash-X was incomplete or some other phases
occurred (mordenite (MOR) or beta) during the inter-zeolite conversion
process, when the concentration of TEAOH was too low. For example,
the CDY-wash-0.14 used as the initial silica-alumina source could not be
converted into the pure CHA-Y zeolite when the TEAOH to SiO, ratio
was below 0.35. To reduce the cost of synthesizing the CHA-Y zeolite,
the concentration of TEAOH was further optimized and the yield of
CHA-Y zeolite was also calculated and the results listed in Table S2.

It is obvious that among all the CDY-wash-X precursors, CDY-wash-
0.12 (SAR = 7.7) is the best option as the initial silica-alumina source
to obtain the CHA-Y zeolite. It is also clearly seen that a highly pure CHA
zeolite can be obtained even at a ratio of TEAOH to SiO5 as low as 0.30.
Additionally, we have been tracked the conversion process of CDY-
wash-0.12 (Fig. $2). The FAU phase show a trend of firstly increasing
and then decreasing, and CHA phase will gradually appear and even-
tually becomes the pure CHA phase from 0 to 12 h (Fig. S2 (A)). The
increasing of FAU phase at 2 h, which was likely related to the disso-
lution of amorphous SiOy around the CDY-wash-0.12. Fig. S2 (B) shows
the SEM images for CHA-Y zeolites synthesized by inter-zeolite con-
version with different time. Apparently, there are very differences in the
zeolite morphology and particle size as a function of conversion time.
The surface features undergo an octahedral-to-spheroidal trans-
formation in morphology. Simultaneously, the crystal size decreases
from ca. 500 nm to 100 nm.

The H-beta-A precursor was obtained in the absence of any organic
template. The preparation the of CHA-B zeolites from the H-beta-A
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Fig. 1. XRD patterns. (A) CDY-wash-0.12 (SAR = 7.7), (B) CDY-wash-0.14 (SAR = 8.4) and (C) CDY-wash-0.16 (SAR = 11.4) as precursor respectively to synthetize

CHA-Y with different TEAOH to SiO,, ratios.

precursor was also optimized. Concretely, the results of the analysis of
the effect of KOH, HoO, TMAdaOH and seed content are separately
shown in Fig. 2 (A-D).

The MOR crystal phase was detected at low concentration of KOH,
H,0, TMAdaOH or seed. The optimal pure CHA-B zeolite was obtained
when the molar composition of the starting gel was 1 SiOy: 0.026
TMAdaOH: 0.077 Na50: 0.1 K50: 0.038 Al,03: 36 H,0: 2% seed. These
results demonstrated that we can obtain high crystallinity CHA-B with
the least TMAdaOH consumption (TMAdaOH/SiO, = 0.026), which
effectively reduces the synthesis cost of CHA zeolites. Analogously, we
also have tracked the conversion process of H-Beta-A (Fig. S3). After 2 h,
the Beta phase almost completely disappeared and the CHA (20 = ca.
9.4°, 30.8) produced, proving the growth of CHA phase was based on
complete degradation of Beta. After only 4 h crystallinity, the pure CHA-
B phase can be obtained (Fig. S3 (A)). Fig. S2 (B) shows the SEM images
for CHA-B zeolites synthesized by inter-zeolite conversion with different
time. Apparently, there are differences in the zeolite morphology and
particle size as a function of conversion time. The surface features un-
dergo an octahedral-to-cubic transformation in morphology. Simulta-
neously, the crystal size was increased from ca. 400 nm to 1.2 pm.
Additionally, the morphology of CHA-B is similar to that of conventional

SSZ-13 (Fig. S4). It can be anticipated that the difference in morphology
is mainly due to the use of different organic templates. TEAOH and
TMAdaOH show a tendency to produce nanometer- and micron- size
zeolites, respectively. The results provided insights into the morphology
control synthesis of CHA-type zeolites. Of note, the low-cost CHA-Y and
CHA-B zeolites can be synthesized in only short time, which is faster
than conventional SSZ-13.

3.2.1. XRD analysis of Cu-exchanged catalysts

The XRD patterns of H or Cu—CHA-Y, (CHA-B and SSZ-13) are dis-
played in Fig. 3 (A) and Fig. S5 (A). The typical diffraction peaks are
consistent with those of the CHA zeolite crystal [23]. The patterns of
Cu—CHA-Y, (Cu—CHA-B and Cu-SSZ-13) catalysts are similar to those of
the H- type supports.

In addition, the amplification curves (right side) showed that the
diffraction peaks of CuO species was absent, and the peaks at 35.4 and
38.8° revealed that the Cu species was present in the ionic or cluster
form. It should be noted that the crystal structure of all catalysts pre-
served the CHA framework well, even after the high-temperature hy-
drothermal aging process (at 750 °C, 16 h, 5% H20) (Fig. S5 (B)). The
27 A1 NMR and 2°Si NMR spectra are displayed in Fig. 3 (B). From these
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Fig. 3. (A) XRD patterns, and (B) 2°Si, Al MAS NMR spectra of the Cu—CHA-Y, Cu—CHA-B and the conventional Cu-SSZ-13 catalysts.

spectra, we can see that tetrahedrally coordinated framework Al (Alg) much smaller signals also observed at about 0 ppm [24,25]. As with the
features as the major coordination environment were observed at about 27A1 NMR data, Alp appears as the dominant species in all catalysts,
57.6 ppm. The octahedrally coordinated extraframework Al (EFAl) with which can provide a large number of acidic sites promoted NHj
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adsorption activation. All catalyst contains two framework tetrahedral
Si features located at -111 and -105 ppm. The former was attributed to
tetrahedral Si with four Si neighbors [Si(0Al, 4Si)] and the other was
attributed to tetrahedral Si with three Si and one Al neighbors [Si(1Al,
38Si)] [12,26]. The profile area of band at -105 ppm is similar to each
other. The profile area of band at -111 ppm sequence of the catalysts is in
order of Cu—CHA-B > Cu-SSZ-13> Cu—CHA-Y, consistent with SAR of
catalysts, as determined by ICP results (Table S1).

To confirm the uniformity distribution of the Cu species on supports,
all catalysts were further examined by STEM- mapping, and the images
are shown in Fig. 4.

The Cu species distribute homogeneously with Al, Si and O elements,
indicating that the Cu species are highly dispersed on the supports.

3.2.2. N, adsorption-desorption measurement

The Ny adsorption-desorption method was used to further determine
the textural properties of these as-prepared catalysts. The isotherms and
the pore size distribution curves of the supports and catalysts are dis-
played in Fig. $6. Remarkably, H-—CHA-Y and H—CHA-B exhibit a sharp
increase in the relative pressure below 0.01, demonstrating the abun-
dant presence of micropores [27]. Additionally, the H—CHA-Y exhibits a
type IV isotherm in the relative pressure above 0.8, which may be due to
the formation of mesopores [28].

Based on the results of the pore size distribution curves and SEM
images (Fig. S2), we can conclude that the mesoporous structure is
formed from stacks between crystal particles. The textural parameters of
the supports and catalysts are listed in Table 1. Considering the small
grain size of the H—CHA-Y zeolite, although it exhibits a slightly larger
specific surface area and pore volume, we still think that none of the
supports have undergone noticeable changes in textural properties. In
other words, the textural properties of the H—CHA-Y and H-CHA-B
zeolites are similar to those of the conventional H-SSZ-13 zeolite.

Compared with the supports, the addition of Cu species has a
negligible effect on the surface area and pore volume, indicating that the

ey 200 N

| ————1500 nm |
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Table 1
The textural properties of various CHA-type zeolites.

Samples Specific surface area (m* g~!)* Pore volume (cm® g~ 1)"
SpeT Smicro Sext Vtol vmicro Vmeso
H-CHA-Y 562 484 78 0.64 0.38 0.26
H-CHA-B 527 500 27 0.33 0.22 0.11
H-SSZ-13 541 514 27 0.36 0.24 0.12
Cu-CHA-Y 529 456 73 0.61 0.37 0.24
Cu-CHA-B 514 489 25 0.33 0.25 0.08
Cu-SSZ-13 521 497 24 0.35 0.26 0.09
Cu-CHA-Y-HTA 480 416 64 0.59 0.39 0.20
Cu-CHA-B-HTA 485 470 15 0.30 0.22 0.08
Cu-SSZ-13-HTA 480 452 28 0.31 0.21 0.10

# Calculated by BET method.
b Determined by BJH method.

Cu species are perfectly dispersed over the supports. Additionally, the
catalysts after hydrothermal aging still retain larger surface areas and
pore volumes, thus exhibiting high stability.

3.2.3. UV-vis spectroscopy study of the catalysts

The existing state of Cu species is a key factor to determine the deNOy
performance. The UV-vis spectroscopy analysis was used to determine
the existing state of Cu species on the catalysts, and the results are shown
in Fig. 5 (A). According to previous reports, there are four categories of
Cu species, namely isolated Cu®*, dimeric Gu/CuOy cluster, crystalline
CuOy, and bulk CuO [4]. The band at about 240 nm is attributed to the
charge transfer of O — Cu?". The bands at ~ 310 and 380 nm hint to the
presence of oligonuclear [Cu-O-Cu], and crystalline CuOy species,
respectively. Additionally, the band at ~ 780 nm is attributed to the
Cu* p-d transition. Clearly, the spectra of Cu—CHA-B is similar to that
of Cu-SSZ-13, and isolated Cu?* is predominant among all the Cu
species.

The isolated Cu ions stay exclusively at a +2 oxidation state under
fully hydrated ambient conditions (e.g [Cu(OH)(H20)5]" and [Cu

i 200 NM ———1200 nm

s T

—————————1{ 500 nm 1 500 nm

Fig. 4. STEM-mapping images: (A) Cu—CHA-Y, (B) Cu—CHA-B and (C) Cu-SSZ-13 catalysts.
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Fig. 5. (A) UV-vis spectroscopy of catalysts, (B) EPR spectra of hydrated catalysts measured at —118 °C.

(H20)61 2+ ions), and they are EPR active [29,30]. Therefore, amenable
to quantitative interrogations via ERP. These Cu ions are quantified base
on Cu-imide chelated standard solutions, and the results are listed in
Table S1. Fig. 5 (B) shows EPR spectra for hydrated samples achieved at
—118 °C. All signal lineshapes are very similar to each other. A single
spectral feature is observed at high field. The hyperfine structures (g|| =
2.38 and A|| = 130 G) are resolved in the low field. These values are
assigned to octahedral coordination of Ccu?t ions [26,29]. It is worth
noting that in all catalysts, this quantification sequence of isolated Cu
ions is in order of Cu—CHA-B (2.0 wt %) > Cu-SSZ-13 (1.9 wt %) >
Cu—CHA-Y (1.8 wt %), which matches total Cu loading quantification
(2.0 wt %) by ICP results very well. The results proving that Cu in all
catalysts are predominately EPR active Cu?>* monomers, namely, iso-
lated Cu?* is predominant among all the Cu species, which is beneficial
for NH3-SCR of NOy.

3.2.4. Surface properties of the catalysts by XPS analysis

The XPS analysis was performed to further characterize the type of
surface of the Cu species on the catalysts, and the results are displayed in
Fig. S7. According to the reported literature and the characteristics of
the XPS fingerprint, all spectra were deconvoluted in two categories,
which were assigned to the different Cu species on the catalysts. The
peaks at ~ 933.1 and 953.3 eV are attributed to the CuO species, and the
other peaks at ~ 935.5 and 955.8 eV are assigned to isolated Cu®*
species [31,32]. Moreover, additional satellite bands from 942.0 to
947.0 eV are present in the Cu 2p spectra, which are characteristic of the

electronic configuration of unsaturated Cu on the Cu (II) component.
Isolated Cu* species acting as active centers play a significant key role
in the NH3-SCR of NOy reaction. The quantified data listed in Table S1
demonstrated that compared with the Cu—CHA-Y, higher percentages of
Cu species remain as isolated Cu?* in the Cu—CHA-B, which is in line
with UV-vis spectroscopy analysis results.

3.2.5. NH3-TPD analysis of the catalysts

The acidic sites of catalysts can adsorb and activate NH3 molecules.
Therefore, it also plays a crucial role in the NH3-SCR of NOy reaction.
Since a zeolite (Aluminosilicates) as a solid acid catalyst has abundant
acidic sites, the NH3-TPD technique was used to examine the acidic
properties of these catalysts, and the deconvolution results are shown in
Fig. 6 (A). The profile reveals a large amount of NH3 desorption for all
the three catalysts. For comparison purposes, the desorption peaks are
categorized into three groups.

The o group is related to the physically adsorbed NHj3 species, the p
group represents the NH3 adsorbed on the Lewis acidic sites and weakly
Brgnsted acidic sites, and the y group is associated with the NHg species
captured by strong Brgnsted acidic sites [33]. The quantified data pre-
sented in Table S3 clearly shows that among all the three catalysts,
Cu—CHA-Y has the largest number of acidic sites, which may be due to
the high density of Al and larger specific surface area of the Cu—CHA-Y
(details in Table S1 and Table 1). Additionally, the content of acidic sites
of Cu—CHA-B is similar to that of Cu-SSZ-13. In summary, Cu—CHA-Y
and Cu—CHA-B have enough acidic sites to adsorb and activate NHg
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Fig. 6. (A) NH3-TPD profiles and (B) Pyridine adsorption IR spectra of Cu—CHA-Y, Cu—CHA-B and the conventional Cu-SSZ-13 catalysts.



J. Zhang et al.

molecules, and thereby enhance the NH3-SCR of NOy reaction.

The pyridine adsorption IR technique was used to determine
Brgnsted and Lewis acidic sites of catalyst. Exposure of all catalysts to
pyridine resulted in the appearance of some weak bands in the 1400 and
1570 cm™! regions as a result of the pyridine molecule (0.6 nm) is bigger
than the channel (0.38 nm) of CHA-type zeolite (Fig. 6 B). According to
previous reports that the bands at around 1452 and 1540 cm’! was
assigned to pyridine adsorbed on Cu ions of Cu-exchanged zeolite and
Brgnsted acid sites on the external surface, respectively. [34] The band
at 1490 cm ! is contributed by both Lewis and Brgnsted acid sites. [35]
It is worth noting that, in all catalysts, the intensity of all peaks shows
the maximum value on Cu—CHA-Y (100 or 200 °C), which is closely
related to its large external surface. Additionally, this result also proves
that the Cu ions are mainly located in the pores of the Cu—CHA-Y
(Cu—CHA-B, Cu-SSZ-13) catalyst.

3.2.6. H,-TPR analysis of the catalysts

The Hy-TPR experiments were conducted to determine the redox
behavior of the active Cu sites on catalysts, and the results are shown in
Fig. S8. Clearly, four Hy consumption peaks were observed during the
entire reduction temperature range. The peak at ~ 190 °C is attributed
to the reduction of [Cu(OH)]"-Z species and the Cu?t ion located in the
CHA cage balanced by one framework charge [36]. Additionally, the
reduction of a small quantity of CuO species is also contributed to the Hy
consumption. The peak at ~ 435 °C is assigned to the reduction of
Cu®*-2Z species and the isolated Cu®" in the six-membered ring (6MR),
balanced by two framework charges [37]. The reduction temperature of
cu?t-2z species is higher than that of [Cu(OH)]*-Z species, demon-
strating that the isolated Cu®" in the 6MR is more stable [29]. As re-
ported previously, the [Cu(OH)]*-Z and Cu?"-2Z species is produced
through a two-step process: Cu?>* + 1/2Hy — Cu® + H' and Cu™ +
1/2H,; — Cu® + H' [36,37]. The second step is more complex and the
reduction temperature is generally above 500 °C. The peaks at about 570
and 766 °C are assigned to the second step reduction of [Cu(OH)]"-Z and
Cu®"-2Z species, respectively. The UV-vis, EPR and XPS analyses
revealed that [Cu(OH)]+-Z and Cu2+-2Z are the dominant species on all
catalysts. It is generally accepted that the [Cu(OH)]™-Z and Cu?*-2Z
species play a key role in the NH3-SCR of NOy reaction, as they can
efficiently convert between Cu* and Cu®?*, and then promote the
oxidation of reactantsas well as the reduction of intermediate products
[38].
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3.3. NH3-SCR of NOy performance

The catalytic performance of Cu—CHA-Y, Cu—CHA-B and the con-
ventional Cu-SSZ-13 catalysts in the standard NH3-SCR of NOx (4NO +
4NH3 + O3 = 4Ny + 6H50) reaction depends on both the reduction and
acidic sites, and these features are closely related to the Cu species and
SAR. Moreover, the SAR is also associated with the hydrothermal sta-
bility. Compared with the high-silica zeolites, the Al-rich zeolites have
an obviously disadvantage in terms of hydrothermal stability. The Al-
rich zeolite tends to have more Al in its framework, facilitating an
easier dealumination during the hydrothermal aging process. To date,
the CHA zeolites with SAR from 6 to 30 have been widely studied, the
results of such studies have demonstrated that their framework structure
is well maintained preserved during the hydrothermal aging process
[14]. Therefore, we believe that it is reasonable to assume that the
low-cost Cu—CHA-Y and Cu—CHA-B catalysts prepared in this study
have better hydrothermal stability.

All the three catalysts were evaluated for their performance in the
NH;3-SCR of NOy reaction and the results are presented in Fig. 7. Fig. 7
(A) showing the NO conversion on all catalysts from 100 to 600 °C. All
catalysts have essentially similar catalytic performance, and the removal
efficiency of NO can reach higher than 98 % in the temperature range
from 200 to 450 °C. Compared with the conventional Cu-SSZ-13 cata-
lyst, Cu—CHA-Y and Cu—CHA-B catalysts have slightly good catalytic
performance. After hydrothermal aging, Cu—CHA-Y and Cu—CHA-B still
exhibited better catalytic performance for NO elimination (Fig. 7 (A)),
especially Cu—CHA-B, may be due to the larger (1pm) uniform
morphology. Additionally, as shown in Fig. 7 (B) the Ny selectivity at
different temperatures can reach more than 97 % with all the catalysts,
indicating that the catalysts also exhibit the lowest secondary pollution
(such as N5O).

The kinetic experiments were performed at a high space velocity and
low conversions (<15 %) to rule out the external mass transfer and in-
ternal diffusion, respectively. All catalysts possess satisfactory activity
for NOy reduction, and the highest 79 % NOx conversion is achieved at
450 °C under the high space velocity (Fig. 8 (A)). The Arrhenius plots for
the NH3-SCR of NOy reaction for the three catalysts are displayed in
Fig. 8 (B). It should be noted that all catalysts have a similar apparent
activation energy, with a value of around 39 kJ mol !, demonstrating
that the low-cost catalyst may act through the same NH3-SCR of NOy
mechanism as the conventional Cu-SSZ-13 catalyst [39].

Recently, several studies revealed that the smaller the catalyst crystal
particle size, the better its catalytic performance [21,26,39]. Even
though the Cu—CHA-Y catalyst has the smallest grains among all
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Fig. 7. Catalytic performances of catalysts: (A) NOy conversion; (B) N, selectivity and N,O concentration. Reaction conditions: [NO]=[NH3] = 500 ppm, [05] =5
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Fig. 8. (A) NO4 conversion and (B) Arrhenius plots in NH3-SCR reaction on catalysts. Reaction conditions: [NO] = [NH3] = 500 ppm, [O2] = 5 vol.%, N, balance,

total flow rate 400 mL min ', 5 vol.% H,0, and GHSV = 800,000 h~*.

catalysts, it does not have the best catalytic performance in the NH3-SCR
of NOy reaction. This might be due to the existing state of the Cu species.
The differences in Cu species have been revealed by UV-vis, EPR and
XPS analyses. The Cu—CHA-Y possess relatively fewer isolated Cu?*
than the other two catalysts. Considering the key role of Cu?* species in
the NH3-SCR of NOy reaction, it is reasonable to conclude that the
Cu—CHA-Y catalyst with smaller crystal particle size has similar cata-
lytic performance as the other catalysts.

In summary, using the inter-zeolite conversion strategy, low-cost
effective Cu—CHA-Y and Cu—CHA-B catalysts can be obtained by
using CDY-wash-X and H-beta-A as precursors, respectively. The phys-
icochemical properties and catalytic properties of low-cost catalysts are
similar to those of the traditional Cu-SSZ-13 catalyst.

3.4. In situ DRIFTS study of the reaction intermediates

The research of reaction intermediates is of great significance to the
development of efficient catalysts. Through the continuous efforts of
scientists, the intermediates in the NH3-SCR of NOy reaction have
reached the molecular level. With the aid of DFT calculations, Gao et al.
demonstrate that the isolated Cu ions cannot realize the low-
temperature oxidation half-cycle of the SCR reaction; O activation re-
quires participation of a pair of mobile [Cu'(NH3)2]" sites with the
formation of a [CUI(NH3)2]+-02-[CUI(NH3)2]+ intermediate [40]. At the
same time, Gounder. et al. also found the same intermediate in NH3-SCR
of NOy reaction [41]. Recently, Oda. et al. report spectroscopic evidence
(fiber-optic UV-vis-NIR spectroscopy) of the efficient generation of the
dicopper intermediate([CuI(NH3)2] +—02—[CuI(NH3)2]+) in NHs3-SCR
over Cu-ion-exchanged zeolites [42]. These findings provide us with
very important help in understanding the reaction mechanism. Com-
bined with the conditions of our laboratory, we chose in situ DRIFTS
technique to understand the reaction intermediates in NH3-SCR of NOy.
To our best knowledge, infrared spectroscopy does not have the ability
to identify [Cu'(NH3),]"-0,-[Cul(NH3)2] T intermediates. Fortunately, in
situ DRIFTS technique is sensitive to changes in reactants at the activa-
tion site and some intermediate products, such as types of nitrates, NH3
adsorption sites, etc [43,44]. Therefore, in situ DRIFTS technique is
widely used to study the intermediates in NH3-SCR of NOy reaction. In
our study, the in situ DRIFTS technique is useful to study the reaction
mechanism of the catalyst for a special reaction.

Many studies show that SSZ-13 samples loaded with Cu: Al<0.2
contain exclusively Cu?* ions isolated in 6-membered ring (6-MR) [45].
Therefore, the Cu ions in our catalyst [Cu—CHA-Y, Cu—CHA-B,
Cu-SSZ-13(Cu: Al = 0.16, SAR = 7.8)] are mainly isolated cu®t ions, as

evidenced by UV-vis and EPR results. First, the catalyst was pretreated
at 500 °C in Ny for 60 min. Then, the temperature was cooled to the
active reaction temperature (200 °C) and subsequently NH3 (500 ppm)
was introduced. Eventually, the change of the catalyst surface was
monitored by DRIFTS analysis and the results are shown in Fig. 9.

It is worth noting that the bands at about 1430, 1620, 3185, 3282,
3375, 3576, and 3603 em™! are present in the spectra of all the three
catalysts and all the band intensity are increased with increasing expo-
sure time in the NH3 atmosphere. These findings demonstrate that the
NHj species can be adsorbed and activated on the catalyst surface. The
characteristics of the catalyst (Cu: Al = 0.16, SAR ~ 7.8) indicate that
the ion exchange of the catalyst is incomplete. Therefore, the IR bands
observed after NH3 adsorption represent two distinct ammonia species:
the bands at 1430, 3185, 3576, and 3603 cm ™! are ascribed to the NHJ
on the Brgnsted acidic sites (Si-O(H)-Al), while the bands at 1620, 3282,
and 3375 cm ™! are attributed to the coordinated NH3 on the Lewis acidic
sites [34,46]. The Lewis acid is dominated by Cu (II), so we speculate the
bands are closely related to [CuI(NHg,)g]+ species. Additionally, the band
at 1620 cm™! is detected preferentially, indicating that NHz is more
likely to coordinate with Cu (II). It is generally accepted that the bands
at high wavenumbers (>3100 cm™!) originate from the stretching vi-
brations of the N—H bonds, and the bands in low wave number region
(<1800 em™H represent the N—H bending vibrations in adsorbed
ammonia [46]. Compared with the Cu—CHA-B and Cu-SSZ-13 catalysts,
the Cu—CHA-Y catalyst shows the weakest band at 1620 cm™, indi-
cating that the state of the Cu species is the worst, which is well in line
with the results of the UV-vis, EPR spectroscopy and XPS analysis. After
the NH3 adsorption test, the NH3 was replaced by N; for 30 min to purge
the NH3 of physical adsorption, then 500 ppm NO + 5% O3/N3 was
introduced. Eventually, the spectra were recorded and are presented in
Fig. S9.

Remarkably, the representative bands at 1430, 1620 and 3282 cm ™
began to decrease slowly when 500 ppm of NO + 5% O2/Ny were
introduced, and after 20 min, it was hardly appeared. In 10 min, new
bands within the range of ~1550—1650 cm ™! emerged, indicating that
the activated NHj3 species can be reacted with the NO + O,. Noteworthy,
the band at around 1620 cm ™" is still present, but its position is shifted,
indicating that the the coadsorption and interaction of NO and NH;3 on a
Cu(I) site in Cu—CHA-type led to partial reduction of the site to Cu(l)
and the release of Ny and HO [43,47].

Additionally, the adsorption and activation of NO on the three cat-
alysts were also studied in detail. First, the catalyst was pretreated at 500
°Cin Ny for 60 min. Then, the temperature was cooled to 200 °C. Finally,
the mixture of NO (500 ppm) and 5% O3/N3 was introduced and the
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Fig. 9. In situ DRIFTS spectra of the catalysts under an atmosphere of 500 ppm NH3/N, at 200 °C. (A) Cu—CHA-Y, (B) Cu—CHA-B, (C) Cu-SSZ-13.

change on the catalyst surface was monitored by DRIFTS. The obtained
spectral profiles shown in Fig. 10 are similar for each catalyst.

Of note, the bands at about 1374, 1438, 1575, 1605, 1623 and 1880
em ™! are present in the spectra of all the three catalysts and all the band
intensity are increased with increasing exposure time in the NO + Oy
atmosphere. The band at around 1880 cm ™! was assigned to NO
adsorbed on Cu®" sites [48]. The bands at 1575, 1605, 1623 cm~ ! were
attributed to monodentate nitrate linked to Cu sites, monodentate ni-
trate linked to Al sites, and bridging nitrate based on Al sites, respec-
tively [43]. Additionally, the peak of the nitrite species (NO2-) was not
observed in the spectra as a result of NOy- was very unstable at 200 °C,
making it difficult to investigate their reactivity [44].

After introducing 500 ppm of NH3/Njy, the bands attributed to the
nitrate species disappeared (Fig. S10). At the same time, the bands
attributed to the NHj species are present and the spectrum is similar to
that in Fig. 9. These findings showed that the activated nitrate species
can be reacted with the NHj3. In other words, nitrate was hard to form on
the catalyst surface in the presence of NHg [44,46]. Need to explain here
that although the reaction steps based on the IR data of this study can
allow us to infer a series of reaction steps that are consistent with our
observations, but for the limited amount of data we currently available,
it is impossible to present a clear mechanism diagram. Therefore, we
can’t get detailed reaction steps here, but these steps are similar to
previous reports by Li, Gao and Gounder. et al. [40,41,44,49].

4. Conclusions

In summary, the low-cost and economic synthesis of Cu—CHA-type
catalysts was successfully achieved via the inter-zeolite conversion of
low-cost high-silica Y zeolites and beta zeolites, respectively. The low-
cost synthesized Cu—CHA zeolites possess high crystallinity and excel-
lent deNOy performance compared with the Cu-SSZ-13 catalyst prepared
by the conventional expensive method. Importantly, the Cu-CHA-Y and
Cu—CHA-B catalysts obtained from the low cost synthesis method also
exhibited superior hydrothermal stability (750 °C, 5 vol% H»0, 16 h).
The in situ DRIFTS results revealed that the reaction intermediates of
NH3-SCR of NOy over the low-cost prepared Cu—CHA catalysts, such as
types of nitrates, NH3 adsorption sites, were detected and the Langmuir-
Hinshelwood (L-H) mechanism might be occurred. The low-cost syn-
thesis of the small pore CHA-type zeolites developed in this study pro-
vide a guidance to reduce the cost of the preparation of deNOy catalysts
for commercial application of catalysts like the SSZ-13 zeolites.
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