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Series of Fe/Cu-SSZ-13 catalysts with different Fe loading content were synthesized by sim-
ple one-pot strategy. The obtained catalysts were subjected to selective catalytic reduction
(SCR) of NOx with NH3 and were characterized by various techniques. The results show that
Fep63/Cuy.50-SSZ-13 catalyst with proper Fe content exhibits excellent catalytic activity with
widest operation temperature window from 160 to 580°C, excellent hydrothermal stability
as well as good resistance to sulfur poisoning when compared with Cu-SSZ-13, signifying
its great potential for practical applications. Further characterizations reveal that the syn-
thesized Fe/Cu-SSZ-13 catalysts present typical chabazite (CHA) structure with good crys-
tallinity, while isolated Cu?* and monomeric Fe3* are revealed as the predominant copper
and iron species. At low temperatures, isolated Cu?* species act as primary active sites for
SCR reaction, while monomeric Fe3* species provide sufficient active sites for sustain the
SCR activity at high temperature. Moreover, Fe over doping would lead to the damage of ze-
olite structure, destruction of isolated Cu?* site, as well as the formation of highly oxidizing
Fe,03, thus causing deterioration of catalytic performances.

© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction

generation NH3-SCR catalysts V,05-WO3/TiO, have been suc-
cessfully commercialized and widely employed in denitrifica-
tion systems since 1970. However, it still faces serious chal-

Nitrogen oxides (NOy), as one of the major toxic pollutants
exhausted from diesel engine vehicles and fossil-fuel power
plants, have long been considered leading cause for photo-
chemical smog, ozone depletion and acid rain (Busca et al,,
1998; Konig et al., 2001). Among all the denitrification (deNOy
or NOy elimination) techniques, selective catalytic reduction
of NOyx using ammonia as reductant (NH3-SCR) has been rec-
ognized as the most efficient way for NOy elimination of diesel
engine emissions especially under lean condition (Garcia-
Cortés et al., 2001; Epling et al., 2004; Si et al., 2010). The first-
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lenges such as narrow operation temperature windows, poor
thermal stability, low resistance to sulfur as well as toxicity of
V°+ species (Li et al., 2011; Zhang et al., 2019). As the emission
regulations become more and more stringent, demand for de-
veloping new SCR catalysts remains urgent and have drawn
much effort both in academia and industry.

Zeolite supported copper catalysts, such as Cu-beta, Cu-
ZSM-5 and Cu-SAPO-34 have been extensively studied for
NH;3-SCR reaction over the past few years (Qi et al., 2008;
Wang et al.,, 2012; Liu et al., 2016). Among many zeolites
investigated, Cu-exchanged SSZ-13 zeolite with chabazite
(CHA) structure has been currently state-of-the-art cata-
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lyst that attracted lots of attention recently. Several stud-
ies have confirmed that Cu-SSZ-13 exhibited outstanding
activity for NH;3-SCR, superior N, selectivity and good hy-
drothermal stability compared to Cu-beta and Cu-ZSM-5
(Gao et al,, 2017; Chen et al., 2018). It also shows good re-
sistance to unburnt hydrocarbons, which benefits its prac-
tical operation for the diesel engine vehicle. On the other
hand, SCR activity over high temperature range is also ex-
tremely desirable for NOy elimination as the engine ex-
haust can be quite heated-up during acceleration (Gao et al,,
2015a). While Cu/SSZ-13 catalysts give unsatisfactory SCR
selectivity above 300°C, Fe/zeolites presents clear advan-
tages for high-temperature SCR performances. For example,
Gao et al. (2015b), Shishkin et al. (2014) and Wen et al. (2015) all
reported that Fe-SSZ-13 showed better activity and N,/N,0
selectivity during SCR test above 350°C. Thus, from the pur-
pose of making complementary advantages of both Cu and
Fe zeolites, a combined hetero-bimetallic Cu/Fe-SSZ-13 sys-
tem might provide optimized NH3-SCR performance at ex-
panded temperature range. The correlations between active
metal species and catalytic performance need further explo-
ration as well.

Moreover, the preparation of mono/bi-metallic SSZ-
13 catalysts have long been complicated. Conventional
synthesis of SSZ-13 zeolite reported by Zones and Van-
nordstrand (1988) involves usage of expensive organic com-
pound (N,N,N-trimethyl-1-adamantammonium hydroxide,
TMAdaOH) as template. The as-synthesized SSZ-13 zeolites
require post ion exchange procedures to obtain Cu-SSZ-13.
Ren et al. (2011) proposed simple one-pot synthesis of Cu-
SSZ-13 by employing Cu?*coordinated with copper-amine
complex. Subsequently, further improvement for the one-pot
synthesis of Cu-SSZ-13 catalyst have been conducted. As for
the bimetallic FeCu-SSZ-13 catalysts, the preparation process
includes synthesis of Na-form Cu-SSZ-13, transformation of
Na-form Cu-SSZ-13 into H-form Cu-SSZ-13, ion exchange of
Fe3* into H-form Cu-SSZ-13 (Zhang et al., 2015; Wang et al.,
2019), and such multiple complex ion-exchange processes
remains big challenges and are unfavorable for future indus-
trial application. Therefore, it is also urgent desired to develop
low-cost, controllable, and reproducible one-pot strategy for
Fe/Cu-SSZ-13 synthesis.

In the present study, Fe/Cu-SSZ-13 catalysts with different
Fe loading content were synthesized by simple one-pot strat-
egy. The obtained catalysts were evaluated for NH3-SCR cat-
alytic performances and characterized by various techniques.
The scope of this paper is to (i) to report a more effective one-
pot synthesis strategy for preparing bimetallic Fe/Cu-SSZ-13;
(ii) to obtain Fe/Cu-SSZ-13 catalysts with satisfactory activity
and stability for NH;-SCR reaction by regulating active com-
ponents; and (iii) so as to acquire new insights regarding the
structure-activity relationship of Fe/Cu-SSZ-13 catalysts for
NH5-SCR reaction.

1. Materials and methods
1.1. Catalysts preparation

Fe/Cu-SSZ-13 catalysts with different Fe content were pre-
pared by one-pot procedures as follows: (I) quantitative

amount of CuSO,4-5H,0 was first dissolved and stirred in
deionized water for 30 min; (II) 1.2 g tetraethylenepentamine
(TEPA) was then added and stirred for 60 min; (IlI) certain
amount of NaOH, NaAlO, and K4Fe(CN)e-3H,0 was added se-
quentially and stirred for another 60 min; (IV) 3.6 mL silica
sol was added drop by drop to the above solution under vig-
orous stirring for 3 hr; (V) the mixture was then transferred
a Teflon-lined autoclave and underwent hydrothermal treat-
ment at 140°C for 96 hr; (VI) the obtained product was filtered,
washed, dried at 100°C for 12 hr and then further acid-leached
in the HNO3 solution at 80°C for 12 hr; (VII) the dried solid was
calcined in a muffle furnace at 550°C for 4 hr to obtain the de-
sired catalysts.

The molar ratio of each component in the synthesis sys-
tem was 5 NayO: Al,03: 300 H,O: 10 SiO,: 2.5 Cu-TEPA: x
K4Fe(CN)g-3H,0 (x = 0, 0.06, 0.1, 0.13, 0.16). The mole ra-
tio of Cu-TPEA/Al,O3 was 2.5, while the different introduc-
ing amount of Fe was controlled by changing the quantity
of K4Fe(CN)g-3H,0. The Fe/Cu content in the obtained Fe/Cu-
SSZ-13 catalysts were determined by inductively coupled
plasma-atomic emission spectrometry (ICP-AES) tests using
IRIS Intrepid IIXSP spectrometer (IRIS Intrepid IIXSP, Thermo
Scientific, USA) and the synthesized catalysts were desig-
nated based on the ICP-quantitative results as Cus 5-SSZ-13,
FeO'40/CU1‘65-SSZ-13, FEQ‘53/CU1'55-SSZ-13, Feo,sg/Culso-SSZ-B
and Feq 79/Cug s6-SSZ-13 respectively (the number is subscript
stands for weight percentage).

To further evaluating the hydrothermal stability of the ob-
tained Fe/Cu-SSZ-13 catalysts, certain selected samples were
treated in air-steam flow with 10 vol.% H,0 of 25.0 mL/min
at 750°C for 24 hr to obtain the hydrothermal aged catalysts
(designated as -aged). Similarly, certain selected samples were
treated in 100 ppmV SO,/Ar gas flow at 350°C for 16 hr to ob-
tain the sulfur-poisoned catalysts (designated as -SO,), in or-
der to further evaluate the sulfur-resistance of the obtained
catalysts.

1.2. Catalysts characterizations

X-ray diffraction analyses (XRD) were conducted on X-ray
diffractometer using Cu Ke radiation (XRD-7000, Shimadzu,
Japan). The tube voltage sets at 40 kV and tube current sets
at 30 mA. The diffractograms were records in with 0.02° step
size the range from 10° to 140° (20).

H, temperature-programmed reductions (H,-TPR) were
conducted in the fixed-bed reactor using thermal conductiv-
ity detector (Chembet 3000, Quantachrome, USA). First, 100 mg
catalyst was purged in N, flow (30 mL/min) at 400°C for 0.5 hr.
After cooling to room temperature, 40 mL/min 5 vol.% Hy/Ar
flow was introduced till the baseline was stable. Then, the Hj-
TPR profile was recorded while the reactor temperature was
simultaneously raised to 1000°C (heating rate 10°C/min).

X-ray photoelectron spectroscopies (XPS) were conducted
on a Thermo ESCALAB 250 apparatus using mono-chromated
Al Ko radiation (ESCALAB 250, Thermo Scientific, USA). The
binding energies were calibrated according to the C 1 s peak
(284.8 eV) as internal labeling.

Ultraviolet visible spectra (UV-Vis) were collected on an
UV-2450 spectrometer (UV-2450, Shimadzu, Japan). The wave-
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Fig. 1 - X-ray diffraction (XRD) patterns of the obtained and hydrothermal aged Fe/Cu-SSZ-13 catalysts.

length range was from 200 to 800 nm at room temperature
using BaSO, as reference.

1.3.  Catalytic activity tests

NH;3-SCR activity tests were evaluated in a fixed-bed quartz re-
actor. The reaction mixture consists 500 ppmV NOy (490 ppmV
NO mixed with 10 ppmV NO,), 500 ppmV NHjs, 5 vol.% O, and
Ar as balancing gas (total gas hourly space velocity (GHSV)
50,000 hr~1). Concentrations of both inlet an exhaust gas (NO,
NO,, N,0, NH3) were quantitatively monitored by a Bruker
EQUINOX 55-FTIR spectrometer (EQUINOX 55, Bruker, Ger-
many). NOy and NH;3 conversions were determined according
to the following Egs. (1) and (2):

Nox—inlet - Nox—outlet

G = x 100% 1

NOx Nox—inlet ( )
NHS—inlet — NHS—outlet

= 1009 2

Gt NHy e @

where, Cnox (%) and Cyus (%) are the conversion of NOx and
NH3, respectively; NOx_jnjet (PpmV) and NOx_gyuet (PPmV) are
the NOy concentration before and after the SCR reaction test,
respectively; NHz injer (PpmV) and NHs guuer (PpmV) are the
NH; concentration before and after the SCR reaction test, re-
spectively.

2. Results and discussion
2.1. Crystalline structures by XRD analyses

XRD analyses were conducted to validate the crystalline struc-
tures of the synthesized Fe/Cu-SSZ-13 catalysts. Fig. 1 shows
the obtained XRD patterns. All the catalysts presented char-
acteristic peaks (260) at 9.5°, 14.0°, 16.1°, 17.8°, 20.7°, 25.0°
and 30.7°, which are feature diffraction peaks of typical
chabazite (CHA) structure of SSZ-13 zeolites (Wang et al., 2015;
Zhang et al., 2015). Sharp peak with relatively high intensity

can be observed in all the catalysts except Feg 79/Cug sg-SSZ-
13 catalysts, representing good crystallinity formed in Fe/Cu-
SSZ-13 with proper Fe content. It can be clearly demonstrated
that the one-pot method applied was quite successful in syn-
thesis of Fe/Cu-SSZ-13 with CHA structure. With increasing Fe
content, the main peak (211) (around 20.73°) decreased grad-
ually, indicating that Fe content can affect the relative crys-
tallinity of the Fe/Cu-SSZ-13 molecular sieve. Such decrease
in crystallinity demonstrated that some of the Fe species
has been introduced into the molecular sieve framework. For
Fep 79/Cug 56-SSZ-13, the weakened and broaden CHA diffrac-
tion peaks indicate its zeolite structure could be severe dam-
aged due to Fe over-doping. No diffraction peaks related to
CuO (at 20 = 35.6° and 38.8°) or FeOx (at 26 = 35.6°, 49.5°, 54.1°
and 62.5°) were observed, which can be either related to the
low content beyond detection limit or the well distribution of
copper/iron species into the zeolite matrix (Nares et al., 2002;
Deka et al., 2012). XRD profiles of hydrothermal aged Cus »s-
SSZ-13 and Feg g3/Cuy 50-SSZ-13 catalysts were also presented
in Fig. 1. As can been seen, typical diffraction peaks of CHA
structure can be maintained fundamentally after hydrother-
mal aging, indicating the zeolite structure was not severely
destroyed. However small CuO and FeOx can be observed after
hydrothermal aging, indicating the migration/agglomeration
of both copper and iron species occur during the hydrother-
mal aging.

2.2.  Redox properties by H,-TPR analyses

H,-TPR is commonly used to characterize the redox proper-
ties of the catalysts. The obtained H,-TPR profiles are shown in
Fig. 2. For Cus 5-SSZ-13 catalyst, multiple reduction peaks can
be observed below 500°C and around 700°C. Three reduction
peaks («, B, and y) below 500°C represent the reduction of iso-
lated Cu?t species in the SSZ-13, as these Cu?* species are co-
ordinated in various sites of the CHA structure and presented
correspondingly different reduction abilities (Appendix A Fig.
S1). Peak o (181°C) can be assigned to the reduction of isolated
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Fig. 2 - H, temperature-programmed reductions (H,-TPR) profiles of the obtained Fe/Cu-SSZ-13 catalysts.

Cu?t (Cu?*-1V) near octatomic ring window (site IV); peak 8
(249°C) represents the reduction of isolated Cu?t (Cu?*-I) in
the super-cage deviating from the double hexatomic ring (site
I); peak y (366°C) represents the reduction of isolated Cu?*
(Cu?+-11I) centered in the hexagonal prism (sites III); While
peak n (>700°C) reflects the reduction of ionic Cu* to metallic
CuP (Gualtieri et al., 2006; Kwak et al., 2012; Chen et al., 2018).
It worth mention that Borfecchia reported Cu?* species would
undergo "self-reduction" (Borfecchia et al., 2015) to Cu* in in-
ert atmosphere, thus the H, consumption in H,-TPR profiles at
low temperatures may not contain all the copper species due
to N, pretreatment before H,-TPR tests. But considering the
distinctively different reduction temperatures (above 700°C
for Cu* vs below 400°C for Cu?*), it is reasonable to say the
H,-TPR profiles could still provide support for identifying Cu?+
and Cu™ species. For Fe-Cu-SSZ-13 catalysts, as Fe content in-
creases, both peak « and g diminish gradually while peak y
is broadened with higher intensity. Since Cu?*-site III species
centered in the hexagonal prism possesses the highest stabil-
ity due to their large steric hindrances, the peak diminishing
suggests the disappearance of more active Cu?*-I and Cu?*-
IV species due to either lower Cu content or site occupation
by introduced Fe species. On the other hand, the reduction
temperature of isolated Fe3* species is generally around 350-
400°C (Bernard et al., 2000; Kang, 2000), therefore the peak y
broadening can be related to peak overlap due to close reduc-
tion temperature between isolated Fe3* species and Cu?*-III
species.

2.3.  Surface chemistry by XPS analyses

Surface element distribution and corresponding chemical
states have been investigated by XPS analyses. The obtained
XPS spectra along with the peak fitting results are presented
in Fig. 3. As can been seen from Fig. 3a, all the catalysts ex-
hibit Cu 2ps/, (binding energy around 933.0 eV) and Cu 2py,
(binding energy around 952.5.0 eV, not shown in Fig. 3a) peaks.
The Cu 2ps/, transition around 933.0 eV was differentiated

Table 1 - Surface element distributions in the Fe/Cu-SSZ-

13 catalysts.

Sample Cu (at.%) Fe (at%) Cu?t/(Cu?t+Cut) (%)
Cuy 25-SSZ-13 0.79 - 12.7%
FeO_m/CU1_55-SSZ-13 0.68 0.15 10.3%
Feo.53/Cuy55-SSZ-13  0.61 0.18 9.8%
FeO_53/CU1_5o-SSZ-13 0.58 0.22 8.6%
Feg.79/Cug56-SSZ-13  0.51 0.10 3.9%

into two peaks at 933.2 and 935.4 eV. According to previous
reports, the 933.2 eV peak was related to isolated surface Cu*
species, while the 935.4 eV peak can be assigned to isolated
Cu?* species coordinated with oxygen atoms in the SSZ-13
framework (Liu and Emiel, 2013; Han et al., 2017; Zhang and
Yang, 2018). Fig. 3b shows the XPS spectra of Fe 2p, as two char-
acteristic peaks of Fe 2ps/, and Fe 2p,,, located around 710.0
and 723 eV can be observed. The Fe 2ps/, peak was differenti-
ated into two main peaks (710.0 and 713.4 eV), which are very
closed to the Fe 2ps/, binding energies in FeO and Fe;03, sug-
gesting that the Fe ions exist in forms of Fe?* and Fe3* respec-
tively (Stanislaw et al., 2007; Brandenberger et al., 2010). It’s
worth noticing that for Feg 79/Cug sg-SSZ-13, the binding en-
ergy of Fe* shows a clear shift to lower positions at 711.7 eV,
which can be related to the formation of partially agglomer-
ated Fe,03 (Brandenberger et al., 2010; Zhang and Yang, 2018).
A very rough semi-quantification of Cu?* content was also
calculated based on the XPS results by comparing the cor-
responding peak areas It can be seen in Table 1 that with
increased Fe loading, the total amount of Cu species on the
catalysts surfaces gradually decreases. Besides, the Cu?* con-
tent is obviously lower the Cu+ content, suggesting the Cu?*
species are mostly coordinated in different sites insides the
zeolites CHA structure, which is in consist with H,-TPR analy-
ses. The Cu?*/(Cu?*+Cu) ratio also decreases with increased
Fe loading, suggesting these coordinating sites could be occu-
pied upon Fe doping.
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Fig. 3 - (a) Cu 2p and (b) Fe 2p X-ray photoelectron spectra (XPS) of the obtained Fe/Cu-SSZ-13 catalysts with different Fe

content.

2.4.  Identification of Fe species by UV-Vis analyses

UV-Vis analyses were conducted to gain further insights on
the chemical states and elemental distribution of Fe species in
the Fe/Cu-SSZ-13 catalysts. The obtained spectra (Fig. 4a) with
the deconvolution results (Fig. 4b) are presented below. For all
the Fe/Cu-SSZ-13 catalysts, three types of iron species can be
generally recognized. Two bands at 220-225 and 270-277 nm
can be both assigned to the isolated Fe3* species, as the for-
mer can be attributed to the tetrahedral Fe3*-I occupying the
ion-exchanging positions, while the latter can be attributed
to the octahedral Fe3*-1I coordinated into the zeolite frame-
work. The bands at 345 nm are related to oligomeric FexOy
species while the bands above 400 nm are related to agglomer-
ated Fe, O3 large particles outside the SSZ-13 surface (Lu et al.,
2005; Brandenberger et al., 2009, 2010). With increasing Fe con-
tent, these two bands at 345 and 410 nm become more promi-
nent. The relative proportion of different Fe species is quanti-

tatively calculated based the deconvoluted spectra (Table 2).
It clearly demonstrates that the nature and distribution of
the iron species change with increasing Fe loading content.
At lower Fe loading content (0.40 wt.%), the monomeric Fe3*
species prove to be predominant; while at higher Fe content,
the content of monomeric Fe3t species gradually decreases
and formation of larger iron species such as oligomeric Fe;Oy
and agglomerated Fe,O3 occurs. Such iron species evolution
can be explained as follows: at low Fe content, most of the in-
troduced Fe tends to occupy either charge-compensation po-
sition of proton H* sites or the Al3* sites in the zeolite frame-
work; with increasing Fe loading, these H* and Al3* sites grad-
ually become saturated and more difficult to occupy, thus Fe
tends to form different surface aggregated species and the rel-
ative proportion of monomeric Fe?* species gradually drops.
The above results have demonstrated the successful one-
pot synthesis of Fe/Cu-SSZ-13 catalysts. By adjusting Fe load-
ing content properly, the synthesized Fe/Cu-SSZ-13 catalysts
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Fig. 4 - (a) Ultraviolet visible spectra (UV-Vis) of Fe/Cu-SSZ-13 catalysts and (b) deconvoluted spectra of the

Feg.63/Cuy 50-SSZ-13 catalyst.

Table 2 - Relative proportion of different Fe species in the Fe/Cu-SSZ-13 catalysts.

Sample Monomeric Fe3*-I (at.%) Monomeric Fe3*-II (at.%) Oligomeric FexOy (at.%) Fe,03 (at.%)
Feo.40/Cuy ¢5-SSZ-13 28.85 44.63 22.53 3.990
Feo_sg/Cul.ss-SSZ-13 24.32 43.09 28.13 4.460
Fep.¢3/Cuy 50-SSZ-13 22.26 41.89 33.01 2.840
Feo_79/CuO.55-SSZ-13 12.89 29.92 35.17 22.52

Fe3*-I: tetrahedral Fe3*occupying the ion-exchanging positions; Fe3*-II: octahedral Fe** coordinated into the zeolite framework.

present typical CHA structure with good crystallinity similar
to the Cu-SSZ-13 catalysts, but Fe over-doping would lead to
severe damage of the zeolite structure. Further characteriza-
tions revealed that isolated Cu?>* and monomeric Fe3* are re-
vealed to be the predominant Fe and Cu species in the Fe/Cu-
SSZ-13 catalysts, whereas isolated Cu?* locates at three dif-
ferent sites (Cu?*-1V, Cu?*-I and Cu?*-III) in the CHA struc-
ture, and monomeric Fe3+ locates at two different sites (Fe3*-I
and Fe3*-II) in the CHA structure. With increasing Fe content,
more active Cu?*-I and Cu?*-IV gradually disappear, along

with the formation of oligomeric FexOy and agglomerated
Fe203.

2.5. Catalytic performance of catalysts

2.5.1. NH;3-SCR activity

Fig. 5 shows the NOy conversions over Fe/Cu-SSZ-13 catalysts
during NH3-SCR tests. As can be seen, the operation temper-
ature window width (the corresponding temperature ranges
while the conversion of NOy is above 90%) follows the or-
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der as: FeoA63/Cu1,50-SSZ-13 (160—580°C) > Feo_53/Cu1,55-SSZ-13
(155—530°C) > FEO‘40/CU1'65-SSZ-13 (160—520°C) > CU3_25-SSZ-
13 (145-490°C) > Feq 79/Cug s6-SSZ-13 (220-500°C). Comparing
with single Cus5-SSZ-13, although the temperature value of
90% NOy conversion (Tqg) has no obvious change at lower tem-
peratures, the high temperature activity of Fe/Cu-SSZ-13 (with
about 1.55 wt.% Cu) is significantly improved with increasing
Fe content. It is worth noticing that the Fegg3/Cuq 50-SSZ-13
catalyst with 0.63 wt.% Fe content presents the widest opera-
tion temperature window from 160 to 580°C, as the NOy con-
version can be maintained above 90% even at 580°C, which
suggests its clear advantages in actual applications. However,
upon further increasing the Fe content, both high tempera-
ture and low temperature activity decreases significantly for
the Fep 79/Cugs6-SSZ-13 catalysts with 0.79 wt.% Fe, resulting
in the narrowest operation temperature window. Such dete-
riorating result can be caused by either the decrease of Cu
content owing to sites occupation by Fe?*, or the damage of
the zeolite structure due to substitution of Al** in the tetra-
hedral coordination structure by Fe3* ions. Besides, the NH;-

SCR performances of Fe/Cu-SSZ-13 and Cu-SSZ-13 with simi-
lar Culoadings were also evaluated by subjecting Feq ¢3/Cuy 50-
SSZ-13, Cujz»5-SSZ-13 and Cuq 79-SSZ-13 to same NH;3-SCR test
protocols, and the results (Appendix A Fig. S2) further demon-
strated the superiority of Fe/Cu-SSZ-13 catalyst. Moreover, re-
garding the affection of different space velocity, our previous
studies (Chen et al., 2018) on Cu-SSZ-13 catalyst (Appendix A
Fig. S3) as well as various reports (Zhang et al., 2015) have
all demonstrated the excellent adaptability to high GHSV of
Cu-SSZ-13 and FeCu-SSZ-13 based catalysts, suggesting its
promising application in diesel-engines exhaust purification.

2.5.2.  Hydro-thermal stability

Fig. 6 shows the NOx conversions over Feg g3/Cuy 50-SSZ-13 and
Cus »5-SSZ-13 catalysts upon hydro-thermal aging treatment.
For the single Cus,5-SSZ-13 sample, the operation temper-
ature window is significantly narrowed upon hydro-thermal
aging (145-490°C before aging and 160-450°C after aging). For
Feo.63/Cuy 50-SSZ-13 catalysts, the operation temperature win-
dow can be retained from 205 to 550°C. Although the low
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temperature activity was deteriorated to a certain degree,
Feg.63/Cuy 50-SSZ-13 still presents excellent high temperature
activity with wider operation temperature window upon hy-
drothermal aging.

2.5.3. Anti-sulfur performance

Sulfur poisoning has long been a critical challenge that de-
mands consideration during the practical application of the
SCR catalysts. Therefore, the affection of sulfur-poisoning on
the de NOy performance of Cus,5-SSZ-13 and Fegg3/Cuq50-
SSZ-13 catalysts were also evaluated. As shown in Fig. 7, af-
ter 16 hr treating in SO, at 350°C, the operation tempera-
ture window of Cus 55-SSZ-13 occurs from 165 to 470°C, while
the temperature window of Fegg3/Cuq 50-SSZ-13 occurs from
200 to 570°C. Similar to the effect of hydrothermal aging, al-
though the low temperature activity was also deteriorated,
Feg63/Cuy 50-SSZ-13 still presents excellent high temperature
activity with wider operation temperature window, especially
its Tgp value at high temperature was only decreased by 10°C.

Such results indicate that Feg g3/Cuq 59-SSZ-13 shows an out-
standing sulfur resistance and was potentially preferable for
practical application.

Additionally, to better simulate real working condition of
diesel engine vehicles, the tolerability of Cus »5-SSZ-13 (Fig. 8a)
and Fegg3/Cuy50-SSZ-13 (Fig. 8b) catalysts exposed to NOy-
NH;3-0, feed gas with different SO, concentrations was also
evaluated. As can be seen, NH3-SCR activity of both samples
can be quite stable and NOy conversion remains at around
100% as in the NOx-NH;3-O, reaction feed gas. Once SO, is
introduced, NOx conversion over both catalysts drops imme-
diately and sharply. Higher concentration of SO, in the reac-
tion feed gas lead to more severe NH3-SCR activity deteriora-
tion. For Cus 5-SSZ-13 catalyst, NOx conversion can be main-
tained at 100% for about 6 hr with 10 ppmV SO, and after
30 hr reaction only 35% NOy conversion can be retained; when
SO, concentration increases above 50 ppmV, NOy conversion
drops below 50% in less than 5 hr, indicating its poor toler-
ability against sulfur poisoning. For Fegg3/Cuy 50-SSZ-13 cat-
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alyst, NOy conversion can be maintained at 100% for about
22 hr with 10 ppmV SO, and over 50% NOy conversion can
be retained after 30 hr reaction; when SO, concentration in-
creases to 50 ppmV, NOy conversion can remain at 100% for
the first 5 hr. These results show that the anti-sulfur per-
formance of Fepg3/Cuq 50-SSZ-13 catalyst is significantly im-
proved by proper Fe doping. Moreover, when SO, is switched
off in the feed gas, NOy conversion over both catalysts was
not able to recover to the initial level. This suggests that the
sulfur poisoning phenomenon does not originate from the
competitive adsorption between SO, and reaction gas, instead
it is more likely related to the permanent block of surface
active sites by (NHg4),SO4 and NH4HSO, species formed on
the catalyst surface (Pieterse et al., 2006; Jin et al., 2014). Our
previous study on Cu-SSZ-13 series (Chen et al., 2018) have
also deomonstrated the existence of (NH4),SO4 and NH,HSO,
on the catalyst surface after SO, resistance test at 155°C for
30 hr via thermogravimetry-differential scanning calorime-
try (TG-DSC) analyses (Appendix A Fig. S4). The affection of
sulfur poisoning on active species such as isolated Cu?* and
monomeric Fe3* required further in-depth studies and was
not discussed in this work. In our previous study on Cu-SSZ-
13 series (Chen et al., 2018), electron paramagnetic resonance
(EPR) profiles of SO, pretreated Cu-SSZ-13 samples shows that
the coordination environment of Cu?* species wasn’t changed
a lot and major content of isolated Cu?* can be retained after
SO, pretreatment. Therefore, we can generally assume that
SO, pretreatments does not show significant impact on active
species.

Combining the catalytic performance results above, it is
well demonstrated that appropriate amount of Fe doping of
Fe/Cu-SSZ-13 catalysts can improve NH3-SCR activity at ex-
panded operation temperature window as well as enhance
it tolerability against hydrothermal aging and SO, poisoning,
making the optimized Fe/Cu-SSZ-13 catalyst system promis-
ing for potential industrial applications. The results of system-
atic characterizations also suggest that the catalytic behav-
iors of Fe-Cu-SSZ-13 catalysts should be related to the nature
of Cu and Fe species, therefore, comparison and correlations
between active Cu/Fe species and catalytic activities are dis-
cussed in the following discussion in order to acquire deeper
insights regarding the structure-activity relationship of Fe/Cu-
SSZ-13 catalysts for NH;-SCR reaction.

2.6.  Correlations between active species and catalytic
activities

Extensive studies have been previously reported on Cu-
zeolites catalysts for NH3-SCR reactions. A series of stable Cu
species have been reported to be active sites including iso-
lated Cuions, dimeric Cu species and even agglomerated CuOy
clusters. Wang proposed isolated Cu ions coordinated at ion-
exchange sites are more likely to be the active sites rather than
CuO, as CuO not only shows weak interaction with acid sites in
the zeolites structure but also accelerates the NH; oxidation at
high temperatures, leading to lower NH3-SCR reaction activity
(Wang et al., 2012, 2013). Giordanino et al. (2013) revealed that
dimeric Cu species scarcely exist in Cu-SSZ-13 framework and
are very unlikely to be active species. Our previous research on
Cu-SSZ-13 catalysts revealed three different forms of isolated

Cu?t species in the CHA structure, and these isolated Cu?t
species are beneficial for improving low-temperature NHjs-
SCR activity (Chen et al.,, 2018). In the present work, isolated
Cu?* species and Cu™ are validated as the predominant cop-
per species, while dimeric Cu species and CuOy clusters are
not observed. Cu* presents high reduction temperature above
700°C, thus can also be ruled out as active sites. Therefore, it is
reasonable to say that higher catalytic reactivity (especially at
low temperatures) of Cu-SSZ-13 catalyst can be attributed to
the isolated Cu?* species. With increasing Fe content in Fe/Cu-
SSZ-13 catalysts, part of the isolated Cu?* disappeared due to
low Cu content or site occupation by introduced Fe. Therefore,
the low temperature NH3-SCR activities are slightly hindered
in Fe/Cu-SSZ-13, as demonstrated in activity tests.

For Fe species, various types of iron species have also
been proposed to be active sites in previous studies, such
as monomeric iron ions, oligomeric FeyOy and even large
Fe,03 particles. Hgj et al. (2009) proposed that monomeric
iron ions should be the predominant iron species under low
(<1.2 wt.%) iron loading conditions. Devadas et al. (2007) sug-
gested that the rate-determining step is NO oxidation and
Fe,03 particles with high oxidizing ability should be critical
active sites. However, Shwan et al. (2012) demonstrated that
the increased ability of NO oxidation does not necessarily re-
sult in increased NH;3-SCR activity, on the contrary it would
cause undesired ammonia oxidation hindering SCR reaction.
Further studies by Yin et al. (2016) and Liu et al. (2015) all pro-
posed that the monomeric iron ions are major contributor to
the high temperature SCR activity of Fe-Cu-SSZ-13 catalysts.
Zhang et al. (2015) suggested it is possible to control the tem-
perature window range for NO conversion by controlling the
content of Cu and Fe species, as the presence of more cop-
per species seems to be helpful whereas at high temperatures
the presence of more iron species is desired. In the present
work, monomeric Fe3* located at two different sites (Fe3+-I
and Fe3*-II) in the CHA structure are validated as the pre-
dominant iron species. Based on the above literatures and re-
sults, we may conclude that for Fe-Cu-SSZ-13 catalysts, iso-
lated Cu?* species act as primary active sites for low tem-
perature SCR reaction, while monomeric Fe3* species provide
sufficient active sites for sustain the SCR activity at high tem-
perature. Therefore, the operation temperature window of Fe-
Cu-SSZ-13 is significantly expanded comparing to Cu-SSZ-13.
Moreover, for Feq 79/Cug s6-SSZ-13, Fe over doping leads to the
damage of zeolite structure, destruction of isolated Cu?* site,
as well as the formation of highly oxidizing Fe,0s, thus it
presents worst catalytic performances.

3. Conclusions

Fe/Cu-SSZ-13 zeolites with different Fe loading content were
successfully synthesized with one-pot strategy and evaluated
for NH3-SCR reactivity. Textural analysis of the catalysts re-
veals that the synthesized Fe/Cu-SSZ-13 catalysts present typ-
ical CHA structure with good crystallinity. Isolated Cu?* and
monomeric Fe3* are identified as the predominant copper
and iron species. The activity evaluation results show that
Feoe3/Cuy 50-SSZ-13 catalyst with proper Fe content shows
outstanding SCR activity over wide temperature range from
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160 to 580°C, along with high hydrothermal stability as well
as good SO, resistance. The improvement of catalytic behav-
iors of Fe/Cu-SSZ-13 can be correlated to the nature of active
species iron and copper species, as isolated Cu?* species act as
primary active sites for low temperature SCR reaction, while
monomeric Fe3* species provide sufficient active sites for sus-
tain the SCR activity at high temperature. Moreover, Fe over
doping can result in deteriorated catalytic performances, due
to the damage of zeolite structure, destruction of isolated Cu?*
site, as well as the formation of highly oxidizing Fe,03.
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