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Solid state ion exchange was performed for the successful introduction of Fe cations in the small pore CHA
structured SSZ-13 zeolite. The produced catalysts were characterized by IR and UV-Vis spectroscopies and
thermally programmed reaction techniques to probe the Fe sites formed during the exchange and the catalytic
activity for the NOy SCR reaction. The results indicate that highly dispersed and heterogeneous Fe sites are
formed, and the type depends on the Al distribution in the zeolite. Dimeric Fe species are formed preferentially at

the start of the exchange on the 6- and 8-member rings that contain at least two Al exchange sites and once these
sites are fully saturated the Fe is exchanged as isolated cations.

1. Introduction

Zeolites with exchanged Cu or Fe have become the primary catalysts
for the NH3; mediated abatement of NOy, especially in the automotive
sector. They are characterized by a wide operating temperature range
and high adsorption capacity, that dampen the inherent high variability
of temperature and pollutant concentration in the exhaust gas [1-4].
Recently, the Cu-exchanged small cage chabazite type zeotypes (e.g.,
SSZ-13 zeolite or SAPO-34 silicoaluminophosphate) became dominant
in practical applications, largely substituting the medium and large pore
diameter zeolites (e.g. MOR, ZSM-5 or BEA). Zeolites with small cage
and pore diameter offer better catalytic activity, lower NoO production
during the SCR reaction, higher resistance to hydrocarbon poisoning due
to size exclusion effect and better hydrothermal stability. The CHA ze-
olites are resistant to sintering up to 800 °C, in contrast to 650 °C for
larger pore zeolite, and this can be especially relevant in the context of
SCR-on-Filter applications that require high temperature regeneration of
the filter [5-9]. The Cu-exchanged zeolites are widely investigated and
used in practical applications for low temperature (< 350 °C) SCR re-
action; however, at higher temperature (> 350 °C) Fe-exchanged zeo-
lites are preferable due to higher NOy conversion, less N2O production
and more efficient NH3 utilization [1-9].

The ion exchange of metals in zeolites produces highly dispersed
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extra-framework metal ions, in some cases even atomic dispersion, and
as a result high active site utilization in the desired reaction. The most
common ion exchange synthesis method is liquid ion exchange, whereby
the powdered zeolite is dispersed in a solution containing solvated metal
ions. With this method the extent of exchange and metal loading is
difficult to control precisely due to a number of factors involved, e.g.,
temperature, pH, time, counter-ions present in the solution, exchange
affinity and pore size effect. Liquid ion exchange also results in large
volumes of wastewater that can be challenging to dispose of on indus-
trial scale.

The solid-state ion exchange (SSIE) in zeolites has been widely
demonstrated for different metals and the reaction is generally thought
to occur through ion displacement mechanism [10-16]. The initial
widespread research of SSIE was relative to the exchange of La in
Y-zeolite for fluid catalytic cracking (FCC). It was observed that La%t
ions in aqueous solution have a large hydration diameter and cannot
enter the zeolite pore during the liquid ion exchange, while the SSIE
method could produce ion exchanged La-Y and La-BEA zeolites [17,18].
For the same reason, the liquid ion exchange of Fe ions in zeolites is
difficult, the large diameter of the Fe[HZO]gJr complex prevents the
entry of ions in the zeolite pores. For the successful liquid ion exchange
of Fe in medium and small pore diameter zeolites it is necessary to use
Fe?* precursor and ensure the absence of dissolved oxygen in the liquid
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through degassing and flowing Ny [19-21]. Some synthesis methods
propose the addition of ascorbic acid as oxygen scavenger and prevent
Fe?" to Fe3' conversion [22-24]. Even with these precautions, it is
problematic to produce a Fe-zeolite with precisely controlled metal
loading.

SSIE of Fe in large and medium pore diameter zeolites (primarily
ZSM-5) has been demonstrated as highly efficient synthesis method,
reaching high exchange ratio and precisely controlled metal content
[13,25-27]. The liquid ion exchange of Fe in CHA framework small pore
zeolite is challenging, while the potential of the SSIE method has not yet
been reported. The research regarding the coordination, reactivity, and
location of Fe species in the small pore zeolites has revealed large var-
iations and multiple Fe types and their roles in catalytic reactions are
still actively debated. In this manuscript the process and some of the
conditions required for successful Fe SSIE procedure in the SSZ-13
zeolite are explored and discussed. The SSIE process was examined in
depth, the physicochemical properties of the obtained Fe zeolites, along
with the location/coordination of the Fe sites and the reactivity in the
context of NOy abatement, were studied in detail.

2. Experimental
2.1. Materials

The parent SSZ-13 zeolite was provided by ACS Material (SiO2/Al;03
= 18, NHy-form). For the SSIE synthesis, the precursor FeCly-4 HoO was
used and it was applied in amounts required to obtain Fe/Al molar ratios
of 0.045, 0.067, 0.125 and 0.25. These Fe/Al ratios are included in
brackets for the nomenclature used for the labeling of the investigated
catalysts, while the Fe content by weight is reported in Table 1. The
zeolite and the FeCly-4 HyO powders were placed in a ceramic zirconia
grinding jar with zirconia beads and ball-milled in a planetary mill for
0.5 h to obtain tight contact. Following the milling, the powder was
placed in the reactor system (see the description below) and inert at-
mosphere was obtained by flowing He for 1 h. Under He flow the tem-
perature was increased at 2 °C/min rate up to 550 °C and held at that
temperature for 0.5 h. Finally, the as-obtained SSIE powder was calcined
in air at 650 °C in a muffle furnace. Other samples were synthesized by
varying the synthesis conditions as follows:

- Following ball-milling, the catalyst was not heated under inert
condition, but immediately calcined in air.

- A sample was prepared through incipient wetness impregnation of
the H-SSZ-13 zeolite with Fe(NO3)3-6H30.

- SSIE was performed with the H-form of the zeolite (H-SSIE(0.25))
instead of the NHy4 form as for the other samples.

The Fe loading and other physico-chemical characterization results
are summarized in Table 1.

A reference sample of Fe-BEA was synthesized using the classical
liquid ion exchange method. Deionized water was degassed by flowing
N, within isolated bubbler after which ascorbic acid was added in
concentration of 100 mM, followed by the addition of the H-BEA pow-
der. Fe(Il) acetate was added in amount that corresponds to 50 mM of

Table 1
Summary of some physico-chemical properties.

Sample H,/Fe uptake (mol/ Pore volume (cm®/  Fe content (wt
mol) g) %)

SSIE FeAl = 0.28 0.21 2.5
0.25

SSIE FeAl = 0.34 0.20 1.25
0.125

SSIE FeAl = 0.38 0.22 0.67
0.067

SSIE FeAl = 0.5 0.21 0.44
0.045

H-SSZ-13 - 0.25
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Fe?" solution and the solution was stirred for 24 h after which it was
separated by centrifugation and washed. Following the washing step,
the sample was dried at 120 °C and calcined in air at 550 °C. Higher
calcination temperature resulted in severely deteriorated catalytic
activity.

2.2. Reactivity and thermal experiments

The reactivity experiments were performed in a tubular glass reactor
with internal diameter of 10 mm, heated with vertical furnace with
configurable temperature program. The catalyst powder was suspended
on a porous glass frit and the reaction gas mixture was passed through
the catalytic bed. A K-type thermocouple was inserted in the catalytic
bed for continuous temperature measurement. The desired gas mixture
and concentrations were adjusted through dedicated mass-flow con-
trollers. The outlet gas composition was analyzed with ABB AO 2020
analyzers with ND-IR for NH3; and N2O and ND-UV for NO and NO,
measurements and cross sensitivity of different gas species were cor-
rected through instrument calibration. The following experiments were
performed:

SCR of NOyx: 150 mg catalyst and gas flowrate of 450 mL/min with
the composition of 500 ppm NO, 500 ppm NHs, 7% O, 2% H30 in Nj.

NH;3-TPD: 100 mg catalyst pretreated at 250 °C for 0.5 h in N, flow,
followed by cooling down to 100 °C and saturation in 2000 ppm NHs
flow. NH3 desorption was performed in 400 mL/min Ny flow with 5 °C/
min heating rate.

NO,-TPD: 100 mg catalyst pretreated at 250 °C for 0.5 h in N3 flow,
followed by cooling down to 100 °C and saturation in 2500 ppm NO5
flow. NOy desorption was performed in 400 mL/min Ny flow with 5 °C/
min heating rate. The temperature of 250 °C was chosen as it was the
temperature at which the physiosorbed HO could be desorbed avoiding
the reduction of the Fe-sites due to dehydration.

CO temperature programmed reduction (TPR): 100 mg catalyst was
reduced in a flow 2000 ppm CO in He with flowrate of 250 mL/min and
heating rate 5 °C/min until 650 °C. Following the reduction with CO, the
catalyst was treated with 1% N3O in He flow for 1 h at 650 °C and cooled
down first to 400 °C in a N,O flow followed by switching to a Ny flow
below 400 °C. This procedure was adopted to avoid the formation and
accumulation of nitrates on the catalyst surface that would have
hampered the interpretation of TPR results. The N3O activated catalyst
was reduced again in CO according to the procedure in the first step.
Such procedure allowed to differentiate between the naked Fe cations
and oxygen containing species in the Fe SSIE(0.25).

The Hy-TPR experiments were performed on TPDRO 1100 instru-
ment. Typically, 60 mg of the catalyst was placed in the reactor, pre-
treated in He stream to remove impurities at 250 °C. Following the
pretreatment, the reactor was cooled down to 50 °C and reduced in 5%
Ha/Ar 20 mL/min flow, with 10 °C/min heating rate until 800 °C. The
outlet gas was passed through humidity trap and analyzed with TCD
detector that was previously calibrated with a CuO standard.

2.3. Characterization methods

X-ray diffraction (XRD) was performed on X'pert PW 3040 instru-
ment with Cu anode for Ka radiation generation at 40 kV and 40 mA and
passed through divergence slit. The measurements were collected in the
10-80° 20 range with pixel array detector for continuous data
acquisition.

Fourier transform infrared (FT-IR) spectroscopy was performed on
Bruker Invenio S instrument with cryogenic MCT detector. The analyzed
samples were pressed into thin self-supporting wafers and placed in
isolated quartz glass cell with KBr windows through which the incident
beam passed. Following heat treatment at relevant temperatures (r.t.,
100, 250, 400 °C) for 0.5 h and evacuation at > 1 Pa the FTIR spectra
were collected in transmission mode in the 4000-600 cm ™! range with 2
cm™! resolution.
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The Fe species exchanged with the SSIE procedure were probed
through FT-IR measurements of low temperature CO adsorption ac-
cording to the procedure described and validated in detail, in a series of
spectroscopic investigations [20,28,29]. The Fe SSIE(0.25) sample was
introduced in a special FT-IR cell suitable for low temperature mea-
surements and evacuated at 400 °C for 1 h to remove any adsorbed water
or impurity and cooled down with liquid Ny to —196 °C. The CO was
dosed stepwise at the controlled pressures up to 3000 Pa with spectra
taken at each dosing step. Following saturation, the cell was evacuated
stepwise until 2 Pa, with spectra taken at each evacuation step. The same
CO-probe procedure was performed on a “reduced” Fe SSIE(0.25)
sample whereby during the pretreatment step at 400 °C and 5 kPa of CO
was dosed for 0.5 h, followed by evacuation for 0.5 h. The spectra re-
ported in the Figures are differential spectra with outgassed sample as a
baseline case.

Diffuse reflectance UV-Vis (DR UV-Vis) spectra of the powder sam-
ples were taken on a Cary 5000 instrument equipped with a DR sphere.

3. Results and discussion
3.1. Physico-chemical characterization

The XR diffractograms of the Fe SSIE exchanged zeolites did not
show any difference from the parent SSZ-13 zeolite and the patterns
relative to Fe oxides or other compounds were absent. The XR dif-
fractogram following the ball milling contained the characteristic
diffraction patterns of the parent SSZ-13 zeolite, and of FeCly-4 Hy0 and
NH4Cl salts (Fig. 1). The appearance of the crystalline NH4Cl phase
suggests that a proportion of the Fe cations was exchanged in the extra-
framework position of the zeolite merely upon grinding at room tem-
perature, according to the generalized reaction R1 (discussed later). The
partial SSIE following the grinding could also be directly observed in the
change of color: the ball milled mixture was pale orange, like the color of
the final product, in contrast to the initial stark green color of FeCl,-4
H>0.

Following heating in He at 550 °C, FeCly-4 H,0 was not detected
anymore, evidencing ion exchange of the Fe in the zeolite. At temper-
atures around 330 °C, an increase of white deposits was observed on the
wall of the outlet section of the reactor tube, where the gas exits the
heated zone (Fig. S1). These white powder deposits were identified as
NH4Cl salt that was formed during the SSIE process, decomposed upon
heating, and condensed when entering the cooled zone. Washing with
water was not carried out at any stage of the synthesis since (the

Post-grinding
—— Fe-SSZ-13 (SSIE Fe/Al 0.25)
* FeCl,x4H,0

v NHCI
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Fig. 1. XR diffractogram of the Fe SSIE(0.25) and the physical mixture of NH4-
SSZ-13 + FeCly-4 H,0 after ball milling.
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unwanted reaction product) NH4Cl was removed by thermal decompo-
sition, a method that would be advantageous in scaling-up the SSIE re-
action to industrial scale as no wastewater would be generated.

NH4-SSZ-13 + FeCl, — 2 NH,CI + Fe**-2 SSZ-13 (R1)

Fe-exchanged zeolites are generally characterized by high hetero-
geneity of the Fe species, that depends on the synthesis conditions and
the zeolite properties such as the zeolite cage size and Al distribution in
the zeolite framework. UV-Vis spectroscopy can provide fingerprint of
the ligand-to-metal charge transfer (CT) from which some of the Fe types
can be deduced, whereas the d-d electron transitions of octahedral Fe>*
ions (d° external electron configuration), being Laporte and spin
forbidden, are very weak. Bands below 300 nm are generally attributed
to isolated Fe3* jons in the zeolite framework: more specifically, CT
bands at 215 nm and 240 nm are attributed to tetrahedrally coordinated
Fe3* species. The band at 280 nm can be attributed to octahedrally
coordinated Fe®* species, dimeric -Fe-O-Fe- species or Fe>* with higher
number of ligands. The signal between 300 and 400 nm originates from
Fe’Tin oligomeric Fe Oy clusters, whereas Fe,Oj3 particles absorb above
400 nm. It should be noted, however, that the distinction is not so clear
since all the observed species have bands with Gaussian shape and a
significant overlap [19,25,30-32].

The DR-UV-Vis spectra of all the Fe-SSZ-13 samples (Fig. 2) syn-
thesized by the SSIE method showed a strong absorption below 300 nm,
with an intensity increasing at higher Fe content, which means that Fe
was effectively exchanged, mainly in the form of extra-framework iso-
lated Fe3" ions and iron-dimers. Except for the Fe/Al = 0.25 sample, the
other SSIE prepared zeolites did not absorb significantly above 400 nm,
meaning that there was no undesired formation of Fe;Og3 particles. With
the sample prepared by impregnation, a strong absorption above
400 nm indicates the undesired formation of Fey,Oj3 particles, which
have detrimental effect on the catalytic activity for NOy reduction (see
Fig. 5).

Highly siliceous zeolites are difficult to investigate by classical
techniques (e.g. XRD or XPS) due to low metal cation content and low
symmetry of the framework structure. The IR spectroscopy technique
has been suggested in a number of publications (see e.g. [15,25,32-43])
for the evidencing of ion-exchanged cationic species and consists in the
observation of the signal appearing upon ion exchange in the trans-
mission window around 900 — 950 cm ™. The signal derives from the
antisymmetric T-O-T vibration of the oxygen ring in TO4 tetrahedra
(T = Al, Si), which is perturbed upon the interaction with the exchanged
extra-framework cation. The unperturbed T-O-T oxygen vibration is

—— SSIE Fe/Al = 0.25
—— SSIE Fe/Al =0.125
—— SSIE Fe/Al = 0.067
SSIE Fe/Al = 0.045
---- H-8SSZ-13
Fe/SSZ-13 imp

T T T L v
200 300 400 500 600 700
Wavelenght (nm)

Fig. 2. DR UV-vis spectra of Fe-SSZ-13 samples synthesized by SSIE method
and impregnation method.
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typically located around 1100-1020 cm™' that, depending on the
strength of the electron interaction with the counter cation, is shifted to
lower wavenumbers. Figs. 3 and 4B show this phenomenon in the SSIE
zeolites, where upon the ion-exchange of Fe a band at 905 cm ™! appears,
its intensity being roughly proportional to the exchanged Fe content.
The Fe-SSIE(0.25) He (not calcined in air, but only ion exchanged in He
flow) had an asymmetric perturbed signal, likely derived from the het-
erogeneous distribution of Fe and the probable presence of the cationic
Fe®" species in the zeolite.

The IR spectral region of the zeolite framework overtone vibrations
(v (T-O-T)) (Fig. S2) gives rise to four weak signals at 2000, 1870, 1690
and 1545 cm ™!, overlapping the band of molecular water at 1620 cm ™
due to water molecules either physisorbed in the zeolite channels or
coordinated by Fe sites. As expected, upon evacuation above 100 °C the
band at 1620 cm ™! disappeared, which is a strong indication that the
molecular water has been completely removed. On the other hand, the
hydroxyl groups (3611 and 3584 cm ™! bands are - related to the V(OH)
of non H-bonded bridged hydroxyls groups with a strong Brgnsted
acidity) remain unchanged only after treatment above 400 °C (Fig. S3)
[44].

The CO probe molecule can be weakly coordinated by Fe?* sites,
hence its adsorption was followed by IR spectroscopy at cryogenic
temperature (nominal 77 K) [20,28,29]. During CO adsorption (Fig. S4),
the band at 2198 cm ™! is saturated first, until a CO pressure of 5 Pa is
reached. This is followed by the appearance of a weak peak at
2180 cm™!: as will be discussed later, such IR peaks derive from the
coordination of CO molecules by Fe;Oy oligomers. With the further in-
crease in the partial pressure of CO, the two peaks intensity remains
constant, however two broad IR signals appear at 2168 and 2140 cm ™ _.
The latter, easily removed by evacuation (Fig. 4A), is readily assigned to
CO physisorption within the zeolite pores. The intensity of the
2168 cm ™! band, instead, grows and decreases in concert with the red
shift of the hydroxyl bands in the region 3700-3300 cm™(Fig. S5), and
hence is reliably assigned to CO molecules in interaction with acidic OH
groups.

The CO as an IR probe molecule for Fe species has been investigated
and validated by Mihaylov and Ivanova et. al in a series of detailed
publications for ZSM-5 and BEA [28,29], while for SSZ-13 only one
publication was found [20]. Based on these reports, the measured bands
were correlated with Fe speciation and the results are shown in Fig. 4.
The band at 2198 cm ™! was most resistant to evacuation, indicating a
strong CO-site interaction, and can be assigned to Fe?* species located in
the 6 MR position of SSZ-13, whereas the IR signal usually

SSZ-13
— SSIE Fe/Al = 0.25
—— SSIE Fe/Al =0.125
—— SSIE Fe/Al = 0.067
—— SSIE heated in He

Absorbance (a.u.)

| ! | ! | ! | ! | ! | !
960 940 920 900 880 860 840
Wavenumber (cm™)

Fig. 3. FT-IR spectra of the Fe-SSZ-13 synthesized by the SSIE method in the T-
O-T region evacuated at 400 °C.
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corresponding to CO on FeZ+ species in 8 MR position at 2208 cm ! was
absent [20]. The likely reason is that the in 8 MR, Fe>" is rather stable
[20] and does not undergo reduction during the thermo-vacuum pre-
treatment, remaining as Fe>* species, which is known as being unable to
interact with CO molecules [20,28,29]. The small peak at 2180 em is
tentatively assigned to the interaction of CO with Fe;Oy clusters. No IR
signals associated with the interaction of CO with extra-framework AI>*
species (at 2220-2230 cm 1) were observed, suggesting that no deal-
umination took place during the synthesis procedure.

The Fe?" species in BEA as well as in ZSM-5 can coordinate several
CO molecules, forming tri- or tetra-carbonyl complexes [29], while our
observations suggest that in the case of Fe-SSZ-13 only monocarbonly
species formed, in agreement with the findings in ref. [20]. This is likely
the result of spatial or steric hindrance due to the confined space in the
SSZ-13 zeolite cage.

The band at 905 cm™?, established in the previous section to origi-
nate from T-O-T oxygen bridges perturbed by Fe cations, also underwent
a significant shift (Fig. 4B) to higher wavenumbers (920 cm’l) upon
Fe?* interaction with CO. The observed changes of the IR signal in the T-
O-T region (900-950 cm™!) were directly correlated solely with the
band at 2198 cm !, while the interaction of CO with other components
(i.e. bands at 2168 and 2140 cm’l) had no such influence. This also
provided an independent confirmation that the band at 2198 cm™!
originates from extra-framework Fe?t species [20,41,43].

The FT-IR spectra on a sample previously reduced with CO at 400 °C
were not different from the Fe SSIE(0.25) activated only by evacuation
(Fig. S7). The absence of changes was interpreted as the trivalent Fe>*
species were extra-framework naked ions or, if occurring in oxygen
containing species, not readily reducible. This is an important aspect, as
the SCR reaction involves the redox cycling of Fe?* - Fe>*, hence the
inert Fe3* species likely do not participate in the low temperature NOy
reduction.

3.2. Catalytic activity and thermal methods of analysis

The NOy SCR activity depends on the type of the zeolite, the
framework and pore organization and Si/Al ratio. By employing Fe as
active component in the NOy SCR reaction, the larger pore zeolites,
mainly BEA and ZSM-5, have been found to be more active, while small
pores (e.g. SSZ-13 and SAPO-34) are slightly less efficient. The exact
mechanism of the Fe-zeolite catalyzed SCR reaction is still disputed;
however, the most convincing evidence suggests that the most active
reaction centers are formed by dimeric Fe-O-Fe sites [21,45,46]. How-
ever, from the point of view of hydrothermal stability, small pore zeo-
lites are significantly more resistant to hydrothermal ageing. This
contrasts with the Cu-based zeolites where the small pores offer better
SCR activity due to the enhanced Cu mobility in the zeolite cage and the
confinement effect which prevents the NyO formation.

Fig. 5 shows the catalytic activity for the NHs-mediated NOy SCR of
the investigated samples. At low temperature, the samples were not
active for the SCR reaction, however above 300 °C a high NOy conver-
sion was achieved for the Fe SSIE(0.25) and Fe SSIE(0.125) samples,
comparable to the Fe-BEA. The Fe SSIE(0.067) and SSIE(0.045) samples
with low Fe loading showed lower NOy conversion likely due to the low
amount of available active sites required for the reaction, therefore the
increase of Fe loading proportionally increased the NOy conversion. The
Fe-SSZ-13 prepared via impregnation had a decreasing NOy conversion
above 300 °C due to the negative effect of the presence of Fe;O3. The
SCR reaction (R4) uses NH3 as a reductant, however concurrently the
NHj also participates in an undesired oxidation reaction with Oy (R5)
and the ratio of the two competing reaction rates determine the effi-
ciency of the reductant utilization. In the case of the impregnated Fe-
SSZ-13 large FeyO3 particles formed, that were less active for the SCR
reaction and favored the NH3 oxidation. As a consequence of the con-
current reactions R2 and R3, the NOy conversion declined above 300 °C
highlighting the importance of choosing a correct synthesis method that
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A) Carbonyl streching region

B) T-O-T vibration region
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— P =26 mbar

Absorbance (a.u.)
Absorbance (a.u.)

— P =16 mbar

— P =11 mbar
—— P =6 mbar
—P =3 mbar
—P =1 mbar
—P =0.5 mbar

= P = 0.37 mbar
= P =0.13 mbar
= P =0.087 mbar

T T T T T
2200 2160 2120 2080 1000

Wavenumber (cm™)

T
2240
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-P =0.059 mbar
—— P = 0.050 mbar
—— P =0.035 mbar
P =0.020 mbar
P = min, Hold 1 min
géo ' géo ' 8;30 " ——P =min, Hold 3 min

P = min, Hold 5 min
P = min, Hold 10 min

Fig. 4. Difference FT-IR spectra during the evacuation of Fe SSIE(0.25) previously saturated with CO at — 196 °C. The section A) shows the carbonyl stretching
region, while section B) the T-O-T region. The adsorption stage and the corresponding hydroxyl stretching can be found in the supplementary material (Figs. S4-6).

100
80 =
2 =
[
il
B 60 -
()
=
o) Fe-SSZ-13: Fe/Al
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@) SSIE Fe/Al = 0.045
z —=—SSIE Fe/Al = 0.067
—e=— SSIE Fe/Al = 0.125
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0 not heated in He
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Fig. 5. The NH3 mediated NOy conversion over the investigated catalysts.

results in active ion-exchanged species. As shown by the DR UV-Vis
spectra, some FeyOs particles were present in the Fe SSIE(0.25) cata-
lyst. However, the largest amount of Fe was exchanged in extra-
framework sites, which predominantly favored the NOx SCR reaction
relative to NHs oxidation with Oz and there was no significant decrease
in NOy conversion at high temperature, confirming that additional
Fe;03 only marginally contributed to the SCR reaction. The production
of undesired N3O, was negligible for all the samples, meaning high
selectivity towards Nj.

4 NO + 4 NH3 + O; —» 4 N; + 6H,0 (R2)
4 NH; + 30, - 2N, + 6 H,O (R3)

When the catalyst was synthesised in the absence of heating under inert
He flow, and calcined directly in air, had low NOy conversion, likely due
to the inhibition of the SSIE process and the ion exchange of Fe by the
formation of stable FeOCl [47]. The final color of the catalyst heated
only in air was dark red-violet in contrast to the orange color of the He
heated SSIE prepared catalysts.

Fig. 6 shows the NH3-TPD of the SSIE synthesized Fe-SSZ-13 with
different Fe loading. The TPD can be generally differentiated in three

300
N 270 - —SSIE4
g_ 240 - ——SSIE 8
o —SSIE 15
c 210 SSIE 22
el
© 180
g 150 - NH," on zeolite [AIO, ]
8 120
I(")
= 90 —
60 —
+ 2+/3+
30 4 NH,” on exchanged Fe
0

r 1 1 v T ° 1
100 200 300 400 500 600

Temperature (°C)

Fig. 6. Effect of Fe SSIE in the zeolite on the NH3 adsorption capacity and
acidity. The arrow indicates decreasing strength of the acid sites.

regions depending on the desorption temperature, which can be related
to the strength of the NH3 bonding. At temperatures below 200 °C (peak
at 170 °C), the desorption of physisorbed NH3 bound by dispersive in-
teractions and hydrogen bridging through [NHZ-(NHs3),] complexes
[48-50] occurs. This peak is absent in the case when water vapor is
included during TPD protocol which means that weakly interacting NHg
does not participate in the SCR reaction.

In the temperature range of 200-450 °C, the NH3 desorbed comes
from the Brgnsted-type acid sites that are associated with the bridging
hydroxyl groups of the zeolite, and the desorption region over 450 °C
identifies the NH3 adsorbed on the Lewis sites. According to Leistner
etal. [49], H-SSZ-13 gives rise to two desorption peaks at ca. 190 °C and
510 °C, the former due to physisorbed NHj3, the latter to a combination
of adsorbed ammonia mainly on Brgnsted, but also Lewis, sites. Upon
increasing the Fe content in the SSIE catalysts, the position of the peak of
physisorbed ammonia does not change noticeably, whereas the second
peak is observed at lower temperatures, indicating a consistent decrease
in the binding strength of the Brgnsted sites, although a contribution of
NH; adsorbed on Lewis sites cannot be excluded, as proved by the
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presence of uncoordinated Fe sites by means of infrared spectroscopy
(Fig. 4). As compared to the other studied catalysts, the one with
Fe/Al= 0.25 showed a more pronounced decrease of the strength of the
Brgnsted sites, however the total amount of chemisorbed NH3 remained
constant (516 pmol NH3/g.at), irrespective of the amount of exchanged
Fe. According to the literature, the availability of NHZ species strongly
affects the performance of the catalyst in the SCR reaction, increasing
the NOy conversion by decreasing the strength of the Brgnsted sites [51,
52].

The use of NO, adsorption-desorption as probe reaction for the
identification of active sites participating in the SCR reaction has been
validated extensively, the most detailed being by Iwasaki et al. for Fe-
exchanged ZSM-5 [32,41] and the research group at Politecnico di
Milano for both Cu- and Fe-zeolites [53,54]. Based on the reactivity
studies and instrumental analysis, Iwasaki et al. suggested a reaction
mechanism according to R6, that involves a dimeric (or multinuclear) Fe
site with hexagonal coordination whereby the NO, adsorbs in the shared
oxygen vacancy. The NO evolution during the adsorption can be
explained by the NO, decomposition when filling up the vacancy and
disproportionation according to the reaction R4. On the other hand,
other publications [53,54] questioned this vacancy theory of Iwasaki
and instead proposed a single Fe site mechanism (R5 and R6), similar to
the mechanisms proposed for the NO; adsorption on Ba-based NOy traps
[55]. We see no reason why these two theories should be mutually
exclusive, and, considering that the Fe distribution in zeolites is het-
erogeneous and highly dependent on the synthesis conditions, they can
rather be seen as complementary. In this manner, the variability of the
reported ratio between the adsorbed NO; and the simultaneous evolu-
tion of NO [53,54] can be explained in a straightforward manner, as well
as the appearance of multiple desorption peaks.

Z-[(HO)Fe-O-Fe(OH)]*" -Z + 6 NO, — 2Z-Fe(NOs), + H,0 + 2 NO (R4)
Z-Fe*t (OH) -Z + 3 NO, — Z* + Z-Fe*t(NO3), + NO (R5)
Z-Fe** (OH), + 3 NO, —» Z-Fe**(NO3), + NO + H,0 (R6)

The BEA zeolite framework is favorable towards the formation of
dimeric Fe species when the synthesis is performed in well controlled
conditions, and as shown in Fig. 7 a single large peak between 250 and
350 °C, as well as a large amount of NO released during the adsorption
phase, evidence the preferential formation of such extra-framework Fe
species. The SSIE synthesized Fe-SSZ-13 showed a more complex
desorption profile. At low Fe loading the peak at high temperature was
dominant, suggesting that in the initial stages of the SSIE reaction the Fe
is exchanged preferentially as dimers. The sites that can accommodate

SSIE Fe/Al = 0.045
120 4—— SSIE Fe/Al = 0.067
£ —— SSIE Fe/Al = 0.125
S 400 J——SSIE Fe/AIl=0.25
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"E 80
= .
S 604 Fe-O-Fe flimgrs
o
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o . MR
S 40 12MR
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Temperature (°C)

Fig. 7. NO,-TPD over the Fe-SSZ-13 SSIE synthesized catalysts.
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dimeric Fe species seem to be limited, likely with the availability of at
least two [AlOy4/2] sites in the zeolite 6 MR and 8 MR rings and their
distribution in the zeolite cage. Following the saturation by the dimeric
species, the Fe is exchanged as isolated Fe>*, characterized with the NO,
desorption peak at 150 °C, and confirmed with spectroscopic tech-
niques. Based on the NO; desorption, the proportion of the [AlO4/2]
sites during the SSIE process that are able to form a dimeric Fe species is
estimated to be 10-15%, while the rest can form only isolated Fe species
[56,57]. This high exchange site diversity observed for the SSZ-13, in
contrast with the BEA type framework, is likely the consequence of the
different structure of the zeolites, size of the channels and cages and Al
distribution. In particular, the Al distribution has been thought to be
largely random in zeolites, with some limitation such as the Lowenstein
rule that forbids Al-O-Al pairings [56,57].

The Hy-TPR curves of the investigated samples are shown in the
Fig. 8. The Fe-BEA reduction presented a single peak, that was likely
related to the dimeric Fe cations that preferentially form in this zeolite
framework and corresponded well with the results obtained from the
NO,-TPD. The Fe-SSZ-13 catalysts showed a more heterogenous distri-
bution that was not possible to deconvolute and interpret unambigu-
ously. The heterogeneity of Fe species is consistent with the results from
the previous experiments and instrumental analyses and it is likely the
result of the presence of dimeric Fe species, isolated Fe cations, Fe-oxo
species and possibly oxide like Fe,Oy oligomers.

Hj; can reduce all the Fe types, however CO can access and react only
with O-containing Fe species. Hence CO-TPR was used to differentiate
between oxocations and Fe ions. Indeed, the CO did not react with the Fe
SSIE(0.25) until above 400 °C that proved that the oxide like FeyOs is
largely absent and the oxygen content of the sample is low (Fig. S7).
Reaction of Fe zeolites with N2O can generate a-oxygen that is highly
reactive and cannot be obtained from molecular O as oxidant. The CO-
TPR of the Fe- SSIE(0.25) was markedly different following N5O treat-
ment with the presence of a number of highly reactive oxygen, not found
in the air activated Fe SSIE(0.25).

The numerical result of the characterization is presented in Table 1.
The relative reducibility of the Fe species decreases with increasing the
Fe content. This occurrence was supported by the other characterization
techniques as it was demonstrated that increasing the extent of ion ex-
change the ratio of the stable isolated Fe>* species and FexOy oligomers
increased that were less reducible in the investigated temperature range.

The total pore volume was not correlated with the total Fe content
exchanged during the SSIE that indicated uniform distribution of the
exchanged Fe and that any Fe;O3 or FeyOy particles that might have
formed did not block the zeolite channels or cages. The minor reduction

Fe-SSz-13
SSIE Fe/Al =0.25
—— SSIE Fe/Al = 0.125
—— SSIE Fe/Al = 0.067
SSIE Fe/Al = 0.045
— —Fe*BEA

H, uptake

200 300 400 500 600 700
Temperature (°C)

Fig. 8. The H,-TPR of the Fe SSIE samples.
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in volume relative to the starting H-SSZ-13 zeolite is likely the result of
the heat treatment during synthesis.

4. Discussion

During the SSIE process the Fe cations were introduced in highly
dispersed extra-framework zeolite position. The UV-vis spectroscopy
provided a fingerprint of the Fe heterogeneity in the zeolite, other
complementary characterization identified the variety of the Fe species.
It is plausible that the stable Fe>* species form- in the zeolite included as
naked cations as well as species with formal charge per Fe lower than 3,
i.e. hydroxy-cations [Fe(OH)2]" (or [Fe(OH)]?>) as well as dimeric
cations connected via an oxygen bridge [(HO)Fe-O-Fe(OH)]**. The SSZ-
13 cage structure consists of interconnected tetrahedra (T-O-T) that
form 6 MR and 8 MR rings on which the Fe cations can be exchanged.
The Si/Al ratio in the investigated zeolites was 9 and, as a general rule,
the [AlO4,2]” exchange sites are stochastically distributed through the
zeolite framework and the 6 MR and 8 MR rings can contain one, two or
no [AlOy4,/2]" site. From a statistical perspective the proportion of the
dimeric species should decrease with the increase in the Fe species,
assuming stochastic Fe distribution. This was demonstrated to be only
partially true since the exchange process proceeded in an ordered
manner with the Fe exchanging preferentially as dimers on sites where
two [AlO4/2]” next nearest neighbor are available and only after satu-
rating these sites Fe is exchanged on isolated [AlO4/2]" sites. This phe-
nomenon has been decidedly demonstrated for the Cu-exchanged SSZ-
13 [44,58,59]. The BEA zeolite consists of 12 MR where the population
of the two [AlO4,2] sites are statistically much more probable and can
accommodate higher number of dimeric Fe.

The low energy ball-milling resulted in a physical powder mixture of
the NH4-SSZ-13 and FeCl,-4 H20 in what is commonly called as “tight
contact”. This involved the dispersion of the FeCly-4 Hy0 salt particles,
with diameter between 1 and 100 um, on the zeolite particle surface,
without the salt entering the pores. Based on previous publications (see
e.g. [10,11,18,26,33]), the water molecules in the hydrated salt were
considered to have no influence on the SSIE reaction or participate in the
ion-exchange process. The question arises, what is the driving force of
the solid-state exchange and the manner in which the ions migrate on
micrometric length scale, in the absence of solvated intermediate. The
[AlO4,,] sites can act as powerful ion traps e.g. the CuO or Cr304 can be
SSIE in the H-form of the zeolite merely upon heating [10,12,58,60].
This is not the case for Fe since the mixture of Fe;O3 and H-zeolite does
not react. The SSIE exchange of Fe can take place only if a stable ionic
salt of Fe is applied, which does not produce oxide like decomposition
product, the NH4-form of the zeolite is used and only if heated in O,-free
atmosphere. A plausible explanation could be that the SSIE of Fe is
analogous to the double displacement reaction with the ions “flowing”
through the zeolite-salt interface and exchanging the two NHj cations
with the Fe". This proposed SSIE mechanism has however several is-
sues. The concerted motion of multiple ions would have to be strictly
correlated and during the process lattice distortion, with the consequent
higher energy barrier, would be expected in both the zeolite and FeCly.
An alternative explanation could be a stepwise mechanism whereby the
Cl' and NHj ions react first and the FeCl" is trapped by the liberated
vacancy:

Z-NH, + FeCl, — Z-FeCl" + NH4CI (R7)

The [FeCl*] complex is not stable and the chloride further reacts
with NHj in the zeolite:

Z-NH, + Z-FeCl™ — 2 Z-Fe*™ + NH,CI (R8)

The exchanged Fe ions can recombine to form dimers when suitable
environment, i.e. [AlO4/5] pairs in a ring, is present.

Z—(NH4)%++ Fe,Cly — 2 Z-[Fe-[] -Fe]Cl, + 2 NH4Cl (R9)

Applied Catalysis A, General 658 (2023) 119160

It should be noted that in the above scheme multiple types of “Z” sites
can be present depending on the location (6 MR or 8 MR) in the zeolite
and the number of available [AlO4/5] sites. From the reactions, it is
evident that the maximum Fe/Al ratio achievable with SSIE method is
0.5.

In the reaction system above, the NH4Cl salt that formed during the
SSIE reaction was decomposed when the reaction temperature was
above 320 °C and could be observed as white powder that spontane-
ously deposited when exiting from the heated zone. In the final product
no chloride could be observed suggesting full conversion during the
SSIE.

However, the question arises regarding the overall thermodynamic
driving force of SSIE and changes in the chemical potential and Gibbs
energy. In some SSIE reactions involving Cu in zeolites, the final product
is the Cu-exchanged zeolite and gaseous reaction product (i.e. HCl) and
in this case there is a positive contribution of the entropy increase to the
thermodynamics. In our case, both the starting materials (NH4-SSZ-13
and FeCly-4 Ho0) and the reaction products (Fe-SSZ-13 and NH4Cl) are
well ordered, solid state crystalline materials and the change in entropy
can be presumed to be negligible. The main contribution to the change
in the Gibbs free energy is thought to derive from the change in the
enthalpy.

5. Conclusions

The SSIE technique can be a preferable alternative to the commonly
used liquid ion exchange for the introduction of Fe cations in the small
pore SSZ-13 zeolite. During the SSIE process, the FeCl; salt reacts with
NHJ ions at the zeolite exchange sites to form the Fe-SSZ-13 and NH,4CI.
As evidenced by spectroscopic (UV-Vis, FT-IR) and thermal desorption
(NO, and NH3-TPD) techniques, the exchange process is sequential as
the Fe cations preferentially exchange in environments where at least
two [AlOy4,»] sites are available forming [Fe-O-Fe] dimers. Once these
sites are occupied, isolated, single site Fe cations are formed. The
migration of the ions is induced upon contact grinding at room tem-
perature and enhanced during heating in inert He atmosphere. The
thermodynamic driving force appear to be the change in the enthalpy of
the reaction rather than entropic.

The SSIE reaction can be a simple and highly effective synthesis
method for producing ion exchanged small pore zeolites with different
extra-framework Fe species. The extent of ion exchange can be
controlled to produce active sites required for specific catalytic re-
actions. This is an important improvement in contrast to the classical
wet-ion exchange of Fe in small pore zeolites.
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