Designed Synthesis of STA-30: A Small Pore Zeolite Catalyst with Topology Type SWY
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ABSTRACT

Small pore aluminosilicate zeolites are attractive targets for synthesis because of their activity as
catalysts in important reactions, including ammonia-mediated selective catalytic reduction (SCR) of
NOx in auto-exhaust emissions. Such a zeolite with SWY framework type, previously observed as a
silicoaluminophosphate, has been prepared highly crystalline via designed syntheses employing
organic 1,8-(1,4-diazabicyclo[2.2.2]octane)octyl (diDABCO-C8) and K cations as templates. STA-
30 (St Andrews microporous material 30) is an ABC-6 structure in the erionite-offretite family of
zeolites that exhibits the 12-layer stacking sequence AABAABAACAAC. The framework, which can
be prepared with controllable Si/Al ratio, possesses columns of alternating d6r units and can cages,
the latter oriented to give an inter-column pore space comprising gme cages and swy cages connected
via 8Rs. DIDABCO-C8 cations fill the swy cages of as-prepared STA-30 while K cations display high

occupancy in the can cages. Removal of template by calcination, followed by ammonium ion exchange
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of K" cations residing outside the can cages and subsequent deammoniation, gives a highly crystalline
zeolite (KsHeAloSi720144, P63/mmc, a =12.9922(9) A, ¢ =29.9624(12) A) with solid acidity shown by
solid state 'TH MAS NMR. Upon hydration, a portion of the Al adopts octahedral geometry, as
demonstrated by two sharp resonances at —2.0 ppm and 3.1 ppm in the 2?Al MAS NMR. These
octahedral species can be converted back to tetrahedral Al by ammonium exchange and are interpreted
as distinct hydrated framework Al sites. The activated K,H-STA-30 is a small pore solid acid with a
three-dimensionally connected micropore volume of 0.31 cm® g~!. In the copper-loaded form it is an

active catalyst for the SCR of NO by ammonia.

INTRODUCTION

The discovery and development of new zeolitic aluminosilicates continues to add to the pool of
potential adsorbents and catalysts for industrial processes. Among these, small pore materials (with
pores of free diameters from 3 — 4 A) have found widespread use and potential applications in air
separation and carbon capture, and in the important catalytic processes of the conversion of methanol
to light olefins (the MTO reaction) and the selective catalytic reduction (SCR) of NO emissions from

diesel engines.?

For the lattermost reaction, Cu-exchanged chabazite zeolite SSZ-13 (which has the topology type
CHA) is the industry standard,>* giving good conversion, selectivity and hydrothermal stability over
arange of conditions. Nevertheless, other small pore zeolites also show commercial applicability (such
as SSZ-39(AEI))>¢ and, in general, zeolites with smaller pore sizes perform better than those with
medium or large pores in this reaction.*’ For example, SSZ-13 is a member of the ABC-6 family of
zeolite structures. In this family, the frameworks are built from the stacking of layers of 6-membered
rings (6Rs) parallel to the ab-plane, connected by 4Rs along the c-direction. There are three different
positions for these 6Rs, related through translation in the hexagonal ab-plane, centred at x, y
coordinates of (0,0), (%5,%3) and ('5,%) and denoted A, B and C. Each stacking sequence within this
family can then be described using these letters. The CHA topology type, for example, has the
AABBCC stacking sequence, giving rise to a single type of cage, the cha cage, connected to six others
via 8-membered ring openings. The ABC-6 family exhibits many different materials: the ‘Zeolite
Atlas’® reports 25 materials discovered to date, either natural or synthetic, and new structures continue
to be reported.” Recently, Li et al. analysed this structural family via a high-throughput computational
study and concluded that there are at least 1150 energetically viable ABC-6 topologies that could be

feasible targets for synthesis. '



The ABC-6 structure types can be prepared with different framework compositions, so that as well as
aluminosilicate zeolites, many aluminophosphate (AIPO) zeotypes have been observed. For example,
the silicoaluminophosphate (SAPO) analogue of chabazite, SAPO-34,'! is widely used in the MTO
reaction,'? and has good activity as Cu-SAPO-34 in ammonia SCR of NO.!> However, the
(hydro)thermal stability at low temperatures of the Cu-SAPOs is lower than that of high silica Cu-
zeolites under the conditions of SCR, where the required lifetimes are very long, and therefore
aluminosilicates are the preferred catalysts for this reaction.!* Nevertheless, structures observed as

AlIPOs (and SAPOs), if prepared as zeolites, can be of considerable catalytic interest.

Of the 25 reported zeotypes of the ABC-6 family, 11 have been prepared as both aluminosilicates and
AIPOs (SAPOs),® which indicates the feasibility of compositional ‘crossover’ and demonstrates that
ABC-6 structures known to occur as AIPOs can be candidates for synthesis as zeolites. Further, seven
ABC-6 topology types were prepared for the first time as AIPOs or SAPOs, and while two of these
have subsequently been synthesised as aluminosilicates, AFX — SAPO-56 and later SSZ-16,">!® and
recently AFT — AIPO-52 and then SSZ-112 (highly faulted),!”!® the remainder are attractive targets.
The topology type SWY, recently prepared as SAPO STA-20,' is one of these. The SWY structure
has the 12-layer stacking sequence AABAABAACAAC and contains parallel columns of can cages
and dé6rs and of gme and larger swy cages, with the latter two types of cages connected via 8R windows.
It is therefore closely related to the ERI and OFF structures (also ABC-6 structures, with stacking
sequences AABAAC and AAB) and all are based on structural units of columns of alternating d6rs
and can cages (Figure 1). The difference lies in the orientation of the can cages and as a result the
types of larger cages (ERI — eri; OFF - gme) or channels (OFF) that are present. Hence, we thought
that a zeolite with this structure would be a good candidate for catalytic testing in the SCR reaction

and so it offered an excellent target for designed synthesis.



OFF

ABC

Figure 1. The layer stacking sequence and specific cages in the OFF, ERI and SWY frameworks
(gme cage — light brown, eri cage — purple, swy cage — blue)

The designed synthesis of zeolites and zeotypes has achieved some notable successes in recent years,
usually through the design of organic structure directing agents (OSDAs) that are a close fit to cages
within the framework. It has been established that alkylammonium and other organic cations can be
highly selective templates for zeolites during their hydrothermal crystallisation, and that it is possible
to analyse and model potential new frameworks and assess their synthetic viability.?>>* Therefore, a
number of groups have adopted computational methodology to design a template for a framework of
given structure and composition and then to prepare it. Examples include the synthesis of STA-18,
topology type SFW, previously prepared highly faulted as the aluminosilicate SSZ-52 but realised as
a SAPO by a retrosynthetic approach using modelling,>* and the aluminosilicate ITQ-47, isostructural
with the mineral boggsite and prepared via a phosphazene template.”> Schmidt et al. were able to
prepare a pure silica STW for the first time by template design?® and Shi et al. reported modelling
studies to develop new templates for the same structure.?” Furthermore, X. Hong et al.?® were able to
prepare an aluminosilicate with the IFW topology, which had previously been directly prepared only

as the germanosilicate ITQ-24 or borosilicate or pure silica versions,?**°

via computational assessment
of candidate pyrrolidine-based OSDAs. Recently, Jo and S. B. Hong have reported a designed template
synthesis of a zeolite with a previously unrealised topology type that had been predicted by

consideration of hypothetical variants of the brewsterite zeolite structure.’!



Whereas in SAPOs the use of organic templates is sufficient to guide the synthesis, in aluminosilicate
syntheses there is a greater variability in gel compositions and inorganic cations (and anions, in fluoride
syntheses). Therefore, the effect of these inorganic parameters is also important and the metal cations
contribute to determining which structure crystallises.*? For example, Hong et al. made use of the
effects of Sr*" and Ba?* cations in addition to those of Na' and tetraethylammonium ions to guide

syntheses within the extended RHO series of zeolites.>***

Here we report the designed synthesis of the aluminosilicate form of SWY using a combination of
computational analysis of template-framework interactions and careful control of the parameters of
the gel composition and the hydrothermal synthesis. The successful synthesis has been confirmed by
advanced characterisation techniques and the catalytic performance of the stable calcined form, once

Cu-exchanged, has been investigated in the ammonia SCR of NO.

EXPERIMENTAL

Synthesis

STA-30 type materials were prepared in stainless steel autoclaves with Teflon liners. First of all, the
Al source — aluminium isopropoxide (98%, Acros Organics) or aluminium hydroxide (>76.5%, Alfa
Aesar) was dissolved in a solution of tetrapropylammonium hydroxide (40%, SACHEM). Ludox HS-
40 (Sigma Aldrich) was added and the mixture allowed to homogenise for at least 1.5 h. If the synthesis
was carried out in large liners (>50 mL), then the isopropyl alcohol formed was allowed to evaporate
by heating the gel (confirmed by monitoring weight loss and the water content was adjusted to maintain
the desired H>O/Si0; ratio in the gel). The gel was aged for 20 h at 368 K. Aqueous solutions of 1,n-
(diazabicyclo[2.2.2]octane)alkyl bromide (diDABCO-Cn)Br; (for n = 7, 9, 10, synthesis provided in
the Supporting Information (SI), Section 1, and for n = 8, provided by Alfa Aesar) and potassium
hydroxide were prepared and added to the aged gel dropwise. The resulting mixture was stirred at RT
for a further 2 h, after which the autoclaves were rotated at 60 rpm and heated at 393 — 413 K for 5
days. At the 1.5 L scale, the rotation of the autoclave was replaced by mechanical stirring at 300 rpm
using a pitched blade type of impeller. The product was recovered by centrifugation and washed with
deionised water. A typical gel composition was: 1.0 SiO2: 0.05 Al,O3: 0.10 KOH: 0.12 (diDABCO-
C8)Br2: 0.4 TPAOH: 20 H20. The amount of Al source, KOH, H>O and (diDABCO-C8)Br; could be

varied to some extent without affecting the purity of the product.



Ion exchange and activation procedure

As-prepared materials were calcined in flowing air by heating the sample at 823 K for a minimum of
12 h. The calcined materials were then ion exchanged with a solution of 1M ammonium chloride at
RT. Ion exchange reached equilibrium after 1 h of stirring solution and zeolite in the ratio of 100 mL
g~!. After one hour of ion exchange, the sample was filtered and a fresh batch of 1M NH4Cl solution
added in the same ratio. The mixture was stirred for a further hour. It was found that performing the
ion exchange at elevated temperatures (up to 363 K) did not affect the maximum amount of K" that
could be removed from STA-30. The H-form of the zeolite (‘activated’ material) was obtained by

removing NH3 by heating at up to 723 K for at least 12 h under a continuous flow of air.

For crystallographic purposes, the samples were dehydrated by packing them into 0.7 mm silica glass
capillaries that were then attached to a glass vacuum line. The capillaries were heated up to 553 K for
10 h and kept under vacuum at about 5 x 10~ mbar. They were then flame sealed to achieve an isolated

environment.

Analytical methods

The phase purity, crystallinity and structure of as-prepared, calcined, and activated and dehydrated
STA-30 were analysed by powder X-Ray diffraction (PXRD). For phase analysis, the data was
collected in Bragg-Brentano geometry in the 26 range 5—50°, via a primary monochromator, at 30 kV
and 10 mA on a Bruker D2 diffractometer equipped with a LynxEye detector (using Cu Ka1 X-
radiation, L = 1.54059 A, via a primary monochromator, step size 0.02°, time per step of 33 s). The
sample was rotated at 15 rpm during the data collection to minimise preferred orientation. For
structural analysis, patterns of the dehydrated materials were collected from sealed capillaries using a
STOE STADI P diffractometer, also with Cu Ky radiation, in the 20 range 5—70°. The capillaries were

rotated rapidly during the collection.

Morphology and crystallite size were determined using images acquired with a field emission high
resolution scanning electron microscope Jeol JSM-6700F or Jeol JSM-601LA after coating the

samples with carbon.

Spherical aberration-corrected (Cs-corrected) annular dark-field scanning transmission electron
microscopy (ADF-STEM) measurements were made on a FEI Titan 60—300 transmission electron
microscope equipped with a high brightness Schottky X-FEG emitter and operated at 300 kV. The
column was fitted with a CEOS spherical aberration corrector for the electron probe, which was aligned
using a gold standard sample prior to every experiment. The microscope also incorporates a Gatan

Tridiem energy filter and a Fischione HAADF detector. The half angle of illumination employed was
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17.5 mrad. The values extracted for the different aberrations were A1 <2 nm; A2 and B2 <20 nm, C3
500 nm; S3 and A3 < 600 nm, allowing a measured probe size of 0.78 A. The total time for each of
the images presented here did not exceed 10 s with 1024 x 1024 pixels per micrograph. The electron
current was kept below 10 pA, and the collection angle was set to 30 mrad (inner) and 200 mrad
(outer). The images were collected using Gatan’s DigitalMicrograph™ software. The samples were
prepared for the microscope by grinding in presence of few drops of ethanol and deposition on to lacy
carbon films supported on Cu grids. Image viewing and processing was performed using the public
domain version of Gatan’s DigitalMicrograph™

Subtraction Filter (ABSF) filter written by Mitchell.>

program with the addition of an Average Background

Elemental compositions of materials discussed in this paper were determined using energy dispersive
X-Ray spectroscopy (EDS) or X-ray fluorescence spectroscopy (XRF). EDS spectra were collected on
a Jeol JSM-5600 instrument equipped with an Oxford Inca EDS system for compositional analysis.
XRF spectra were collected on Bruker S8 WDXRF (wavelength-dispersive X-ray fluorescence)
spectrometer. Thermogravimetric analysis (TGA) was carried out on a NETZSCH TG1000 M.

Samples were heated up to 1073 K at a rate of 5 K min~! in a dry air flow.

Solid state NMR spectra were acquired at a static magnetic field strength of either 9.4 T (vo('H) = 400
MHz) or 14.1 T (vo('H) = 600 MHz) on either a Bruker Avance III console using TopSpin 3.1 software
or a Bruker Avance Neo console using TopSpin 4.0 software. Samples used for 'H and 'H-*Si
HETCOR were dried overnight at 623 K under vacuum and packed in a dry atmosphere. For ?’Al, the
activated and NHs-exchanged samples were stored overnight in a humid environment. Powdered
samples were packed into zirconia MAS rotors with Kel-F caps. The rotors were spun using room-
temperature purified compressed air. The spinning frequency was either 4 kHz (*°Si, activated sample),
8 kHz (*°Si, as-prepared sample), 10 kHz (1*C) or 14 kHz (*’Al, 'H). Recycle delays were 0.1 s (*’Al,
NH4"-exchanged sample), 0.4 s (*’Al, as-prepared and activated samples), 1.5 s (13C), 5.5 s (‘H, NH4*-
exchanged sample), 6.5 s (H, activated sample), 35.2 s (¥’Si, activated sample) and 240 s (*°Si, as-
prepared sample). The HETeronuclear chemical shift CORrelation (HETCOR) spectrum was recorded
using cross polarisation (CP) with a contact time of 5 ms. For '3C, the probe was tuned to 150.94 MHz
and referenced to alanine CHs at 20.5 ppm. For ?’Al, the probe was tuned to 156.40 MHz and
referenced to YAG at 0.0 ppm. For 2°Si, the probe was tuned to 119.23 MHz and referenced to kaolinite
at —91.2 ppm. For 'H, the probe was tuned to 600.22 MHz and referenced to dis-adamantane at 1.73

Solution NMR spectra were collected on either a Bruker AVIII 500 or Bruker AVII 400 spectrometer.



N> adsorption isotherms were measured at 77 K using a Micromeritics 3-Flex apparatus. Prior to

measurement the samples were heated under vacuum at 623 K for 16 h to remove physisorbed water.

To prepare the material as a Cu catalyst for SCR, activated forms of STA-30 with two different Si/Al
ratios were slurried with copper (II) acetate monohydrate (Shepherd) dissolved in de-mineralised water
at 313 K for 4 h, to give a Cu loading of 3.33 wt%. The slurried samples were then dried in a static
oven at 353 K for at least 16 h. The Cu-containing STA-30 samples were then calcined in air at 8§23 K
for 4 h. The samples were then pelletized and loaded into an SCR test rig. A gas mixture consisting of
500 ppm NO, 14% O2, 4.6% H20, 5% CO2 and a balance of N> was passed over the catalyst at a space
velocity of 90 h™!. The samples were heated to 423 K in this gas mixture and when 423 K was reached,
NH3 was added into the gas mixture at 500 ppm and the samples were held for 30 minutes isothermally

1

to equilibrate. The temperature was then increased from 423 to 773 K at 5 K min~" while the outlet gas

composition was monitored by FTIR.

Crystallography

Structure refinement was performed using the GSAS program suite through the EXPGUI user
interface.’® A starting model for the framework was taken from the International Zeolite Association
database. The framework atomic positions were refined with geometric restraints for the T-O (T=Si or
Al, bond length = 1.61 + 0.02 A) and O-O distances (bond length 2.63 + 0.02 A) to maintain the
tetrahedral geometry around every T site.’” The weight of the restraints was reduced during the
refinement. The positions of K™ cations within the framework were estimated based on published work
on other related frameworks or through Fourier mapping. The background and thermal factors were
refined separately due to their strong correlation. Structures in .cif files were simulated, visualised, and
manipulated using CrystalMaker®.’® Additional image editing was performed using the GIMP

software.

Computational methodology

All calculations for modelling the OSDA inside the swy cages were performed using the Forcite
module, available in BIOVIA Materials Studio 2020.>° The COMPASS II forcefield was used with
charges assigned separately to the template, cations and framework to achieve a neutral system.**!
As part of this study, geometry optimisation and molecular dynamics calculations were used to

determine the suitability of different DABCO based molecules for templating the swy-cages of an



idealised silicate SWY framework converted to P1 symmetry. The fractional coordinates and unit cell
were allowed to optimise during the geometry optimisation calculations. These calculations were
performed using the ‘Smart’ algorithm with the following convergence thresholds: 10~ kcal mol~! for
energy, 5 x 10~ kcal mol™! A~! for force, 5 x 10~ GPa for stress and 5 x 10> for displacement. The
molecular dynamics calculations were run using the NVE thermodynamic ensemble, with random
initial velocities and a target temperature of 650 K. The time step of the simulation was 1 fs and the
total time was 50 ps. Snapshots of the results were taken every 500 steps, obtaining in total 101 frames
that were then geometry optimised to find the most stable structure generated by the molecular
dynamics calculation. Finally, the lowest energy OSDA loaded structure was subjected to a ‘Forcite
Anneal’ calculation in the temperature range 300 — 700 K, set up to perform 1000 dynamics steps per
ramp, 5 ramps per cycle and 10 cycles in total. Each annealed structure was geometry optimised. The
structure with the lowest energy resulting from this calculation was studied in detail. The binding
energy was determined by calculating the difference between the total energy of the optimised
templated structure and the total energy of the empty framework and the energy of the OSDA

molecules in the conformation inside the cages.

Another value considered in determining the most favourable host-guest interaction was the torsion
energy, which was determined as the difference in torsion energy between that of the OSDA molecule

in ground state and in the conformation inside the swy cages.

First-principles calculations were performed using CASTEP version 8.0.** Calculations employed the
Perdew-Burke-Ernzehorf (PBE) functional,* the Tkatchenko-Scheffler (TS) dispersion correction,**
and on-the-fly generated ultrasoft pseudopotentials. For all geometry-optimisation calculations, a
plane wave basis cut-off energy of 600 eV was used with a Monkhorst-Pack grid with a minimum k-
point spacing of 0.05 A~'*> All atoms within the unit cell were allowed to relax during geometry
optimisation, and the unit cell parameters were fixed. NMR shielding values were calculated using the
GIPAW method*® for the optimised structures, with a plane-wave cut-off energy of 700 eV, and a
Monkhorst-Pack grid with a minimum k-point spacing of 0.05 A~!. The calculated shieldings, cGiraw,
were shifted by a reference value orer of 328, such that the mean experimental and calculated chemical

shifts coincided.



RESULTS AND DISCUSSION

The SWY topology type described in the Introduction was prepared for the first time as the
silicoaluminophosphate, SAPO STA-20, using diDABCO-C6*" and trimethylamine (TrMA) as
organic structure directing agents. In that case, diDABCO-C6*" was found to occupy the swy cages,
along with TrMA, while additional TrMA acted as a template for the gme cages.'” DIiDABCO-type
dicationic molecules therefore provided a promising starting point in the design of potential templates
for the swy cage in an aluminosilicate SWY, although the amine is not expected to be a good co-

template in zeolite synthesis because it is likely to be neutral at the high pH used.

The potential suitability of a series of diDABCO-Cn?" molecules of different lengths (n = 6 —10) as
templates for the swy cage in a SWY framework with composition SiO> was assessed through
molecular dynamics calculations. The minimum energy location of the molecules of the different
diDABCO-Cn?" templates is shown in Figure 2 and the calculated energies of overall stabilisation are
listed in Table 1. Even though the unit cell parameters were allowed to vary during the energy
minimisations, they did not deviate significantly for structures with different OSDAs included (SI,
Section 2, Figure S1). The diDABCO-C8?" molecule was observed to be a better fit than diDABCO-
C6%" inside the swy cage, which is considerably shorter (at ~14.1 A) than the length of the swy cage
(~22.7 A) - for the STA-20 SAPO this also occludes a TrMA molecule. Even though the length of
diDABCO-C7°" seemed more appropriate, it was diDABCO-C8>" that conferred the strongest binding
energy to the optimised structure (Table 1). Longer molecules in this family incurred energy costs
from higher torsion energies (OSDA molecules in their ground state conformation are shown in the
SI, Section 2, Figure S2). The binding energies derived from these calculations also show that OSDAs
with an odd number of C atoms in the alkyl chains perform less well than those with an even number
of C atoms. This appears to be due to the relative orientation of the DABCO end groups and the ends
of the swy cage, and the resulting interactions between the end groups and the framework. Therefore,

this modelling led to the choice of diDABCO-C8?" as the best candidate template.
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Figure 2. The fit of diDABCO-Cn?** (n = 6 — 10, shown in order A-E) templates in the silicate SWY

framework, modelled using molecular dynamic calculations.

Table 1. Results of molecular dynamics calculations on an ideal SWY silica framework, with

molecules of diDABCO-Cr?*" fitted inside both swy cages of a unit cell.

n Binding energy (kcal mol')  ATorsion energy OSDA (kcal mol™)
6 -392.7 0.1
7 -386.3 0.1
8 -399.1 0.9
9 -392.3 1.1
10 -392.5 2.3

Beyond the choice of the OSDA, the synthetic conditions for targeting SWY were inspired by the gel
composition (1.0 SiO2: 0.05 Al,Os: 0.09 KOH: 0.10 RBr2: 0.4 TPAOH: 16 H>O) and conditions
presented by Zhu et al. for the crystallisation of UZM-12, an aluminosilicate with the related ERI
framework.*” Both SWY and ERI frameworks belong to the ABC-6 family and have many building
units in common, including the can cages, which are templated by K" cations. While in the work
previously mentioned on UZM-12, the largest cage — eri, is templated by hexamethonium (HM?>")
molecules, this was replaced in our preparation by the diDABCO-C8>" molecule designed as a

template for the swy cage, as described above.
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Syntheses were performed between 393 K and 423 K, using the 50 mL autoclaves, with tumbling. The
gel composition was close to that of Sample 1 in Table 2. Notably, crystallisation at the higher
temperature of 423 K resulted in ZSM-5 impurity, which can be attributed to the presence of TPA"
cations added here as mineralising agents in the first step of gel formation.*® Otherwise, the same
material appeared to have been formed between 393 — 413 K (SEM images and PXRD patterns of
these samples in the SI, Section 3, Figures S3 and S4). The PXRD pattern of the product crystallised
at 413 K was compared with the patterns simulated for the SWY framework (using the structure of as-
prepared STA-20), as well as for zeolites erionite, offretite and their intergrowth, zeolite T (Figure 3).
The preparation of these materials is detailed in the SI — Section 4. The patterns of these related
materials are very similar, with many peaks in common, but there are peaks characteristic of the SWY
structure because of the extended c-axis, including the (101) reflection at 8.3° 26. It immediately
appeared that SWY-type aluminosilicate zeolites had been successfully prepared. This was named
STA-30 (St Andrews microporous material-30). Differences in intensity between the simulated pattern
of STA-20 and the observed pattern of STA-30 are thought to arise mainly from their different extra-
framework species, but additional proof was required that STA-30 was indeed a zeolite with the SWY
topology (see below). For more context, usual differences between the simulated and measured XRD

patterns of related zeolites discussed here can be found in the SI, Figure S6.

IR Y N

Relative intensity / a.u.

N

201/°

Figure 3. Comparison of the XRD pattern of as-prepared STA-30 (E) compared with the simulated
pattern for SAPO STA-20" (A) and observed XRD patterns of other related zeolites in as-prepared
form: erionite (B), offretite (C) and ZSM-34 (D).
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The dependence of the crystallisation on the composition of the gel and other synthetic parameters was
investigated taking 398 — 413 K as the preferred temperature range. Additionally, even though the
synthesis can be carried out with other tetraalkylammonium solutions (details in the SI, Section 5), the

40% aqueous TPAOH solution was chosen as the preferred base for further testing.

Most significantly, given its importance in determining hydrothermal stability, the Si/Al ratio of the
STA-30 could be increased from 5.8 to 7.1 (see Samples 1 and 2 in Table 2) by reducing the amount
of Al added to the gel. Further reduction led to no product being formed after 5 days, when the synthesis

was performed with Al(o-i-Pr)3 in 50 mL tumbling autoclaves.

There is a lower limit to the K™ content that enables crystallisation of STA-30 to occur (K/Si = 0.05,
Sample 3, Table 2), even if the solution alkalinity is kept constant by the addition of more of the
hydroxide (rather than the bromide) form of the diDABCO-C8**. The STA-30 products had levels of
~0.7 K/Al (determined by EDS), which corresponds to a molar ratio of K/Si in the gel of about 0.05,
indicating the K was taken up with high specificity. Changing the K" content had little effect on the
particle morphology (SI, Section 6, Figure S8), in contrast to the effect observed previously for other
materials from the ABC-6 family.***° By contrast, reducing the OSDA content by 25% gave crystals
with similar morphology but much reduced size (Sample 4 Table 2, Figure 4B). Additionally, other
diDABCO-Crn*",n=17, 9 and 10, were tested as OSDAs to test the predictions from the computational
modelling. While STA-30 was still prepared in all cases, there were some notable differences between
the XRD patterns of the products (SI, Section 7, Figure S9). The materials synthesised with diDABCO-
C7*" and the longer diDABCO-Cn molecules were less crystalline than that prepared with diDABCO-
C8*" as indicated by elevated background signal in the 20-30° 20 range of their XRD patterns. This
implies that these cations are less effective templates for the swy cage than diDABCO-C8?", in line

with the computational data.

Scale up to 125 mL using Al(O-i-Pr); was successful, giving a material with a lower Si/Al ratio when
compared to a similar preparation on the 50 mL scale (Samples 2 and 5 Table 2), without otherwise
affecting the product (PXRDs in the SI, Section 7, Figure S10). It was possible to lower the amount of
Al(O-i-Pr); in the gel to obtain a more silica-rich product (Sample 6, Table 2).

Since the method proved to be suitable for synthesis on larger scales, the suitability of AI(OH); as the
Al source was also investigated, because its use eliminates the need to remove the isopropyl alcohol
evolved in the precursor gel formation. Furthermore, Al(O-i-Pr); is an undesirable Al source
commercially because of its high cost. The replacement of the Al(O-i-Pr); was straightforward on the

125 mL scale (Sample 7, Table 2) as the TPAOH is a strong enough base to dissolve the reagent and
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enable successful crystallisation. However, the use of the hydroxide led to lower yields compared to
the syntheses carried out with AlI(O-i-Pr);. Notably, the Si/Al ratio of the product synthesised with
Al(OH); was higher than one synthesised with an equivalent amount of Al in the form of Al(O-i-Pr)3
(Samples 5 and 7, Table 2). This proved that AI(OH)3 is a viable Al source in this preparation of STA-
30, which is further enforced by the successful scale up to a 1.5 L scale without affecting the Si/Al
ratio of the product (Sample 8, Table 2) as was observed in the case of Al(o-i-Pr);. Despite the
compositional and synthetic differences between the samples discussed in this paragraph, the
morphology and size of the crystals of STA-30 were similar to those shown in Figure 4A (~1 pum long
rice grain shaped crystallites). Additionally, taking these various optimisations into account, it was
possible to synthesise higher Si/Al ratio materials (Si/Al ratio of 7.3, Sample 10 in Table 2), which

shows the potential of this method to produce zeolites with controlled chemical compositions.

Table 2. Selection of syntheses related to the preparation of STA-30

Molar ratio to SiO: in the gel®

Sample Al source ALO3 KOH (diDABCO-CS8)Br: H:0 Scale (mL) Product Si/Al
1 Al(O-i-Pr)3 0.05 0.10 0.12 20 50 5.8
2 Al(O-i-Pr)3 0.04 0.10 0.12 20 50 7.1
3 Al(O-i-Pr)3 0.04 0.05 0.13 20 50 6.7
4 Al(O-i-Pr)3 0.04 0.08 0.10 20 125 5.5
5 Al(O-i-Pr)3 0.04 0.12 0.13 20 125 5.8
6 Al(O-i-Pr)3 0.03 0.12 0.13 20 125 6.8
7 Al(OH)3 0.04 0.08 0.13 24 125 7.1
8 Al(OH)3 0.04 0.08 0.13 20 1500 7.0
9 Al(OH)3 0.03 0.12 0.13 20 125 6.3
10 Al(OH)3 0.04 0.06 0.09 20 50 7.3

* All molar quantities as ratio to 1.0 SiO2. The TPAOH/SiO2 molar ratio for all samples was 0.4.
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Figure 4. SEM images of Sample 1 (A) and Sample 4 (B).

The *C, 2Si and ?? Al MAS NMR spectra of as-prepared STA-30 (Si/Al = 7.0) are shown in Figure 5.
13C MAS NMR shows that the diDABCO-C8%*" molecule is included intact while no significant amount
of TPA" is present. The small peak at 11 ppm might indicate that the bulk sample contained trace
amounts of TPA" (the other peaks expected around 16 ppm and 60 ppm were not observed) but the
low concentrations ruled out TPA™ as a template. Hence, diDABCO-C8>" acts as the template while
the TPAOH added in the first step of the preparation acts only as a mineraliser. The assignment of
peaks in the *C spectrum was based on 2D NMR experiments carried out on (diDABCO-C8)Br; in a
D0 solution (SI, Section 8, Figure S11). The splitting of the resonances of C atoms in the DABCO
units (at 46 ppm and 54 ppm) indicates that the end groups on the diDABCO-C8>" are not in equivalent
chemical environments within the framework. This splitting is not observed in the '*C NMR spectrum
of the molecule in solution. The other spectra confirm the identity of the material as an aluminosilicate
zeolite through the characteristic shifts for Si(OSi)a(OAl)sn environments in the 2Si MAS NMR
spectrum and the characteristic peak due to tetrahedrally coordinated Al in the Al MAS NMR
spectrum. Deconvolution of the 2Si MAS NMR spectrum and use of Lowenstein’s rule to calculate
the Si/Al ratio of the material leads to a value much smaller (3.0) than the one determined by EDS or
XRF (7.0), which has been previously observed for related frameworks, such as OFF, where the
chemical shift of ?°Si in crystallographically distinct T-sites is significantly different.’! Further
investigation into the appropriate method for deconvoluting the *°Si peaks was carried out on the

activated material, as described below.
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Figure 5. Solid-state MAS NMR data from an as-prepared STA-30 sample: 1°C NMR (A), 2°Si (B)
and ?’Al NMR (C).

To prepare porous forms of STA-30, the organic template was removed by calcination in air at 823 K
for 12 h, conditions shown by TGA (SI, Section 9, Figure S12) to remove all organics. Additionally,
the calcined form was exhaustively ion exchanged with ammonium ions and subsequently
deammoniated to the ‘activated’ form, with a maximum proton content. Notably, while ammonium
exchange reduced the K™ content of the zeolite from ~0.7 K/Al ratio to ~0.3 K/Al, further exchange
gave no additional reduction (SI, Section 10). Figure 6 shows that there are some changes in intensity
of the peaks between the PXRD patterns of the as-prepared, calcined, and activated materials, but there

is no loss in crystallinity, indicating that the H,K-form of STA-30 is thermally stable.

Relative intensity / a.u.

Figure 6. PXRD patterns of as-prepared (A), calcined (B) and activated (C) STA-30.

The crystal structures of the calcined and activated forms, both dehydrated, were determined by
Rietveld refinement, using as a starting model an energy-minimised all-silica form of the SWY

framework, in space group P63/mmc. K cation locations and fractional occupancies were refined, to
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give good final fits to the observed patterns (Figures 7 and S14). Details of the refinements are given

in Tables 3 and 4 and representations of the framework and cation sites shown in Figure 8.
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Figure 7. Rietveld plot for dehydrated calcined STA-30. Experimental (black) and calculated (red)
PXRD patterns are shown, as well as the fitted background (green), the difference between the

observed and calculated patterns (blue) and positions of calculated reflections (pink).
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Table 3. Parameters and results of Rietveld refinement performed on STA-30 materials.

Sample

Calcined, dehydrated Activated, dehydrated

Expected chemical composition

H3.0K6.1Al9.1S162.90144

He.0K3.0Al9.0S163.00144

Data collection

Temperature 298 K 298 K
X-Ray source Cu X-ray tube Cu X-ray tube
Diffractometer STOE STOE
Wavelength / A 1.54056 1.54056

Unit cell

Chemical formula

Ke.1Alo 1816290144

K2.7Alo 0S163.00144

Crystal system Hexagonal Hexagonal

Space group P63/mmc P63/mmc

alA 13.0647(6) 12.9922(9)

blA 13.0647(6) 12.9922(9)

c/A 29.9577(10) 29.9624(12)
Rietveld refinement

Refined region / 26° 6.0-70.0 6.5-70.0

Background Chebyshev 24 terms Chebyshev 30 terms

Rwp/ % 7.56 4.71

Ry /% 5.10 3.67
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Table 4. Structural parameters of the calcined and activated STA-30 samples

Dehydrated calcined STA-30

Atom X y z Occupancy Mult. Uiso (A?)
SI/AIL 0.0938(5)  0.4264(5) 0.1251(4) 0.874/0.126 24 0.0232(10)
Si/Al2 1.0019(8) 0.2380(9) 0.1983(4) 0.874/0.126 24 0.0232(10)
SUAIZ  -0.00298)  0.2339(9) 0.0521(4) 0.874/0.126 24 0.0232(10)
o1 02323(7)  04647(15)  0.1228(12) 1.0 12 0.0221(18)
02 0.0172(16)  03446(15)  0.1666(6) 1.0 24 0.0221(18)
03 0.0785(15)  0.5392(7)  0.1249(13) 1.0 12 0.0221(18)
04 0.0304(14)  03518(14)  0.0801(5) 1.0 24 0.0221(18)
05 0.1001(12)  0.2002(23)  0.1864(10) 1.0 12 0.0221(18)
06 0.9984(20)  0.2736(28) 0.25 1.0 12 0.0221(18)
07 0.8713(11)  0.1287(11)  0.1866(9) 1.0 12 0.0221(18)
08 0.0992(11)  0.198421)  0.0605(10) 1.0 12 0.0221(18)
09 0 0.2643(28) 0 1.0 12 0.0221(18)
010 0.8797(10)  0.1203(10)  0.0706(8) 1.0 12 0.0221(18)
K1 0 0 0.873921) 0.777(8) 4 0.02995
K2 0.5046(12)  0.4954(12) 0.25 0.495(12) 6 0.11604
Dehydrated activated STA-30
Atom X y z Occupancy Multiplicity Uiso(A?)
Si/All 0.0900(4) 0.4225(4) 0.12601(31) 0.875/0.125 24 0.0228(8)
SI/AI2 0.9997(6)  0.2389(6)  0.19735(22)  0.875/0.125 24 0.0228(8)
SVAIZ  -0.0024(6)  02287(6)  0.0512024)  0.875/0.125 24 0.0228(3)
o1 0.2256(6)  0.4512(12)  0.1305(7) 1.0 12 0.0179(15)
02 0.0057(11)  0.3444(11)  0.1668(4) 1.0 24 0.0179(15)
03 0.0794(13)  0.5397(6) 0.1206(8) 1.0 12 0.0179(15)
04 0.0316(12)  03432(11)  0.0820(4) 1.0 24 0.0179(15)
05 0.1073(10)  02147(20)  0.1859(7) 1.0 12 0.0179(15)
06 1.0000(17)  0.2634(21) 0.25 1.0 12 0.0179(15)
07 0.8801(11)  0.1199(11)  0.1836(7) 1.0 12 0.0179(15)
08 0.0909(6) 0.1818(13) 0.0565(7) 1.0 12 0.0179(15)
09 0 0.2677(19) 0 1.0 12 0.0179(15)
010 0.8752(8)  0.1248(3) 0.0710(7) 1.0 12 0.0179(15)
K1 0 0 0.8720(25) 0.668(9) 4 0.10432
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Figure 8. Schematic representation of the structures of dehydrated calcined (A) and activated (B)
STA-30, represented with T-T connections and all possible positions for the K* cations (purple). O

atoms omitted for clarity.

The refinements confirm the structure type of both calcined and activated STA-30 as SWY. Figure 9
shows that the framework contains a column of can cages connected by d6r units. Additionally, each
swy cage is connected to three gme cages through 8Rs in ‘boat’ configuration (Figure 9), and to six
other swy cages through 8Rs in ‘chair’ configuration (top and bottom of swy cage in Figure 9). The
‘boat’ configuration is characterised by 2 mirror planes, whereas the ‘chair’ configuration is
characterised by a mirror plane and an inversion centre. In calcined STA-30, K" cations were located
in can cages and also in 8R sites between the gme cages and swy cages (boat-shaped), while the 8R
sites between swy cages (chair shaped) were not occupied (Figure 10A). The ordering of the K* into
one of the two types of 8R sites could be due to better coordination in the ‘boat’ 8R configuration
rather than the ‘chair’ configuration but will also have the effect of minimising cation-cation repulsion.
The refinement of the K* loading, coupled with the synthetic work described above, shows that the
synthesis of a stable STA-30 material depends on the templating of the can cages and the occupation
of some of the 8R sites, revealing a strong connection between the extra-framework cations and the
framework structure. However, it is possible to remove the K" cations in these sites without affecting

the structure of the material, as shown by the swy cage in Figure 10C.
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Figure 9. The swy and gme cages in the framework structure of activated STA-30 material drawn
with T-O connections (T atoms — blue, O atoms — red) and showing the connectivity between the
cages (blue shading swy-swy connectivity through ‘chair’ 8Rs and brown shading swy-gme
connectivity through ‘boat’ 8Rs), the projections across the openings of which are given in the

figure.
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Figure 10. The swy cage of calcined STA-30 with the K cation in the boat-shaped 8-ring (A),
showed with K-O distances (B) and the swy cage of activated STA-30 (C).

In the activated form, there were no K' cations in the 8R sites, while the can cages remained ~75%

occupied. This indicates that while the K* cations in the 8R windows were completely removed by ion
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exchange with NH4", those in can cages could not be removed even if the ion exchange was performed
at elevated temperatures (up to 363 K) for many hours. This suggests that, under these conditions at
least, the K ions could not escape from the can cages because that would require migration through

the puckered 6Rs.

The structure of the as-prepared form was also refined, but in this case it was not possible to dehydrate
the solid fully without partially decomposing the template, because the presence of the organic
prevented diffusion of water molecules out of the structure at temperatures below that at which the
template would start to react. The diDABCO-C8>" molecule was included within the swy cages in an
energy-minimised location in the starting model, and its occupancy allowed to refine. It was found that
this had to be capped at a value of 2 molecules/unit cell. K" cations were refined at the locations
observed in the calcined material, and additional scattering refined as O atoms of water (or OH"
groups). Although some details remained unresolved, the profile fit, and the similarity of unit cell
parameters (SI, Section 11, Table S1 and Figure S15) indicate the framework structure of this form is

the same as that of the calcined form.

As a complementary structural method, the activated form was investigated by electron microscopy.
SAED patterns of the activated material were collected along the [100] direction (Figure 11) which
show that there is no disorder in the 12-layer stacking sequence in STA-30 since there is no streaking.>?
High-resolution STEM images (processed with an ABSF filter) along the same zone axis, Figure 11,
further confirmed these findings, showing the ordered SWY framework of STA-30 at atomic
resolution. A closer observation of the 12-layer stacking sequence is shown inset. These images are
also consistent with the SWY topology, as shown by the unbroken columns of can/d6r units and the
strict alternation along the c-axis of double combined can and d6r building units with different

orientations along the b-axis.

It should also be noted that in the original work on the structure of STA-20, it was shown that two
additional hypothetical structure types are possible with similar unit cell parameters (and therefore
peak positions) to those of SWY. A comparison of the powder pattern and the electron diffraction
pattern of STA-30 with those simulated for the frameworks of these additional phases (coded MS-1
and MS-2 by Turrina et al.') indicated that it possessed the SWY topology and not the other,
hypothetical, ones (SI, Section 12, Figures S16 and S17).
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Figure 11. (Left) SAED pattern of STA-30 down the [100] direction and (right) Cs-corrected STEM-
ADF image of the framework of STA-30 with arrangement of can cages highlighted. A closer
observation of the framework is shown inset, where the stacking sequence is marked. The image was

processed by application of an ABSF filter.

The composition and reactivity of the aluminosilicate framework of the activated form of STA-30 was

investigated further by 2’Al, 'H and °Si MAS NMR (Figure 12).

w
9]

NH;-exchanged NH3-exchanged

activated activated
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Figure 12. Solid-state MAS NMR data on STA-30: (A) 2?A1 NMR of hydrated activated (H,K-) and

NH4"-forms, (B) '"H NMR, dehydrated activated and NH4"-forms and (C) 2°Si NMR, hydrated H,K-
STA-30.
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The 2’Al MAS NMR of the hydrated activated material shows two well-defined resonances at —2.0
ppm and —3.1 ppm, chemical shifts associated with octahedrally-coordinated Al, as well as the major
peak at 57.8 ppm due to the expected tetrahedrally-coordinated framework Al (Figure 12A). The
narrow lineshape of the ‘octahedral’ signals, as well as the absence of any five-fold coordinated
signals, argues against these being from extra-framework Al (EFAL) typically observed after
hydrothermal treatment, or steaming. It is increasingly becoming apparent that sharp resonances in H-
forms of zeolites are more likely to be due to octahedral framework species, formed reversibly from
tetrahedral framework Al by the incorporation of water molecules into their coordination shell. 33-°
These species are reported to revert to tetrahedral coordination if the H-zeolites are converted to the
ammonium form.>* Therefore, to investigate whether the octahedral Al in hydrated K,H-STA-30 can
also be converted back to tetrahedral species, a sample was ion exchanged into the ammonium form.
27 A1NMR of this sample (Figure 12A) shows that the two sharp upfield resonances disappear, strongly
suggesting that the coordination of the Al species reverts to tetrahedral. The observation of two distinct
signals suggests that these are octahedral framework Al species in different crystallographic sites in
the zeolite framework, which to our knowledge has not previously been reported. It is worth noting
that there is a very small broad peak around -2.7 ppm present in the >’ Al NMR spectrum of the NH4*-
exchanged sample that can be correlated to a similar feature in the 2’A1 NMR spectrum of the H-form

that overlaps with the sharp peaks. This may indicate the presence of a very small amount of EFAL.

'H NMR spectra from a dehydrated sample of the activated form of the material (Figure 12B) give
peaks at 4 ppm and 1.7 ppm. The signal at 4 ppm is assigned, based on previous studies, to Bronsted
hydroxyls while the strong signal at 1.7 ppm is similar to previous observations on zeolite Beta and by
analogy 1s assigned as silanol groups, (Si0)3S10H, indicating an appreciable number of defects in the

structure.’¢ 8

'H MAS NMR of the NHs-exchanged form of activated STA-30 (Figure 12B) showed that the
Brensted hydroxyls are removed (as expected) and replaced with ammonium protons (peaks at 6.3
ppm and 6.7 ppm), while the defect hydroxyl groups remain. It was possible to investigate the nature
of the 1.7 ppm 'H signal further by '"H-*Si HETCOR spectroscopy on the ammonium-exchanged
STA-30 (Figure 13). While the ammonium protons correlate with all the framework Si signals, the
hydroxyl protons correlate with a 2°Si signal at —102 ppm, which can be attributed to silanol 2°Si,

(Si0);2°SiOH.
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Figure 13. 'H-*°Si HETCOR spectrum of the NH4*-exchanged STA-30.

Knowing both the crystal structure and the defect structure of the STA-30 it was then possible to
analyse the 2°Si spectrum of activated STA-30 (Figure 12C). NMR-DFT calculations carried out on an
all-silica SWY structural model revealed that the ?’Si chemical shift of one of the three
crystallographically distinct sites (all of which have the same multiplicity, 24) is expected to be nearly
7 ppm different from the other two, which are magnetically very similar. Resonances are predicted at
—114.8 ppm (site T1) and —108.2 ppm (sites T> and T3) in a ratio of 1:2 (details in the SI, Section 13,
Figure S18). Similar differences in 2°Si chemical shift are measured (and predicted) for the zeolites
offretite and omega (mazzite) for example.’! Assuming (i) that the 2°Si spectrum is composed of two
sets of Q* peaks of the form (Si(OSi)a(OAl)s-, n =0, 1 and 2), one set from each ‘group’ of similar T-
sites, in the ratio 1 (upfield): 2 (downfield), and (ii) that there is a resonance for Q* *SiOH(OSi); at
—100 ppm, it was possible to deconvolute the spectrum and derive a Si/Al ratio of 13+1, close to the

value measured by XRF (14.1) (details in SI, Section 13, Figure S19).

Physical properties of activated STA-30

STA-30 was found to be microporous, exhibiting a type I isotherm when adsorbing N» at 77 K (Figure
14). The micropore volume was calculated to be 0.31 cm® g™! assuming that the pores were fully filled
at p/po = 0.1. This is larger than the micropore volume reported by Lukaszuk et al. for aluminosilicate
materials with the closely-related OFF topology type (0.25 cm® g!) although that sample also

possessed 0.05 cm?® g'! of mesopore volume.*°
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Figure 14. N> adsorption at 77 K isotherm measured on the activated H,K-STA-30, shown with an

insert focused on the 0 — 0.1 range plotted on a log scale

SCR Catalysis

Small pore zeolites, particularly those with d67 units in the ABC-6 family, have been used successfully
as commercial catalysts in NOx abatement technology. Erionite is a zeolite in the ABC-6 family that
has shown promising performance due to its high activity and hydrothermal stability.>**° Moreover,
as discussed previously, ERI shows structural similarity to SWY. Therefore, STA-30 samples with
Si/Al ratios of 5.8 and 6.3 (Samples 5 and 9 in Table 2) were synthesized, calcined, and activated
according to the methods described and a benchmark synthetic erionite sample of similar Si/Al ratio
and morphology was prepared and activated as well (details in SI Section 14). The materials were
loaded with 3.33 wt.% Cu cations in extra-framework ion exchange positions as described (Cu-STA-
30(5.8), Cu-STA-30(6.3) and Cu-ERI(6.1)). These samples were then investigated as catalysts in NH;-
mediated NOx reduction to probe the applicability of the aluminosilicate STA-30. Further details on

sample preparation and catalyst testing are available in the Experimental section.

The results of the SCR tests are given in Figure 15. Typically, diesel vehicles are calibrated to operate
with exhaust gases in the temperature range of 523 — 773 K: previous studies have indicated that the
activity of Cu-SSZ-13 for this reaction increases rapidly as temperature increases from 450 to 575 K

under similar conditions.°®!
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Both STA-30 samples exhibited excellent catalytic activity, achieving greater than 90% NOx
conversion across the entire target operating window (523 — 773 K). Additionally, during cold start
conditions, it is beneficial for NOy abatement catalysts to exhibit low light-off temperatures. A useful
metric for quantifying light-off temperature is the Tso value, which is the temperature at which 50%
NOx conversion is reached. The Cu-ERI(6.1), Cu-STA-30(6.3), and Cu-STA-30(5.8) samples
achieved Tso values of about 450, 460, and 470 K, respectively. This might be explained by the Cu:Al
ratios of these samples. As reported in a number of studies, Cu:Al ratios approach an ideal value of
~0.5 for Cu-exchanged zeolites utilized as SCR catalysts.>%* In Cu-STA-30(5.8) the Cu:Al ratio was
0.22 but taking the K cations in the can cages into account, the ratio of Cu: residual framework charge
(Al minus K) =0.31. For Cu-STA-30(6.3) the corresponding ratios are 0.23 and 0.34, a little closer to

the optimum value.

The N2O selectivities of the Cu-loaded STA-30 catalysts were also evaluated (Figure 15B). N2O is an
unwanted by-product of NHjz-mediated NOx reduction. In emissions control systems for diesel
vehicles, it is highly desirable to minimize the production of N2O because it is a particularly potent
greenhouse gas. While increasing the Cu:Al ratio gave a positive effect on NOy light-off temperature,
there is a penalty in N2O selectivity. Peak N2O selectivity is increased from 2.5% to 3.5% when the
Si/Al ratio of STA-30 SAR is increased from 5.8 to 6.3. A comparison of the ERI reference to STA-
30, however, demonstrates that the framework topology of the zeolite can have an impact on N>O
selectivity. The Cu-ERI(6.1) sample exhibited a lower N>O selectivity at 2.5% relative to the Cu-STA-
30(6.3) sample and an equivalent N>O selectivity to the Cu-STA-30(5.8) sample. These effects
demonstrate how zeolite topology, Al content, and Cu content all play major roles in NOx abatement

technology and must be tuned for optimal performance.

These preliminary NH3-SCR tests indicate Cu-STA-30 exhibits promising activity as an SCR catalyst.
As demonstrated for the CHA zeolite as an SCR catalyst, the Cu:Al ratio affects both low temperature
NOx conversion and N>O selectivity across the entire temperature range.®* % The aluminosilicate

zeolite STA-30 therefore warrants further investigation and optimization as a NH3-SCR catalyst.
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Figure 15. NH3-SCR light-off curves and N>O yield plots for Cu-STA-30(5.8), Cu-STA-30(6.3) and
Cu-ERI(6.1) samples, which all have a loading of 3.33 wt.% Cu cations.

CONCLUSION

An aluminosilicate zeolite with the SWY topology type (STA-30) has been prepared for the first time,
via a designed synthesis involving the selection of organic template by modelling and judicious use of
inorganic cations. While the organic alkylammonium diDABCO-CS dication gives an optimal fit to
the swy cage (the longest observed in an ordered ABC-6 type zeolite) the K™ cation favours
crystallisation of zeolites that contain can cages. The synthesis was tuned to increase the framework

Si/Al and optimise stability and modified to permit economical scale up.

Rietveld refinement against PXRD data established that STA-30 has the SWY framework in as-
prepared, calcined and activated forms. Selected area diffraction and Cs-corrected STEM imaging
confirmed the 12-layer stacking sequence repeat AABAABAACAAC and showed that it is maintained
fault-free over extended distances. Parallel columns of alternating d6rs and can cages run along the c-
axis in the framework. Between these are alternating swy and gme cages, connected via 8R windows,
which comprise the pore space. In the as-prepared form, diDABCO-CS cations occupy the swy cages,
but can be removed by calcination to leave the framework intact. K" cations are located in the can
cages, from which they cannot be removed by ammonium ion exchange, and also 8R windows of the

gme cages, from which they can.

The calcined, ammonium-exchanged and then deammoniated K,H-form exhibits Brensted acid sites
and defect silanol protons. Upon rehydration of this acid-form, a significant fraction of the framework
Al transforms from tetrahedral to octahedral, giving two well resolved narrow resonances in the >’Al
NMR. These are interpreted to be octahedral framework Al cations (Al(OSi)4(OH2)2) in
crystallographically-distinct sites: their coordination can be transformed to tetrahedral by ammonium

ion exchange.
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The dehydrated K,H-STA-30 shows a microporous volume of 0.31 cm® g!, which indicates the acid
form of the zeolite is stable and the pore space, connected via 8R windows, is fully accessible. It is
therefore a candidate for conversions known to be catalysed by small pore zeolites: Cu-loaded STA-
30 shows appreciable activity for deNOx. We therefore consider this successful designed synthesis, as
a high Si/Al zeolite, of a topology type known previously but as an aluminophosphate, is a promising

approach for further catalyst discovery.
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