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ARTICLE INFO ABSTRACT

Skeletal isomerization of linear unsaturated fatty acids is important in the production of branched-chain satu-
rated fatty acids with diverse applications. This reaction can be efficiently catalyzed by ferrierite (FER) zeolite.
The reaction, however, suffers from diffusion limitations in the 10-membered ring channels. Herein, we report a
method for the synthesis of hierarchically porous FER zeolite via transformation of FAU precursor driven by N-
methylpyrrolidine (NMP) and amphiphile 1,2-dimethyl-3-hexadecyl-1H-imidazol-3-ium bromide (C;¢dMImz) as
the structure-directing agent (SDA) and a mesoporogen, respectively, under hydrothermal conditions. This dual-
template approach allows tuning the morphological and textural properties of the mesoporous FER materials by
varying the concentration of the mesoporogen in the initial gel. The optimized FER sample is characterized by a
high mesoporous volume (0.19 cm® g'), large external surface area (~120 m? g™) and reduced crystal size in
the a- and c-dimensions. This implies shortened diffusional pathways in the 10-membered ring channels. These
modifications led to a significantly enhanced catalytic performance of hierarchical FER zeolite in the iso-
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merization of fatty acids in comparison with a bulk FER reference zeolite.

1. Introduction

The annual global production of oils (mainly palm, soybean and
rapeseed) and (recycled) fats is estimated to be more than 160 million
metric tonnes [1,2]. The use of these bio-based products can contribute
to sustainability targets. Branched-chain saturated fatty acids (BSFA),
which are typically iso-stearic acids, are widely used by the chemical
industry for the production of personal care products and biodegrad-
able lubricants [3-5]. The key advantages of such BSFA over un-
saturated or linear fatty acids (FA) are their better thermal and oxida-
tive stability and lower melting and cloud points [6,7]. One of common
strategy to obtain iso-stearic acids is skeletal isomerization of un-
saturated fatty acids (FA) such as oleic acid (OA) followed by hydro-
genation [8].

Previous research has already shown the utility of acidic medium-
and large-pore zeolites such as ZSM-5, Mordenite and Beta in catalyzing
the isomerization of OA to branched products [3,6,9]. The limited space
inside the micropores of zeolites hinders the formation of oligomeric
products which would deactivate the catalyst [10]. Promising results
for the OA isomerization reaction were described by Ngo et al., who
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used ferrierite (FER) zeolite as the catalyst [7]. In particular, it was
possible to achieve a high OA conversion in combination with a good
selectivity to branched-chain unsaturated fatty acids (BUFA) [3,11,12].
These BUFA are the intermediates to the formation of BSFA. Ferrierite
(FER) is a medium-pore zeolite characterized by a two-dimensional
(2D) pore system consisting of 10-membered ring (4.2 x 5.4 A) chan-
nels intersected by 8-membered ring (3.5 x 4.8 A) channels [13]. Ty-
pically, FER is synthesized by hydrothermal synthesis using appropriate
silicon and aluminum sources and small structure directing agents
(SDAs) in the form of organic molecules such as ethylenediamine [14]
or pyrrolidine [15]. Another approach is to prepare ferrierite using
zeolite Y (FAU) as a source of silicon and aluminum. This preparation is
described as a transformation of FAU into FER, although the underlying
transformation mechanism is not well understood [16-18].

The use of zeolites in which the pore diameters are usually much
smaller than the zeolite crystals often leads to mass transport limita-
tions. This is because the rate of intracrystalline diffusion can be slow
compared to the rate of adsorption and desorption to/from the crystals.
In particular, the formation of molecules that cannot diffuse out of the
zeolite and therefore deactivate the catalyst is a common problem. A
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common approach to overcome such diffusion limitations is to reduce
the crystal domain size of the zeolite and many methods have been
established for this purpose [19-22]. The crystal size reduction is pre-
ferably brought about by introducing mesoporosity in zeolite crystals,
either in top-down or bottom-up approaches. Thus, it may be expected
that pore hierarchization of ferrierite can help to improve the perfor-
mance for OA isomerization. In the former class, post-synthesis deal-
umination [23,24] and desilication [25,26] are efficient and easy to
scale up, but drawbacks include poor control over acidic and textural
properties of the final porous materials [27-30]. Alternatively, in a
bottom-up approach the mesopores are introduced during the pre-
paration of the zeolite crystals. There are many methods to achieve this,
which often depend on the use of a mesoporogen in the zeolite synthesis
gel. Typically, structure-directing agents are combined, one conven-
tional SDA for zeolite formation (nanoscale structure direction) and
another one to introduce intracrystalline mesopores (mesoscale struc-
ture direction). Several successful examples of this dual-templating
strategy have been demonstrated [31-33]. Recently, several research
groups obtained hierarchical FER using typical aluminum and silicon
sources such as sodium silicate - aluminum sulfate and silica - sodium
aluminate [34-37]. Important aspects to take into account in the fur-
ther development of hierarchically-porous FER zeolites are the long
hydrothermal synthesis of FER, usually exceeding two weeks, [34] the
relatively high SDA concentration (SDA/Si = 0.25) [36,38] and specific
ageing steps [37,39].

In this work, we developed a method for the one-pot (bottom-up)
synthesis of hierarchically porous FER zeolite via FAU reconstruction in
the presence of N-methylpyrrolidine (NMP) and 1,2-dimethyl-3-hex-
adecyl-1H-imidazol-3-ium bromide (C;,dMImz) as, respectively, nano-
and mesoscale SDAs. FAU was found to be an effective a silica-alumina
precursor for preparation of microporous FER zeolite, templated by
NMP in a synthesis of 8 days at 140 °C. The formation of FER took place
via a layered intermediate phase. Addition of C;¢dMImz in the initial
gel resulted in mesoporous ferrierite (Vieso 0.09—0.28 cm®g ™) with
high crystallinity and different morphologies depending on the con-
centration of C;edMImz. Optimized hierarchically porous FER zeolite
with strong Brgnsted acidity displayed improved properties in the iso-
merization of fatty acids compared to microporous FER zeolite.

2. Experimental
2.1. Synthesis of chemicals

2.1.1. ,2-dimethyl-3-hexadecyl-1H-imidazol-3-ium bromide (C;sdMImz)

The synthesis of C;,dMImz was based on a procedure reported in
the literature [40].

0.013mol of 1-bromohexadecane (Sigma Aldrich, 98.0%) and
0.016 mol 1,2-dimethylimidazole (Sigma Aldrich, 97.0%) were dis-
solved in a 50 ml mixture of ethanol (Biosolve, 99.9%) and acetonitrile
(Biosolve, 99.9%) (1 : 5M ratio) and heated at 70 °C for 16 h under
nitrogen atmosphere. After evaporation of the solvents and addition of
diethyl ether (Biosolve, 99.5%), a white powder was seen to precipitate.
The solid product was filtered and dried in a vacuum oven at 50 °C for
12 h. The purity of Ci¢Hs3-[1,2-dimethyl-3-imidazolium] was verified
by 'H, *3C, gHSQC and gCOSY NMR after dissolution in CDCl; (Fig. S1-
S4). The product yield was 75%.

2.2. Synthesis of zeolites

N-methylpyrrolidine (NMP) and the bromide form of C;¢dMImz
were first dissolved in deionized water at room temperature. Then, a
sodium silicate solution (Merck, SiO, 27.0 %, Na,O 8.0 %) was added
dropwise to the template solution under stirring. Subsequently, NH,Y
zeolite (Alfa Aesar, SiO»/Al,03 of 5.2) was suspended in the obtained
mixture followed by vigorous stirring for 4h at ambient temperature.
The molar composition of the synthesis gel was (1-x) NMP: x C;¢dMImz:
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1.82 NayO : 0.25 Al,O3 : 7.7 SiO5 : 231 H50 (x = 0.01 - 0.25). The
resulting gel was transferred into a 45 ml Teflon-lined stainless-steel
autoclave and heated at 125 °C for 264 h under rotation (50 rpm). These
zeolites were denoted as FER-x (x = 0.01, 0.025, 0.05, 0.1, 0.15, 0.20,
0.25) in accordance with the amount of the mesoporogen that partially
substitutes NMP. A conventional bulk FER zeolite was synthesized from
the same gel without addition of C;¢dMImz (x = 0, FER-C) followed by
hydrothermal synthesis at 140 °C for 192 h under rotation at 50 rpm.
The resulting solid product was filtered, thoroughly washed with
deionized water until pH < 8, and dried in air at 110 °C overnight
before calcination in the air at 550 °C (1 °C/min) for 7 h.

2.3. Catalyst preparation

Na-FER samples were converted to the proton form by ion ex-
change, which was performed in three consecutive steps with fresh
aqueous 1.0 M NH4NO; solutions (1 g of the solid per 100 ml of the
solution, 3h, 70°C). Then, the ammonium form of the product was
separated from the solution via centrifugation followed by drying at
110 °C and calcination at 550 °C for 5h (heating rate of 0.9 °C/min), in
order to obtain the final proton form (H-FER).

2.4. Characterization

Basic Characterisation: The crystallinity and phase purity of all
samples were determined by X-ray diffraction (XRD). XRD patterns
were collected on a Bruker D, Endeavour powder diffraction system
with Cu Ka radiation. Patterns were obtained in the 20 range of 5-60°,
with a step size of 0.02° and duration of 0.4 s. Textural properties were
examined through Ar physisorption. Adsorption and desorption iso-
therms were measured at —186 °C on a Micrometrics ASAP-2020 ma-
chine. The powders were outgassed at 400 °C with a residual pressure of
5 pbar for 8h prior to measurement. The microporous volume was
calculated by the t-plot method using the 3.5-7.5 A thickness range. The
mesoporous volume was determined from the adsorption branch of the
isotherms by the Barrett — Joyner —Halenda (BJH) method. The total
pore volume was recorded at P/P, = 0.95. The elemental composition
of aluminium-containing products was determined by ICP-OES (in-
ductively coupled plasma optical emission spectroscopy) through a
Spectro CIROS CCD ICP spectrometer with axial plasma viewing. For
these measurements the samples were dissolved in a 1:1:1 (by weight)
mixture of HF (40 %) : HNO3 (60 %) : H>O. Thermogravimetric analysis
(TGA) analysis was performed on a Mettler Toledo TGA/DSC 1 instru-
ment. About 10 mg of the sample was placed in an alumina crucible.
The uncovered crucible was heated to 750 °C at a rate 5°C /min in
40 ml/min He and 20 ml/min O, flow.

Electron Microscopy: Scanning electron microscopy (SEM) mi-
crographs were obtained using a FEI Quanta 200 F instrument with an
acceleration voltage of 3kV and a spot size of 4.5 Transmission electron
microscopy (TEM) images were recorded on a Tecnai 20 (type Sphera,
FEI, now Thermo Fischer Scientific) operated at 200 kV. TEM sample
preparation involved sonication of the samples in pure ethanol
(Biosolve, extra dry, 99.9%) and applying a few droplets of the sus-
pension to a 200 mesh Cu TEM grid with a holey carbon support film.
JmagelJ software was used to determine a size of ferrierite crystals and
lattice parameters.

IR Spectroscopy: IR spectra of the zeolites were recorded on a
Bruker Vertex 70v FTIR spectrometer in the range of 4000 —400 cm ™ *.
The spectra were acquired at a 2cm ™! resolution, as an average of
64 scans. The samples were prepared as thin wafers of 10 —12 mg with
a diameter of 13mm and placed inside a controlled-environment
transmission IR cell. The samples were then activated at 550 °C (2°C/
min) in air flow for 3 h before cooling the cell to 150 °C and measuring
the spectra under vacuum. Pyridine was then introduced into the IR cell
from an ampoule kept at room temperature. After exposure for 10 min.
to pyridine (enough to reach equilibrium), the sample was evacuated
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over three consecutive 1h periods at 150 °C, 300 °C and 500 °C, with a
spectrum taken after each hour and cooled to 150 °C. The spectra were
normalized by the weight of the wafer.

NMR spectroscopy: Magic angle spinning (MAS) nuclear magnetic
resonance (NMR) spectra were performed at room temperature with a
11.7 T Bruker DMX500 NMR spectrometer operating at 500 MHz for 'H
and 132 MHz for 2’Al. Al MAS-NMR spectra were recorded with a
spinning rate of 25 kHz and a single excitation pulse length of 1 pus with
a 1s repetition time. %Al 3QMAS NMR spectra were recorded by use of
the three-pulse sequence p;-t;-ps-t-ps-t, for triple-quantum generation
and zero-quantum filtering (strong pulses p; = 3.4 us and p, = 1.4 s at
vi = 100 kHz; soft pulse p; = 11 ps at v; = 8 kHz; filter time t = 20 ps;
interscan delay 0.2s). The 'H measurement was carried out using a
4mm MAS probe head with sample rotation rate of 10 kHz. '"H NMR
spectra were recorded with a Hahn-echo pulse sequence p;-t1-p>-t2-aq
with a 90° pulse p; = 5pus and a 180° p, = 10 us. The interscan delay
was set to 120 s for quantitative spectra. 'H NMR shifts were calibrated
using tetramethylsilane (TMS) and a saturated aqueous Al(NO3); so-
lution was used for 2’Al NMR shift calibration. Prior to 'H NMR mea-
surement, the zeolite sample was dehydrated at 400°C and 5 pbar
pressure for 8 h.

2.5. Skeletal isomerisation of fatty acids

The liquid-phase isomerisation of FA to BUFA was chosen as a
model reaction to determine the catalytic performance of the synthe-
sized H-FER zeolites (Scheme 1).

The FA mixture with the trade name Priolene™ 6926 (Croda),
composed of 88-89% oleic (OA), 5-6% palmitic, 3-4% linoleic
(LA), < 0.5% a-linolenic (ALA) and ~2% stearic (SA) acid was sup-
plied by Croda. The isomerisation reaction was carried out in a 50 ml
mini-PARR® autoclave (Series 5500 High Pressure Compact) equipped
with a 4848 Reactor Controller (Parr Instrument Company). After
purging with nitrogen three times, the FA mixture (25 g), H-FER cata-
lyst (0.25 g) and demineralised water (0.4 g) were mixed together, and
then the system was pressurised with nitrogen to ~ 1 bar. The reaction
took place at a stirring rate of 800 rpm and a temperature of 260 °C
(heating rate of ~7 °C/min), which leads to a pressure of ~6.5bar in
the autoclave. After completing the activity test (between 0.42 and 6 h),
the reactor was cooled to below 80°C and the reaction mixture was
separated from the zeolite catalyst by filtration.

Analysis of products: The composition of the crude reaction mixtures
was determined using high-temperature GC (HT-GC). The GC was
equipped with a cold on-column injection and a metal column with a non-
polar stationary phase Cp-SimDist Ultimetal (Chrompack WCOT, 5m
x0.53 mm x0.17 pm) and the components were detected with a flame io-
nisation detector (FID) based on retention time. The carrier gas was N,
with a constant flow of 10 mL/min. The temperature program was as
follows: initial temperature of 60 °C, hold for 1 min; temperature increase
of 30 °C/min until 150 °C; hold 0 min; temperature increase of 12 °C/min
until 375°C; hold 5min. The detector was operated at 375°C. The
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injection volume was 1 uL for a concentration of 10 mg/mL. The hydro-
genated monomer fractions were analyzed by GC after methylation. The
GC was equipped with a split injection and a fused silica capillary column
with a polar stationary phase FFAP-CB (Chrompack WCOT, 25m
x0.32mm x0.30 um), and the components detected with FID based on
retention time. The carrier gas was H, with a constant pressure of 8 Psi, an
inlet temperature of 275°C and a split ratio of 1/30. The temperature
program used was: initial temperature of 120 °C, hold for O min; tem-
perature increase of 8 °C/min until 250 °C; hold 7 min. The detector was
set at 275 °C. The injection volume was 1 pl for a concentration of 10 mg/
mL.

Taking into account the large difference in molecular weight of as-
synthesized products, their determination required two further steps.
The oligomer concentration was directly determined from the crude
reaction mixture by high-temperature gas chromatography GC. The
monomer fraction was then separated from the crude reaction mixture
by vacuum distillation at 260 °C at a pressure lower than 1 mbar). To
use the GC method for BUFA characterization, the fatty acids were
preliminarily converted to their respective methyl esters according to
ISO 12966-2:2017 method. Firstly, the aliquots of the monomer frac-
tion were diluted in ethyl acetate and hydrogenated in situ over Adam’s
catalyst (PtO,, Sigma Aldrich, Pt 80-85%) at 25 °C. After solvent eva-
poration, the saturated acids were then methylated with BF3/methanol
to the Corresponding esters.

The initial mass fraction of the oleic (Xoa,o), linoleic (X1a,0) and a-
linolenic (ara,0) acids (including positional and cis/trans isomers) were
considered as the reactive components of the FA mixture. Their mass
conversion (Xga,¢) is determined by quantification of the mass fraction
of stearic acid (¥sa.) in the hydrogenated monomer fraction as a
function of time (t) and is given by

[Otsay + Xoar) X Y — Xsaol
DXoao + Xiao + Xaraol 1)

Xpat =1 -

The onset of the reaction (t = 0) is the time at which the temperature
reached 260 °C. (Yu,o) is the distillation yield of the monomeric species
determined by HT-GC analysis and (ysao0) the amount of unreacted
stearic acid in the initial FA mixture. The selectivity towards BUFA
(Sg,) was derived from the mass fraction of all hydrogenated BUFA
(Xsura,d in the hydrogenated monomer fraction. Again, a correction
was made for the distillation yield of the monomeric species (Yu,):

_ Dtsupas X Yail
[(oao + Xrao + Xarao) X Xradl (2)

St

3. Results and discussion
3.1. FAU to FER transformation in the presence of NMP

In the current work we employed a synthesis approach where fau-
jasite (NH4-FAU, Si/Al 2.6) and sodium silicate were used as silica-

Fig. 1. a) XRD patterns of calcined samples
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spectively the parent NH4-FAU and bulk FER
zeolite were taken as reference values).
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alumina and silica sources, respectively, to obtain FER zeolite. Fig. 1
shows XRD patterns as a function of the synthesis time for the synthesis
of bulk FER zeolite (FER-C) in the presence of NMP at 140 °C. The
contributions of FAU and FER phases are indicated. After 6 days of the
synthesis, FAU is the only crystalline phase present. During the first 5
days, only a minor decrease in the amount of FAU is observed by XRD.
The first indication of the presence of FER zeolite is after 7 days and the
sample is fully crystalline after another day of synthesis (Fig. 1a). Based
on literature, it is likely that slow dissolution of the starting zeolite
produces locally ordered aluminosilicate blocks containing five-ring
building units needed for the crystallization of FER zeolite [41,42].

When the concentration of such units becomes high enough, fer-
rierite starts crystallizing driven by the organic SDA. As shown in our
previous work, the hydrothermal synthesis at a nearly similar gel
composition and crystallization conditions (140 °C, 6 days) but without
NMP as the SDA led to the formation of mordenite (MOR) zeolite [43].
FER seeds were also successfully applied to direct the inter-zeolite
conversion of ultra-stable Y zeolite to FER at 150 °C [18,42]. Using Al
(OH); instead of FAU as Al source resulted first in MOR zeolite after a
short synthesis time, followed by ferrierite formation, which started
after 5 days (Fig S5 and S6). It is therefore important to ensure a slow
release of alumina-containing species from the FAU precursor into the
reaction mixture to selectively crystallize FER zeolite.

The obtained samples were further examined by electron micro-
scopy (Figs. 2 and 3). The starting FAU zeolite consists of typical oc-
tahedral crystals [44] with a size smaller than 1pm. The first mor-
phology changes were observed after 5 days of hydrothermal synthesis,
when a layered material (Fig. S7a) was seen on the surface of FAU
crystals (Fig. 2c). The interlayer distance of this phase of about
~1.1 nm is similar to that of PREFER, which is a known lamellar pre-
cursor of FER [45,46]. Further, we detected an intermediate XRD-in-
visible flake-like phase (Fig. 2d and 3 b), which is composed of PREFER
sheets and faujasite fragments (Fig. S7b). After 7 days of hydrothermal
synthesis, two phases were found: agglomerated FER sheets (Fig. 2e)
and plate-like precursors (Fig. 3c), which are characterized by an in-
terlayer distance of ~1.3nm (Fig. S7c), which is underpinned by the
XRD peak at 20 = 6.6° (Fig.1a). The complete conversion into pure FER
sheet-like aggregates occurred rapidly during another day of synthesis
(Figs. 2f and 3 d). Prolonged synthesis for 9 days did not lead to further
morphological changes (Fig. S8). These results are in agreement with a
work of Okubo and co-workers, [41] who showed the importance of the
formation of a plate-like precursor (containing 5-membered ring units)
prior to the fast crystallization of ferrierite.
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Thermogravimetric analysis revealed the presence of NMP mole-
cules inside the pores (combustion temperature > 300 °C) [47,48] of
the obtained FER samples after 7 days of hydrothermal synthesis
(Fig. 4). Materials obtained after a shorter synthesis times showed a
main weight loss feature below 150 °C (Fig. 4a), corresponding to the
desorption of water from the pores of faujasite [49]. These findings
support the XRD results, where the FER phase stabilized by NMP was
only obtained after 7 days of synthesis. After 8 days, the crystallization
of the FER phase was complete and the amount of organics in the pores
determined by TGA was 12 wt%. Altogether, XRD, electron microscopy
and TG results demonstrate a picture of FER synthesis, taking place by
(i) slow dissolution of FAU, (ii) formation of an intermediate PREFER
phase and (iii) quick crystallization and growth of FER crystals. Tex-
tural and acidic properties of the FER zeolite after 8 days of synthesis
will be discussed below. This sample was chosen as a reference because
longer treatment time did not result in significant improvements in
terms of crystallinity or morphology.

3.2. Hierarchical ferrierite zeolite

To introduce mesoporosity in microporous FER, we applied a dual-
templating approach [31,33] where two SDAs cooperate under hydro-
thermal conditions to obtain a hierarchically porous material. In the
current study, an imidazolium-based surfactant was chosen due to its
ability to stabilize the FER framework [50] and with a view of exploring
the suitability of the imidazole molecule as a commercially available
intermediate for template synthesis. Preliminary experiments showed
formation of non-uniform FER crystals when the synthesis was carried
out at 140 °C (Fig. S9). By lowering the crystallization temperature to
125°C, more uniform crystals were obtained. Highly crystalline and
phase-pure FER zeolites were obtained by substitution of NMP for
C16dMImz in the range of 1 — 25 mol% (samples denoted as FER —0.01—
FER—0.25) after 11 days of hydrothermal synthesis (Fig. 5a). As
compared to conventional FER-C, obtained samples revealed changes in
the width and intensity of the diffraction lines in particular at 26 ~9.5°
corresponding to the [200] planes (Fig. 5b). A decreasing intensity of
[200] reflection at higher C;¢dMImz concentrations (=5%) accom-
panied by peak broadening can be attributed to the reduction of the
crystalline domain size in the a-direction of the FER crystals.

Investigation of the obtained samples by SEM and TEM showed a
strong correlation between the concentration of C;¢dMImz in the initial
gel and the morphology of the final materials (Figs. 6 and 7). Reference
FER-C sample displayed crystals with a 0.5-0.7 um size and can be

Fig. 2. SEM micrographs of a) parent FAU and the calcined samples obtained at different synthesis time: b) 3 days, c¢) 5 days, d) 6 days, e) 7 days and f) 8 days.
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Fig. 3. TEM micrographs of the calcined samples obtained at different synthesis time: a) 5 days, b) 6 days, c¢) 7 days and d) 8 days.
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Fig. 4. a) Thermogravimetric analysis (TGA) and b) derivative thermogravimetry (DTG) of the as-synthesized FER samples obtained at different synthesis time.

considered as an agglomeration of sheets (Fig. 6a and 3 d).

Lattice distances of 0.71 nm and 0.94 nm (Fig. S10a-d) attributed to
[020] and [200] planes, respectively, point to crystals oriented along
the c-axis with a length of ~500nm (Fig. 7a—c and Scheme S1). The
presence of a minor amount of C;¢dMImz leads to changes of crystals
growth in a- and b-directions (Figs. 6b,c) and 7 b,c) and Table S1),
combined with the decreased width of the sheets from ~40nm to
~25nm (Figs. 8 and S10b,c). In this case, the imidazole head group is
likely located in the larger 10-membered ring channels, [51] whereas
the hydrophobic tail enables spacing the stacked crystals in the ag-
glomerates, preventing crystal growth in the c-direction. Further sub-
stitution of NMP with C;¢dMImz up to 10 % resulted in a further de-
crease of the crystal size in a- and b-directions (Figs. 6d,e) and 7 d,e)
with the formation of tile-like particles of ~120nm in width and a
thickness of ~9—15nm (Figs. 8 and S10d,e), Table S1). This behavior

can be explained by the strong stabilization of Al species placed in 8-
membered ring pockets or channel intersections by the imidazolium
cation [50]. Thus, the hydrophobic tail might be located outside the
small 8MR channels, thereby preventing sheet growth in the b-direc-
tion. The relatively small amount of NMP SDA involved in the forma-
tion of FER supports this hypothesis. Indeed, a synthesis with a 10%
substitution level of NMP with C,¢dMImz and a lower total SDA/Si ratio
(0.1 vs. 0.13) did not lead to the successful transformation of FAU to
FER (Fig. S11).

The FER—0.15 sample consists of agglomerated sheets (~40nm
thickness, ~300 nm width) (Fig. 7f) constructed by individual ones of
~8nm size (Fig. S10f). The electron microscopy images are consistent
with the XRD results and confirm significant changes in the crystal size
after 5 % NMP substitution with C;¢dMImz. Increased concentration of
C16dMImz led to the collapse of the plate-like particles to a non-uniform
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Fig. 5. XRD patterns of the ferrierite samples at different substitution levels of NMP with C;¢dMImz: a) wide-angle range, b) zoom of the 26 = 8.5-10.5° range.

crushed structure (Fig. 6g, h), the material nevertheless remaining
purely FER.

FER samples with uniform structures were analyzed for their tex-
tural properties by Ar physisorption. The isotherm of conventional FER
zeolite has the type I shape, which is typical for microporous materials,
while the FER —0.01-FER-0.15 samples displayed the type IV isotherm
(Fig. 9a) [52,53]. The latter one is characterized by a hysteresis loop at
higher pressure, which is due to capillary condensation in the meso-
pores. The high crystallinity of the calcined materials was confirmed by
a high microporous volume (0.08—0.11cm® g). We found a linear
correlation between the percentage of substituted NMP in the initial gel
and the mesoporous volume and external surface area of the final
materials (Fig. 9b). This relation is valid up to C;,dMImz/Si = 0.01 and
leads to maximum values of Vs = 0.28 cm® g'l and Seye = 181 cm?
g~ L. Following an increase in the concentration of C;cdMImz resulted
in a decrease of both parameters (Table 1), which can be explained by
the complex structure of the sheets effecting their local intergrowths.
The pore size distributions derived from NLDFT-method show a broad
distribution of mesopores (3 —50 nm) for all mesoporous materials (Fig.
$12).

The FER samples are characterized by similar Si/Al ratios of ~10
according to ICP-OES elemental analysis (Table S2). The local en-
vironment of aluminum in the samples was determined by 2Al MAS
NMR spectroscopy (Fig. 10).

The FER materials exhibited two resonances at ~54 ppm and at
~0ppm, which can be attributed to framework (AI"Y) and extra-

framework (A1) types of Al, respectively [54]. The deconvoluted
spectra showed that the Al atoms were mainly incorporated in the
framework (> 80% for all samples) (Fig. 10 and Table S2). Ad-
ditionally, ?A1 MQ MAS NMR analysis was performed to investigate
the variation of the local chemical environment of each Al species [55]
after introduction of mesoporosity (Fig. S13). The tetrahedral region
40— 60 ppm consists of only one component, pointing to the absence of
penta-coordinated Al. At the same time, the broadening of the main
signal parallel to the isotropic axis (F1) may be related to a different
environment of Al'Y such as distorted Al species formed during the
calcination process [25,56,57].

We used IR spectroscopy for the characterization of the acidic
properties of the obtained samples. The IR spectra show stretching OH
vibrations of different nature (Fig. 11). Detected bands are attributed to
four types of hydroxyls: (i) terminal silanol groups at 3745 cm ™ ?, (ii)
internal Si—OH at 3719 cm ™, (iii) — OH attached to extraframework
aluminum (EFAI) at 3647 cm ™ ‘and (iv) bridging hydroxyl groups
(Si—OH-Al) at 3600 cm ™~ ! [51,58-60]. Notably, the amount of external
silanols at 3745 cm ™! was higher after replacing NMP with more than
5% C;6dMImz in the initial gel. This effect can be explained by the
significant morphological changes, amongst others the reduction of
crystal size and the associated formation of more external surface.

Pyridine was chosen as a probe molecule for the quantification of
the acidity of H-FER zeolites. Interaction of pyridine with different
types of acid sites resulted in the appearance of several N—H bands: the
bands at 1545 cm ™~ ! and 1455 cm ™! relate to strong Bronsted acid sites

Fig. 6. SEM micrographs of calcined FER zeolites: a) FER-C, b) FER —0.01, c¢) FER-0.025 d) FER —0.05, e) FER—0.10, f) FER-0.15, g) FER —0.20 and h) FER—0.25.
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Fig. 7. TEM micrographs of calcined FER zeolites: a) FER-C, b) FER-0.01, ¢) FER-0.025 d) FER —0.05, e) FER—0.10 and f) FER—0.15.
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Fig. 8. Average thickness of FER sheets determined by TEM as a function of
molar substitution level of NMP with C;,dMImz in the initial gel.

(BAS) and Lewis acid sites (LAS), respectively (Fig. S14) [61,62]. The
band at 1490 cm ~ ! arises from pyridine molecules adsorbed on either
of these acid sites [63,64]. Taking into account that pyridine molecules
with a kinetic diameter of about 5.7 A [65] cannot penetrate the small
8-membered ring FER channels (3.5 X 4.8 A), pyridine adsorption can
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Fig. 10. ?Al MAS spectra of the proton forms of FER zeolites (spectra are
normalized by sample weight).

only take place on acid sites in 10-membered ring channels and at the
external surface of the zeolites [63,66]. Fig. 12 displays a comparable
quantity of BAS available to pyridine at low concentration of the
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Fig. 9. a) Ar physisorption isotherm of calcined FER samples at different concentration of C;,dMImz (the isotherms were vertically offset by equal intervals of
100 cm® g~1); b) Correlation between amount C;,dMImz in the initial gel and textural properties of the final.
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Fig. 11. IR spectra of various FER samples (spectra normalized to the sample
weight).
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Fig. 12. Concentration of BAS in the H-FER samples as a function of the molar
substitution level of NMP with C;¢dMImz in the initial gel.

C16dMImz (<5% substitution level). A larger amount of C;sdMImz
leads to a decrease of the density of BAS by ~40% for FER-0.15 sample.

Further, '"H MAS NMR spectroscopy was employed to estimate the
total acidity of FER samples. Analysis of '"H NMR spectra of dehydrated
samples revealed the presence of two types of Si-O(H)-Al groups: signals
with chemical shifts of 4.1 ppm and 5.4 ppm are attributed to, respec-
tively, isolated [47] and hydrogen-bonded bridged hydroxyls [67,68]
(Fig. S15b). The acidity is in keeping with the pyridine desorption data
obtained by IR spectroscopy: the amount of BAS remained the same up
to 5 % of substitution of NMP with C;¢dMImz in the initial gel followed
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by a decrease by ~40% when the substitution level is increased (Table
S3). The reduction in the number of BAS at high C;,dMImz con-
centration is likely due to the dehydroxylation during calcination of
FER zeolites accompanied by the formation of LAS [69,70]. Such LAS
cannot be observed by 'H NMR spectroscopy (Fig. S15a), but were
partially detected in IR spectra of adsorbed pyridine (Table S3).

3.3. Skeletal isomerisation of fatty acids over H-FER catalyst

The fatty acids (FA) mixture, which contains about 90 wt% oleic
acid (OA), was isomerized at 260 °C over the proton form of the H-FER
samples (Scheme 1). Fig. 13a shows the conversion of the FA mixture as
a function of the reaction time. Mesoporous FER —0.01-0.05 catalysts
converted the reaction mixture faster compared to a conventional FER.
The highest conversion of 71% was reached after 6 h with FER—0.05.
Taking into account a comparable concentration of acid sites in the
catalysts as judged by pyridine desorption, we attribute the distinct
catalytic behavior of hierarchically porous FER zeolites to the improved
mass transport. The FER samples obtained at a higher concentration of
C16dMImz (=10% substitution level) are characterized by a much
lower accessible acidity (Fig. 12), which has a negative effect on the
catalytic performance. The high monomer yields in the crude product
(95 = 2%) found for all tested materials point to a minor contribution
of external acid sites, which catalyze undesired dimerization and oli-
gomerization side-reactions (Fig. S16) [71,72]. The formed (poly)enylic
carbocations eventually block the pore entrances and, as a con-
sequence, retard the isomerization process. We propose that a large
fraction of BAS that are close to the external surface are located in the
pore mouth of 8MR channels and not accessible for the bulky reactants
[12]. The optimal FER-0.05 catalyst possesses a high "effective” acidity
(Fig. S17) combined with good accessibility of BAS through 10-mem-
bered ring channels, which allowed reaching a BUFA yield of 52%
(Fig. 13b).

4. Conclusions

We report a strategy to convert a FAU precursor into bulk FER
zeolite using NMP as a SDA as well as hierarchically porous FER zeolite
by adding an imidazole-based surfactant. Bulk ferrierite zeolite can be
obtained after 8 days of hydrothermal synthesis at 140 °C via a trans-
formation of NH,4-FAU precursor in the presence of NMP. Using FAU
zeolite instead of other typical aluminum sources such as Al(OH)3
prevents the formation of MOR as a side-phase due to the slow release
of Al species during the crystallization process. Several stages of the
conversion FAU to FER at hydrothermal conditions were observed: slow
dissolution of FAU, development of a layered intermediate phase
(PREFER) and quick growth of FER crystals. Partial substitution of NMP
for C;,dMImz in the initial gel led to the development of the meso-
porosity in FER crystals after 11 days at 125 °C. Varying the C;¢dMImz
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Fig. 13. a) Catalytic conversion of FA mixture (Xps) over as-synthesized FER samples at 260 °C and b) yield of BUFA fraction after 6 h of the reaction.
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concentration allows controlling morphology, textural and acidic
properties of the hierarchical FER zeolites. Hierarchically porous FER
materials show an advantage over bulk FER in terms of the iso-
merization of fatty acids. The optimal catalyst is FER-0.05 (Vieso
0.19cm®g?, Sey,~120m> g) displaying a much higher BUFA yield
due to the increased mass transport and proper acidic properties.
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