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ABSTRACT: Germanosilicate zeolites with extra-large-/multidimensional pore systems
have a high potential for catalytic applications. However, their insufficient hydrothermal
stability, high cost, and lack of strong acid sites limit their use. This work presents a
synthetic approach involving post-synthesis degermanation/germanium recycling and
remetalation steps for the cost-efficient preparation of Brensted and Lewis acid zeolite
catalysts. Optimization of degermanation conditions (i.e., pH and duration of the leaching
treatment) allowed to recover up to 78—94% germanium from ITH, TWW, and UTL
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zeolite zeolite
catalyst

zeolites. Further metalation of hydrolyzed IWW zeolites resulted in a set of Al-, Ti-, and

Sn-substituted catalysts showing enhanced activity in model acid-catalyzed reactions, such as 1-hexanol tetrahydropyranylation, 1-
octene epoxidation, and Baeyer—Villiger oxidation of cyclohexanone. Noticeably, the phase selectivity of zeolite formation upon
germanium recycling strongly depended on the method for parent zeolite separation from the leaching solution. In contrast to
microfiltration, which produces a versatile source of germanium for the preparation of various zeolites, filtration leads to the
formation of germanosilicates with the topology of the parent zeolite regardless of recycling conditions. Such a “memory effect” was
rationalized based on the characterization of the germanium source and crystallization products using a combination of techniques
(e.g., Xray diffraction, Fourier transform infrared spectroscopy, scanning electron microscopy, and transmission electron

microscopy).

KEYWORDS: Ge recycling, germanosilicate zeolites, sustainable catalysis

H INTRODUCTION

In the last 2 decades, germanosilicate zeolites have been the
focus of considerable research, not only fundamental but also
applied. Most extra-large-pore zeolites are highly interesting for
the oil industry, and specialty chemicals have been prepared as
germamosilicates.1_4 Moreover, germanosilicate zeolites char-
acterized by the unidirectional location of Ge-enriched D4R
units were discovered as precursors for novel isoreticular
zeolites” via the assembly—disassembly—organization—reas-
sembly (ADOR) synthesis protocol.”” ADOR applied to
only one starting material, UTL, has led so far to six new
zeolites: IPC-2 (OKO), IPC-4 (PCR),® IPC-6 (*PCS), IPC-
7,/ IPC-9, and IPC-10.” Importantly, the ADOR approach has
recently been expanded to other germanosilicates,'’™"*
enriching the family of ADORable zeolites with new members.
Yet, despite their high potential for catalytic applications, the
high cost of Ge limits the practical use of both germanosilicate
and ADORable zeolites. Nevertheless, recent studies have
shown that the low hydrolytic stability of Si—O—Ge and Ge—
O—Ge bonds can be used to incorporate different tri- and
tetravalent elements into the frameworks of germanosilicate
zeolites to tailor their catalytic properties.'” In particular, the
post-synthesis stabilization by isomorphous substitution of Ge
with AL'™" Ga,*° Ti*' and Zs** has been reported as an
efficient approach for the preparation of hydrolytically stable
catalysts and only broadens the use of new germanosilicate
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zeolites in catalysis without reducing production costs because
Ge is substituted without any recycling treatment.'

Thus, a sequential two-step post-synthesis modification,
intending to overcome the aforementioned limitations, is
proposed here for germanosilicate zeolites (Scheme 1). The
method includes the following steps: (1) Ge leaching and
recycling and (2) heteroelement incorporation, generating
catalytically active sites in degermanated zeolites.

Efficient recycling of Ge recovered from the IWW zeolite in
the synthesis of different germanosilicates was confirmed by X-
ray diffraction (XRD), N, adsorption/desorption, chemical
analysis, and scanning electron microscopy (SEM). In turn, the
enhanced catalytic activity of Al-, Ti-, and Sn-substituted TWW
zeolites produced via a degermanation—remetalation approach
was verified in model reactions of 1-hexanol tetrahydropyr-
anylation (THP), epoxidation of 1-octene, and Baeyer—Villiger
oxidation (BVO) of cyclohexanone.
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Scheme 1. Two-Step Post-Synthesis Approach for the Cost-Efficient Production of Catalytically Active Materials Based on

Germanosilicate Zeolites

Extraction of .

Different germanosilicate
zeolites

—

Incorporation of .

Utilization of Ge for re-synthesis

+ SDA

+ Si-source

B METHODS

Zeolite Synthesis. Structure-Directing Agents. Hexamethonium
(HM) dihydroxide, 1,5-bis(methylpyrrolidinium) pentane dihydr-
oxide (MPP(OH),, SDAyw), and (6R,1085)-6,10-dimethyl-5-azonias-
piro decane hydroxide (SDAyy,) were prepared according to refs
23,24,25. The structures of structure-directing agents (SDAs) were
verified by '"H NMR using dimethyl-sulfoxide-d; as a solvent.

Hydrothermal Synthesis. ITH zeolites with small and large crystals
were prepared using N,N,N’,N’-tetramethyl-1,6-hexanediamine
(TMHDA, SDA;;) or HM dihydroxide as SDAs according to refs
26 and 27, respectively. The composition of the reaction mixture for
ITH zeolites with small crystals was 0.90 $i0,:0.09 Ge0,:0.25 HM:$
H,0. The resulting gel was charged into a 25 mL Teflon-lined
autoclave heated at 175 °C for 14 days under agitation (60 rpm).

To synthesize ITH zeolites with larger crystals, a gel composition
of 0.67 §i0,:0.33 GeO,:7 TMHDA:1.4 HF:44 H,O was used. Then,
the reaction mixture was heated at 175 °C for 3 days under static
conditions.*®

Germanosilicate and Al- and Sn-substituted TWW zeolites were
synthesized using MPP dihydroxide as the SDA according to Corma
et al”** The gel with a composition of 0.66 $i0,:0.33 GeO,:x
AlQ, :(y 5n0,):0.25 MPP(OH),:z H,O (x = 0, y = 0, z = 15 for the
germanosilicate zeolite; x = 0.02, y = 0, z = 15 for the Al-substituted
zeolite; x = 0, y = 0.01, z = 3.5 for the Sn-substituted zeolite) was
transferred into a Teflon-lined autoclave and heated at 175 °C for 7
(TWW-5 zeolite), 14 (AI-IWW, ;, zeolites), or 23 (Sn-TWW,4,)
days under static conditions, respectively. Aluminim nitrate non-
ahydrate (98%, Aldrich) and tin{IV) chloride pentahydrate (98%,
Aldrich) were used as the Al and Sn sources, respectively.

The UTL zeolite was synthesized according to ref 30. A gel with a
composition of 0.67 §i0,:0.33 Ge0,:0.25DMAD:30 H,0O was heated
at 175 °C for 7 days under agitation (60 rpm).

The solid products were recovered by filtration, washed with
deionized water, and dried overnight at 70 °C. Then, the zeolites were
calcined in the air flow according to refs.'”****

All germanosilicate zeolites under investigation were designated as
ITH-n, IWW-n, and UTL-n, in which n represents the Si/Ge ratio in
the zeolites. Directly synthesized Al-, Sn-containing TWW zeolites
were designated as Me-TWW,, 4.

Ge Leaching (Hydrolysis of Zeolites). Calcined germanosilicate
zeolites {0.1 g) were hydrolyzed in 5 mL of hydrochloric or nitric
acid. Various concentrations of acids were used (0, 0.1, 1, and 4 M) at
T =25 or 80 °C. The duration of the treatment was fixed at 1 or 16 h.
The degermanated samples were filtrated using a Fisher Scientific
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qualitative filter paper (grade 601) or an MF-Millipore Membrane
Filter (0.025 {m pore si?.e), washed sequentia]ly with § mL of the
corresponding acid solution and with 10 mL of deionized water, and
dried at room temperature. The hydrolyzed zeolites were further
characterized and used for post-synthesis incorporation of Al, Ti, and
Sn, while the leaching solution (5 mL solution from initial treatment
+ § mL solution from the first washing) was analyzed by inductively
coupled plasma—optical emission spectroscopy (ICP—OES) to
determine the degree of leached Ge. The hydrolyzed zeolites were
named “zeolite-x-H,0-T°C-th/n” or “zeolite-x-yM HCl (HNO;)-
T°C-th”, in which x corresponds to the Si/Ge ratio in the initial
zeolite, y—to the concentration of the respective acid, T—to the
temperature of the treatment, and 7—to the duration of the treatment
and n represents the multiplicity of the treatment, respectively.

Ge Recovery/Recycling. The initial germanosilicate zeolite IWW-5
(10 g) was treated three times with 1000 mL of water. The leaching
solution was obtained after the recovery of the degermanated zeolite
by filtration. Further evaporation of the excess of water at T = 65 °C,
p = 30 atm for 2 h resulted in a solid product, showing the XRD
pattern characteristic of GeO,.

GeQ, recovered either after filtration (GeOS™) or microfiltration
(GeOT M) was further used as the Ge source for the synthesis of
WW, o ITH g and UTL, . zeolites according to the
protocols described vide supra. The samples synthesized using
recovered GeO, were designated as zeolite,.,q.—GeO3—SDA,, in
which the “zeolite” corresponds to the topology of the formed zeolite
according to XRD, x—to the procedure of GeQ, recovery, that is,
filtration or microfiltration, and n—to the type of used SDA and
synthesis conditions, that is, n = TWW, UTL, and ITH were assigned
to the synthesis conditions typical for the preparation of IWW, UTL,
and ITH zeolites, respectively.

Post-Synthesis Preparation of Metal-Substituted IWW Zeolites.
Aluminum nitrate nonahydrate (989%, Aldrich), titanium chloride(IV)
(1 M solution in toluene, Acros Organics), and tin chloride(IV) (1 M
solution in heptane, Aldrich) were used as the Al, Ti, and Sn sources,
respectively.

To prepare an Al-substituted zeolite, IWW-5-H,0-25°C-16h/3 was
treated with a 1 M aqueous solution of AI(NO;); (pH = 2) with a
solid/liquid ratio of 10 g/L at 95 °C for 96 h. Solid samples recovered
by centriﬁlgatinn were washed five times with deionized water (so]id/
liquid ratio 10 g/L) to remove the unreacted metal precursor,
followed by calcination at 450 °C for 4 h with a temperature ramp of
1 °C'min . The sample was designated as I\'\TW/A]P,,“.

https://dx.doi.org/10.102 1/acssuschemeng.0c01336
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To prepare Ti- and Sn-substituted zeolites, TWW-5-H,0-25°C-
16h/3 was treated with a 0.05—0.45 M solution of TiCl, in toluene or
SnCl, in heptane (solid/liquid ratio 20 g/L) at 95 °C for 96 h in the
atmosphere of N,. Before the treatment, the samples were activated at
450 °C for 1 h at a rate of 10 °C min~' and cooled in a desiccator to
room temperature. Solid samples recovered by centrifugation were
washed five times with the solvent (toluene or heptane) and five times
with methanol to remove the unreacted metal, followed by calcination
at 450 °C for 3 h with a temperature ramp of 1 °C-min~". The
samples were designated as TWW/Ti,.,/xM and ITWW/Sn,,,./xM,
wherein x refers to the molarity of TiCl, or SnCl, solution used in the
metalation step.

Characterization. Sample phase purity was examined by powder
XRD using a Bruker AXS D8 Advance diffractometer with a Vantee-1
detector in the Bragg—Brentano geometry using Cu Ka radiation
(1.54056 A). Samples were ground gently and packed into the holder
carefully before the measurement.

The average crystallite size of recovered GeO, was estimated using
the Scherrer equation™'

k2
p=—"
‘Bhkl cos glrkl (1)

where k is the shape factor (0.94 for spherical nanoparticles); 1 is the
X-ray wavelength; fjy is the full width at half-maximum of the
diffraction peak in radian; and @, is the Bragg angle.

Transmission electron microscopy (TEM) imaging was performed
using JEOL NeoARM 200F operated at 200 kV. The alignment was
performed using the standard gold nanoparticle film method.

The morphology of the zeolite crystals was studied by SEM
(TESCAN Vega microscope).

Si, Ge, Al, Ti, and Sn contents were determined by elemental
analysis using ICP—OES (Thermo Scientific iCAP 7000), digesting
50 mg of the zeolite in a mixture of HF, HNO;, and HCl. The
samples were placed in the microwave in a closed vessel at T = 140 °C
for 35 min. A saturated solution of H;BO; was then added for the
complexation of the excess of HF. After digestion, solutions under
analysis were collected in 250 mL flasks, and the volume was
measured with ultrapure water.

N, adsorption/desorption isotherms were collected at —196 °C
using a 3Flex (Micromeritics) static volumetric apparatus. Before the
sorption measurements, all samples were degassed with a turbo
molecular pump at p < 107% Pa and T = 300 °C for 8 h. The surface
areas were evaluated by the standard Brunauer—Emmett—Teller
(BET) method using adsorption data in the p/p” range of 0.05-0.20,
while the t-plot method was employed to obtain the micropore
volumes.>

The concentration of Lewis (cL) and Bronsted (cB) acid sites was
determined after pyridine (Py) adsorption, followed by Fourier
transform infrared spectroscopy (Py-FTIR) on a Nicolet iS50
spectrometer with a transmission MCT/B detector similar to
refs”> 7 (experimental details are given in the Supporting
Information, $8).

Diffuse reflectance ultraviolet—visible (UV—vis) spectra were
collected on a Cary 300 UV—vis spectrophotometer using BaSQO, as
a reference. The spectra were collected in the wavelength range of
200—500 nm and converted into absorption spectra using the
Kubelka—Munk function.

Testing the Catalytic Activity. The catalytic performances of Al
Ti-, and Sn-substituted IWW zeolites were studied in the reaction of
I-hexanol THP, l-octene epoxidation, and BVO of cyclohexanone,
respectively (experimental details are given in the Supporting
Information, $10). All catalytic tests were performed on a multi-
experiment workstation StarFish (Radleys Discovery Technologies)
under atmospheric pressure. Before the catalytic testing, the catalyst
was activated at 450 °C for 2 h at a rate of 10 °C min~'. Samples of
the reaction mixture were periodically collected and analyzed by gas
chromatography (Agilent 7890B). The reaction products were
identified using a Thermo Scientific ISQ LT—TRACE 1310 GC/MS.

The activities of the catalgfsts were compared based on turnover
frequency (TOF) numbers,® determined from the initial segment of
conversion versus time plot (t = 10 min) as

-1 -1
TOF = mOICb(reactnnt comerted)mOIes(actim sites) hour (2)

B RESULTS AND DISCUSSION

Synthesis of Germanosilicate Zeolites. Three germa-
nosilicate zeolites differing in channel sizes were chosen for the
study of Ge leaching: medium-pore ITH with a 9 X 10 X 10
ring channel system, large-pore IWW with a multidimensional
8 X 10 X 12 ring pore system, and extra-large pore UTL with
12x14 ring pores. The chemical composition of the zeolites
prepared from different reaction mixtures ranged from Si/Ge =
3.8—6.7 for UTL through® Si/Ge = 2.3—13.3 for ITH'’ ta Si/
Ge = 2.9-72 for IWW."” To assess the effect of zeolite
topology on Ge leaching, UTL-3, ITH-3, and IWW-5 zeolites
with similar 8i/Ge ratios (Table 1) were prepared in this work.

Table 1. Chemical Compositions and Crystal Sizes of Parent
Germanosilicates

chemical composition,

mol %
Sample Si Ge Si/Ge crystal size, ym
ITH-10 90.9 9.1 10.0 2X05x0.S5
ITH-3 75.6 244 3.1 40X 10x5
TWW-5 84.1 159 53 3.5 X 5 X 5/05x05x05
UTL-3 762 238 3.2 50 X 30 X <0.5

Simultaneously, ITH-3 and ITH-10 zeolites with crystals of
different sizes were synthesized via TMHDA- and HM-assisted
crystallization.®*” The XRD patterns of all as-synthesized
samples (Figure S1) match those reported earlier,””**”*" thus
showing their phase purity. SEM images indicated that both
ITH-3 and ITH-10 zeolites were formed by elongated crystals
of 40 X 10 X S and 2 X 0.5 X 0.5 pm (Figure lab),
respectively. ‘The TWW-5 sample shows the agglomeration of
0.5 X § X 5 pm sized and a number of smaller 0.5 X 0.5 X 0.5
pum sized rectangular crystals (Figure 1c), while the UTL-3
zeolite formed quite uniform thin rectangular 50 X 30 X <0.5
um sized crystals (Figure 1d).

Figure 1. SEM images of germanosilicate zeolites: (a) ITH-3, (b)
ITH-10, (c) IWW-5, and (d) UTL-3.

https://dx.doi.org/10.1021/acssuschemeng.0c01336
ACS Sustainable Chem. Eng. 2020, 8, 8235-8246
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While ITH-3 showed a type-l isotherm characteristic of
microporous materials, all ITH-10, TWW-5, and UTL-3
exhibited micro-mesoporosity, as demonstrated by their
combined type-I and type-IV isotherms with H3-/H4-type
hysteresis loops (Figure $2).°” In the case of UTL-3 and
especially ITH-10 with smaller crystals, the desorption branch
of the H4-type hysteresis loop shows a step-down at p/ po I~
0.4, which is associated with the cavitation effect during
adsorbate evaporation from larger mesopores {i.e., interparticle
voids which are filled at p/p” > 0.95) limited by smaller
mesopores {<§ nm). A lack of such step in the isotherm of
ITWW-5 evidences that there is no cavitation phenomenon in
the interparticle mesopores. The micropore volumes decreased
in the following order: UTL {0.19 cm®g™") » TWW (0.17 em®
g™ » ITH (0.12-0.13 em®g™%).

Ge Leaching (Hydrolysis of Zeolites). To assess the
effect of treatment conditions on the degree of Ge leaching,
nature (HCI or HNO,), and concentration (0.1, 1, or 4 M) of
the acid, temperature {25 or 80 °C) and duration (1 or 16 h)
of the treatment were systematically varied. The fraction of Ge
recovered after the treatment of ITH-3 with 0.1 M HCI at 25
°C for 16 h was higher than that obtained after treatment with
HNQ; under the same conditions {i.e., 45 vs 40%, Figure 2).

1.0

-] (-] (-]
Y -3 o
1 1 1

Fraction of Ge leached

ITH3 ITH10 IWW35 UTL3

Figure 2. Fraction of Ge leached from the initial zeolites after
treatment with 0.1 M HCI {blue) vs HNO; (yellow) for 16 h at 25
°C.

ITH-10 (53 vs 43% )}, TWW-5 (71 vs 56%), and UTL-3 (88
vs 75%) showed similar results, which may reflect differences
in the complexation ability of CI~ and NO;y toward Ge.*

Temperature had no significant effect on the efficiency of
degermanation (Figure 3a) as the fraction of (e leached was
nearly the same for all samples treated at 25 or 80 °C
{difference did not exceed 2%). Prolonging the treatment
allowed to extract a higher amount of Ge {25 vs 45%) from
medium-pore ITH-3 with large crystals, without affecting the
degree of leaching of ITH-10 with smaller crystals, large-pore
TWW, and extra-large pore UTL zeolites (Figure 3a}. This
indicates diffusion control during the hydrolysis of germano-
silicate zeolites with small-size pores and large-size crystals.
Noticeably, the degree of leached Ge increases with the
decrease in HCI concentration from 4 to 0.1 M (Figure 3b,
'Table S1}. At the first sight, this apparently anomalous result
can be accounted for the condensation reaction between
germanol groups of the leached Ge(OH)xO(Z_O_Sx) species and
framework silanol defects {ie., reincorporation of Ge into the
zeolite framework) accelerating with increasing [H*]. How-
ever, further decreasing the HCI concentration (e.g, the
treatment of zeolites in water) did not enhance the efficiency
of Ge leaching {Figure 4a), which may originate from slowing

10
d 1.0 4 H

.84

3 Eu.t-

i.] i

8 a 0.6

® s

E 044 [

§ o 0.4

£ §
0.2+ g2l
[*E

MH-3 MH-10 WWS UTL3 IMH3 ITH-10 MWW-5 UTL2

Figure 4. Fraction of Ge leached from the initial zeolites after (a)
treatment with H,O (blue) vs 0.1 M HCI (yellow) or {(b) repetitive
treatment with H,0: 1 time (blue), 2 times (yellow), and 3 times
{green) at 25 °C for 16 h.

the cleavage of Ge—O(8i) bonds with a drop in [H’]. In total,
the Ge leaching degree is, likely, determined by the relative
rates of these two H'-catalyzed processes, while optimum pH
for Ge extraction is 2.
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Figure 3. Fraction of Ge leached from the initial zeolites after treatment with (a) 0.1 M HCl under different conditions or {b) HCl of variable

concentrations at 25 °C for 16 h.
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Importantly, repetitive treatment in water allowed to
increase the amount of recovered Ge substantially (Figure
4b). Finally, up to 78—94% of Ge were recovered from
germanosilicate zeolites after triple treatment with water
depending on the type and textural properties of the initial
zeolite.

Ge Reuse. Leaching solution separation from the
degermanated zeolite via filtration or microfiltration followed
by water evaporation was used to collect GeOS! and GeQpicofit
samples, respectively (Scheme 2).

Scheme 2. Recovery of GeQ, via IWW Zeolite Hydrolysis

IWW-5
DI Water

16h, 3 times
Filtration Microfiltration
2.5um 25nm

evaporationl levaporation

GO, GeQ,merofit

The XRD patterns of both GeO* and GeOit (the
samples recovered from the IWW-5 zeolite are shown as
representative) feature solely diffraction lines characteristic of
germanium(IV) oxide {Figure Sa). Simultaneously, the FTIR
spectra of GeO and GeOT*™* display the bands {~1100—
1000 cm™) corresponding to Si—O vibrations (Figure 5b).
The obtained results reveal the presence of SiO,-containing
entities in both GeOf and GeOF™ ™™ samples, although
chemical analysis showed that the fraction of SiO, does not
exceed 3 wt %, The average crystallite sizes of GeO, estimated
based on the broadening (011) peak using the Scherrer
equation were 77 nm (for commercial GeO, and GeO®) and
35 nm (for GeOy™“f*). Consistently, high-resolution TEM
(HRTEM) provided another evidence on higher dispersion of

GeOY*™™ particles in comparison to that of GeO (Figure
S3). Residual zeolite species clearly visible in the HRTEM
image of the GeO' sample evidently facilitated the
aggregation of germanium oxide(IV) particles formed upon
water evaporation.

To exemplify the reuse of leached GeQ, as the Ge source for
the synthesis of zeolites, the GeO, extracted from the TWW-§
sample was repeatedly used for crystallization under conditions
(ie., particular SDA, gel composition, crystallization time, and
temperature) typical for the formation of IWW, ITH, and
UTL phases. Noticeably, the use of GeOM resulted in the
crystallization of pure IWW zeolites independently of the
synthesis conditions (Figure Ga).

TWW,, 0.~ GeOT*=SDAyr, and TWW,, . —GeO} -
SDA;ry samples were depleted in the amount of incorporated
Ge (Si/Ge = 20—21) and showed low textural characteristics
(Vaiaro = 0.07—0.09 cm?®/g, Table 2) and nonuniform crystals
typical for the TWW zeolite {Figure 7). In turn, using GeO to
prepare the parent IWW zeolite enabled the formation of big
and uniform crystals of IWWmCydC—GeO'j‘“—SDAMW with a
chemical composition (Si/Ge = 4—5) and a micropore volume
(Voo = 0.17—0.18 cm®/g, Table 2) similar to those of the
parent IWW-5. In contrast to IWW-5 possessing smaller
crystals (Table 2), the adsorption isotherm of TWW, .~
GeOS"—SDA,y shows no sign of filling interparticle pores at
0.5 < p/p° (Figure 6b).

In contrast to GeOM™ which promoted the selective
crystallization of the TWW phase, the use of GeOpeeft
resulted in the formation of TWW,_ g, UTL.,q, and
ITH,,q. depending on the synthetic conditions (Table 2).
Zeolite e, —GeOT ™ —SDA-n showed XRD patterns {Fig-
ure 8a), N, adsorption/desorption isotherms (Figure 8b), and
crystal morphology (Figure 9) similar to those characteristic of
TWW-5 (n = TWW), UTL-3 (n = UTL), and ITH-3 (n =
ITH) germanosilicates synthesized under similar conditions,
albeit using commercial GeO, as a source of Ge. The crystal
sizes of recycled zeolites were smaller than those of original
samples (Table 2). Thus, different N, uptakes at p/p® > 0.95
characteristic of filling intercrystalline voids were observed in
the isotherms of original and recycled materials (Figures S2
and 8b). Noticeably, in contrast to the IWW-5 sample (Figure
S2), a step-down at p/p° ~ 0.4 is clearly seen in the desorption
branch of IWW,. .. —GeOT**™—SDA . (Figure 8b),
evidencing a cavitation effect in the interparticle mesopores

of IWW,
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Figure 5. (a) XRD patterns and (b) FTIR spectra of commercial GeO, (1), GeO™ (2), and GeOT™ (3).
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Table 2. Textural Properties and Chemical Compositions of Parent IWW-5 and Zeolite

—GeO0,—SDA, Zeolites

recycle

textural properties

sample phase composition Vieror €I°/g Spers m/g crystal size, ym Si/Ge
TWW-5 Ww 0.17 474 0.5 X § X 5/0.5 X 0.5 X 0.5 53
zeolite, .~ GO —SD Ay 0.18 454 10 x 3% LS 42
zeolite, ey, — GO —SD Ay, 0.09 276 nd 217
zeolite,py .~ GeOF'—SD Ay 0.07 203 nd. 20.6
zeolite, ey~ GeOT M- SD Ay 0.17 451 <0.5 X <0.5 X <0.5 4.7
UTL-3 UTL 0.19 450 50 X 30 X <0.5 3.2
zeolite,eey,— GeOT "M —SDA 1, 0.18 427 40 x 30 X <0.5 4.1
ITH-3 ITH 0.12 271 40X 10X 35 3l
zeolite,oqyg,— GeOT "M —SDA 0.13 319 40X 6X5 3.5

A

10 pm

Figure 7. SEM images of (a) IWW,. . —GeO}"—SDAyn, (b)
IWW, (0.~ GeO" —SDAypr, (¢) IWW, o, —GeOS —SDA iy, and
(d) TWW-5s.

Phase selectivity of crystallization using GeOS" or GeQperofit

can be rationalized considering previously proposed mecha-
nisms of zeolite formation'® (Scheme 3), The following steps
of SDA-assisted crystallization of zeolites are generally
accepted: (1) induction period—depolymerization of the
sources of Ge- and Si-producing oligomeric Si;Ge; anions;
(2) nucleation—the formation of organic—inorganic nuclei,
composed of the SDA" cations and $i,Ge,Q,"” polyanions
(Si,Ge, in Scheme 3), followed by (3) aggregation of
[SDA](Si,Ge,) species into assemblies—crystal growth.
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Typically, the resulting zeolite framework consists of building
units with a structure similar to that of the stable oligomeric
ions that form [SDA](Si,Ge,) nuclei.*” Based on the FTIR
(Figure 5b) and TEM (Figures S3 and 4) results, the presence
of sub-nano fragments of the TWW zeolite (Si.Ge,} cannot be
excluded in GeQP°M while GeOM evidently contains both
TWW nanoparticles {zeolite seeds, Scheme 3) and Si,Ge,
playing a role in the crystallization process. Particularly for
mixed seed-SDA-containing systems formed when using
GeO, the phase composition of crystallization products is
most likely determined by the relative stability of the different
nuclei, that is, (i) [SDA](Si,Ge,) leading to the formation of
either ITH, UTL, or IWW depending on the SDA, (i) [SDA][
Si,Ge/] leading to the formation of the IWW phase, and (iii)
IWW seeds. The selectivity of zeolite crystallization was
independent of the SDA, thus showing that the [SDA](Si,Ge,)
nuclei were less stable than IWW seeds. The formation of large
and uniform crystals of IWmede—GeOg“—SDAIWW (Figure
7a, Scheme 3) supports a cooperative seed-SDA-assisted
crystallization without an induction period and characterized
by rapid crystal growth. Conversely, despite not affecting
zeolite phase selectivity, [SDAyr] (Si,Ge,) and [SDAy]
(SixGey) apparently restrict the growth of IWW crystals
(Scheme 3, Figure 7b,c).

However, the presence of Si;Ge; sub-nano IWW fragments
apparently has no effect on the selectivity of zeolite formation
when using SDAyr/SDA;ry; and GeOF ™™, This may be
explained by the instability of the relatively small IWW entities,
which are susceptible to depolymerization—degradation during
the induction period/nucleation. The resulting smaller Si—
Ge—O species can be further utilized to form/grow the most

https://dx.doi.org/10.1021/acssuschemeng.0c01336
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Figure 9. SEM images of (a) zeolite ...

stable [SDA](SixGey) entities, forming pure ITH and UTL
phases when using SDApy and SDAyry, respectively {Scheme
3).

Post-Synthesis Incorporation of Al, Ti, and Sn;
Textural and Acidic Properties. In agreement with refs
10 and 11 and 41, the XRD patterns of zeolites degermanated
either in acidic or in neutral medium (Figure SS) indicated
that the structure ordering of medium-pore ITH and large-
pore TWW zeolites is maintained, while the structural
transformation of the UTL framework prevented its post-
synthesis functionalization. Here, the IWW-5-H,0-25°C-16h/
3 sample was used to incorporate Al, Ti, and Sn atoms into the
zeolite framework to demonstrate the success of the full cycle
[synthesis] — [Ge leaching] — [resynthesis with recovered
Ge]/[insertion of active sites] using the same material.

TWW/AL,, was prepared under optimized alumination
conditions reported in ref 17 while varying the concentration
of the T1/Sn source used at the metalation step (0.05—0.45 M)
to ensure maximal Ge-for-Ti(Sn) isomorphous substitution
without forming extra-framework TiO,/SnQO, species inactive
in Lewis acid catalyzed reactions.”” The XRD patterns of all
prepared IWW/Me zeolites revealed the phase purity of the
materials, albeit showing diffraction lines with a lower intensity
than parent IWW (Figure S6a).
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N, adsorption/desorption isotherms indicate the micro-
porous character of IWW/Me samples (Figure S6b) and lower
values of micropore volume and BET surface area for IWW/
Me versus parent IWW (Table 3). In addition, metalation of
TWW-5-H,0-25°C-16h/3 decreased the intensity of the IR
band ca. 3560 cm™' corresponding to the internal silancl
groups but did not remove it (Figure S6c). Noticeably, the
applied concentrations of the metal source had no effect on the
chemical composition (Table 3) and profile of UV—vis spectra
(Figure 10) of both IWW/Ti, and IWW/Sn,,, samples.

FTIR spectroscopy of adsorbed pyridine was used to
determine the type, concentration, and strength of acid sites
in IWW/Me,,,, zeolites (Table 3). While Py-FTIR spectra of
TWW/ AL, show the absorption bands (a.b.) characteristic of
both Brensted (a.b. at 1638/1545 cm™!) and Lewis acid sites
(ab. at 1624/1455 em™'), IWW/Ti,,, and TWW/Sn, .,
featured exclusively Lewis acid centers (a.b. at 1608-10/1455
em™") (Figure S7). In line with previous reports [33, 41], the
fraction of Lewis acid sites retaining adsorbed pyridine at high
temperature was larger in Sn- than in Ti-substituted TWW
(Figure 11a,b). TWW/AL,,, possessed the strongest Bronsted
and Lewis acid centers (Figure 11c).

The number of acid sites determined by Py-FTIR and the
chemical composition of TWW/Ti,. (Si/Tiicp_oss = 18 and
20 vs Si/ Tip, prir = 23 and 26) and TWW/Sn,,.,, (Si/Sny¢p_ors
= 30 and 33 vs Si/Snpy e = 32 and 34) corroborate the
results of UV—vis, which revealed that the zeolites contained
mostly tetrahedral Ti and Sn atoms, showing a dominant
absorption band at 205 nm™® (Figure 10).

Overall, the results indicate incomplete Ge-for-metal
substitution during post-synthesis metalation of IWW-5-
H,0-25°C-16h/3. The number of framework metal atoms
decreased in the following order: IWW/AL, (Si/Aly, g =
26) = IWW/Tipy, (S1/Tipy erix = 23-26) > TWW/Sn,,, (Si/
Snpy prir = 32—34). In turn, post-synthesized I\/\f‘/\i’/AlP(,Sg and
IWW/Sn,,,, contained a much higher concentration of
incorporated metals than directly synthesized ALTWW, 4.,
and Sn-TWW,,,, (Table 3). This result indicates that the
atom efficiency of post-synthesis is higher than that of
hydrothermal isomorphous substitution in IWW germanosili-
cate.

Catalytic Behavior of Al-, Ti-, Sn-Substituted IWW
Zeolites. The catalytic performance of post-synthesized
TWW/Me,, zeolites was tested in model reactions, such as
(1) THP of 1-hexanol with 3,4-dihydro-2H-pyran (Scheme

https://dx.doi.org/10.1021/acssuschemeng.0c01336
ACS Sustainable Chem. Eng. 2020, 8, 8235-8246
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Scheme 3. Plausible Mechanism of Seed-SDA-Assisted Crystallization of Different Germanosilicate Zeolites Using GeO}" or

Ge Omlcroﬁlt as a Source of Ge.
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Table 3. Chemical Composition and Textural and Acidic Properties of Zeolite Catalysts under Study

textural properties acidic properties, umol/g Si/Me
sample Voires SO/ Sper, m*/g C. Cy Cy ICP-OES Py-FTIR Si/Ge
TWW-5 0.17 474 9 9 5 5.3
TWW-5-11,0-25°C-16h/3 0.10 249 70° 70.4
TWW/ T, /0.05 M 0.11 332 680 680 18° 23" 71.3
TWW/ Ty /025 M 0.11 322 571 571 20° 26" 70.7
TS-1 0.10 510 550 550 28" 29
TWW/Sn,,./0.05 M 0.12 338 490 490 30° 32° 71.8
TWW/Sn,,,/0.45 M 0.12 352 477 477 33° 34 715
Sn-IWW, 4, 0.15 420 97 97 101°¢ 171° 31
TWW/AL 0.15 444 220 170 390 177 267 70.4
ALTWW, 0.14 430 170 110 280 254 367 42
4Si/Ge. Si/Ti. °Si/Sn. “Si/Al
30 2.0
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257
5 -
s 315
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Figure 10. UV—vis spectra of (a) TWW/Ti,,;/0.05 M (red line), IWW/Ti,,,/0.25 M (black line} and (b) TWW/Sn,./0.05 M (orange line},

TWW/Sn,,,,/0.45 M (green line).

42), which is known to be catalyzed by Brensted acid sites, ™
(2) epoxidation of 1-octene (Scheme 4b) efficiently catalyzed
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Scheme 4, Catalytic Reactions: (a) THP of 1-Hexanol, {b)
Epoxidation of 1-Octene, and (c) BVO of Cyclohexanone.
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by Ti Lewis acid sites, and (3) BVO of cyclohexanone with
hydrogen peroxide (Scheme 4c) proceeding on Sn Lewis acid
centers.””

The activities of IWW/Me,,,.. were compared with those of
hydrothermally synthesized ALTWW, ., and of commercial
TS-1 zeolites with close Si/Al and Si/Ti ratios, respectively
(Table 3). In turn, the maximal concentration of Sn in Sn-
TWWi a0 (Si/Sn 101) reached during hydrothermal
crystallization was much lower than that reached when using
the two-step post-synthesis approach (Si/Sn = 30—33).

IWW/AL,, and IWW/Ti,./0.25 M catalyzed the selective
formation of targeted products in THP of I-hexanol and
epexidation of l-octene, respectively (Table 4). In contrast,
germanosilicate TWW-5 was inactive in both reactions. The
results support the post-synthesis generation of acid sites active
in THP and epoxidation reactions upon incorporation of Al
and Ti atoms into the IWW framework. On the other hand, in
line with a previous study®® reporting tetrahedrally coordinated
Ge acted as active sites in BVQ, both IWW-5 germanosilicate
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Table 4, Activities of Me-Substituted Zeolite Catalysts in the
Model Acid-Catalyzed Reactions

TOF,

catalyst process targeted product h!
TWW-5 THP THP ether of 1-hexanol
ALTWW, 6877
TWW/AL,, 987
TWW-5 epoxidation  1,2-epoxyoctane
TS-1 81°
TWW/ Ti,,, /0.25 M 123"
TWW-5 BVQO e-caprolactone 3¢
Sn-TWWiyyg0 24
TWW/Sm,,./0.45 M 137

“Referred to per Al site, "Referred to per Ti site. “Referred to per Ge
. o -
site. “Referred to per (Ge + Sn) site.

and Sn-containing IWW/Sn,,./045 M catalysts showed
selective conversion of cyclohexanone to &-caprolactone.

The conversion versus time profiles for individual catalysts
are shown in Figure S8. IWW/Me,,, (Me = Al, Ti) samples
demonstrated higher conversions (100 and 49% after 120 min
for IWW/AL,,, and TWW/Ti,./0.25 M, respectively) than
hydrothermally synthesized zeolites (52 and 39% for Al-
TWW,, 4, and TS$-1, respectively). In BVO of cyclohexanone,
TWW-5 germanosilicate and Sn-containing TWW/Sn,,,../0.45
M catalysts showed similar conversions of cyclohexanone
(Figure S8c). In turn, the TOF number of IWW/Sn,,,/0.45 M
was ~4 times higher than that of IWW-5, thus showing the
higher activity of tetrahedrally coordinated Sn than that of Ge

https://dx.doi.org/10.1021/acssuschemeng.0c01336
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sites {Table 4). Enhanced activity of post-synthesized TWW/
Tipoa/025 M (TOF = 123 h™', Table 4), IWW/AL, (987
h™), and IWW/Sn,,,,/0.45 M {13 h™') versus commercial TS-
1 (81 h™'} and hydrothermally synthesized ATWW, 4., (687
h™!) and So-TWWi,.4, (2 h™!) may be explained by a higher
accessibility of acid sites in IWW/Me,, catalysts because of
{i) their smaller crystal sizes {Figure $9); {ii) occurrence of
metalation preferentially in the outer part of the crystals, as

shown for post-synthesis incorporation of Al or Sn in refs 18
and 46.

B CONCLUSIONS

Our detailed study of the effect of treatment conditions and
textural properties of germanosilicate zeolites on the degree of
Ge leaching from ITH, IWW, and UTL frameworks
highlighted the suppression of Ge recovery with the increase
in medium acidity and in zeolite crystal size or with the
decrease in zeolite pore diameter. Therefore, prolonging the
acid treatment results in leaching a higher amount of Ge from
medium-pore ITH with a large crystal size (40 X 10 X § pm),
without affecting the degree of leaching for ITH with smaller
crystals (2 X 0.5 X 0.5 pm), large-pore TWW, and extra-large
pore UTL zeolites. Optimization of the Ge leaching conditions
(e.g., acid nature and concentration and treatment duration)
allowed to achieve up to 78—94% Ge recovery from the
zeolites under study. Therefore, efficient Ge leaching can be
achieved even in water under ambient conditions, which is
especially important for potential environmentally friendly
applications of this method.

The method for parent zeolite separation from leaching
solution {ie,, filtration vs microfiltration) determines the phase
selectivity of zeolite formation when reusing extracted GeQ,.
The germanium oxide recovered from a given zeolite via
microfiltration was efliciently used as a versatile source of Ge,
as shown by the synthesis of UTL, ITH, and IWW zeolites,
while a “memory effect”, that is, formation of germanosilicates
with the topology of the parent zeolite, independently of
synthesis conditions, was observed for GeQO, recovered by
filtration.

The results from chemical analysis, Py-FTIR, and catalytic
tests reveal that functionalization of the degermanated TWW
zeolite by post-synthesis isomorphous substitution is a more
atom-efficient method for the incorporation of Al, Ti, and Sn
atoms into the zeolite framework than hydrothermal
crystallization.

Ultimately, the proposed sequential degermanation—reme-
talation approach is an effective approach for the cost-efficient
preparation of germanosilicate zeolite-based catalysts, which
may broaden their use in Brensted, Lewis, or even bifunctional
catalysis after incorporating different metal sites.
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ABSTRACT: The application of the Assembly—Disassembly—Organization—Reassembly ’ P40 #=5.Ge
(ADOR) protocol to the synthesis of germanosilicate zeolites has become a major milestone in S P N Z=Al
material design by enabling the preparation of previously unknown “isoreticular” zeolites with 7 | ’

tunable building units (ie., -d4r-, -s4r-, -O-) connecting crystalline layers. Two processes operating D) rerrangement cyde GO
in the disassembly step, deconstructive “deintercalation” and reconstructive “rearrangement”, | = | S o7
determine the structure of ADOR-derived zeolites. However, independent management of these "\Q D = Ja
key ADOR processes, which would be desirable to regulate the characteristics of the products, has 4 L e

remained elusive thus far. Herein, we report a new method for controlling the primary steps of the

ADOR process and present the first example of a “cycled” structural transformation of interlayer units (d4r — s4r — d4r) in the
germanosilicate UTL zeolite under “slow deintercalation”/“fast rearrangement” conditions. The “slow deintercalation” mode of
ADOR enabled us to prepare the previously known OKO, *PCS, IPC-7 zeolites via gradual reduction of interlayer units in UTL
(d4r — d4r/s4r — s4r — s4r/-0-), in contrast to conventional rearrangement-driven synthesis (-O- — s4r/-O- — s4r..). X-ray
powder diffraction (XRD), sorption, and solid-state NMR time-resolved studies revealed that the “slow deintercalation/fast
rearrangement” modification of ADOR makes it possible to adjust the pore architecture of germanosilicate zeolites toward increasing
their micropore size, which has never been achieved before in the classical ADOR mechanism. Therefore, “slow deintercalation” or
“slow deintercalation/fast rearrangement” routes provide a tool for controlling the “isoreticular” zeolite structure. Ultimately, the
results from this study may facilitate the design of previously predicted but inaccessible members of the ADORable zeolite family.

Deconstruction-

@

1. INTRODUCTION germanosilicate revealed that two key processes operating in the
disassembly step determine the structure/pore architecture of a
zeolite formed upon ADOR transformation: (i) “deintercala-
tion”, that is, breaking of Ge—O(Ge) or Ge—O(Si) bonds and
diffusion of some or all species that left the zeolite framework off
the interlayer space and (ii) “rearrangement” of some species,
which might not have diffused out of the interlayered space to
form various interlayer-connecting units in a “daughter” zeolite.
The concentration of water molecules inside the pores plays a
key role in both the breaking and making of the T—O bonds in
zeolites”” during the disassembly step. High-water experiments
(liquid-to-solid ratio >100 ml/g) have shown that (1) the
complete deintercalation of d4r units off UTL framework
leading to the IPC-1P layered precursor of PCR zeolite
(containing —O— interlayer linkages) is completed within ca.
S min, regardless of pH and temperature, while (2) rearrange-
ment of IPC-1P (kinetic product of hydrolysis) into an IPC-2P
precursor of the OKO zeolite containing —s4r— interlayer

Zeolites are microporous crystalline elementosilicates (E = Al,
Ti, Sn, Ge, among others) widely used in adsorption, separation,
and catalysis. Hydrothermal crystallization, the traditional
method for the preparation of zeolites via a sequence of
reversible polymerization/depolymerization steps, has made it
possible to synthesize most of the 252 zeolite framework types
known thus far.! However, the high lattice energies of most
theoretically predicted frameworks have precluded the direct
synthesis of zeolites with unusual structural and textural
characteristics (e.g,, those with odd-membered rings).2 The
recently discovered ADOR strategy (involving Assembly—
Disassembly— Organization—Reassembly steps) applicable to
germanosilicate zeolites benefits from the irreversibility of the
final material-forming step and thus has allowed synthetic
chemists to expand the number of zeolites.” The fascinating
chemistry of germanosilicate zeolites, particularly the postsyn-
thesis modification of their framework structure and chemical
composition,478 has been comprehensively reviewed in ref 9
The success of the ADOR approach in the preparation of new Received:  October 12, 2020 i
zeolites has been already exemplified by the disassembly— Revised:  January 20, 2021
organization—reassembly of UTL,**!! vov,'*** tww, 1 Published: February 5, 2021
and *CTH'"~" germanosilicate frameworks composed of silica
layers connected with Ge-enriched d4r units selectively
removable upon hydrolysis (Scheme 1), Studies™ ** on UTL

® 2021 American Chemical Society https://dx.doi.crg/10.1021/acs.chemmater.0c03993
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Scheme 1. Controlling the Rate of Rearrangement within “Fast Deintercalation/Rearrangement” Mode of the ADOR Strategy for
the Synthesis of UTL-Derived Zeolites (Based on the Results of Refs 20—22, 24, 26)
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linkages (thermodynamic product) proceeds through an IPC-
6P intermediate, the precursor of the stage-structured *PCS$
zeolite containing both PCR- and OKO-type linkages in a 1:1
ratio. The IPC-1P rearrangement has been shown to accelerate
with the acidity/temperature (Scheme 1, top).”” Thus, varying
the rate of rearrangement process in highly liquid systems by
adjusting the pH of UTL disassembly has made it possible to
synthesize a series of “isoreticular” zeolites with the same
crystalline [ayers but different connectivity (Scheme 1):**7>¢ 10
X 8-ring PCR, 12 X 10-ring OKO, 12 X 10-ring and 10 X 8-ring
*PCS, and 14 X 12-ring and 12 X 10-ring IPC-7.

Although fully hydrolyzing to IPC-1P in high-water experi-
ments, UTL was recently reported to disassemble into IPC-2P
when the water-to-solid ratio was decreased to 0.2—50 mL/g.”’
The latter, noncomplete UTL disassembly can be related to the
deceleration of the Ge—O(Si) bond cleavage with the decrease
in the water content (low-water conditions) and to the
inhibiting transport of leached species in highly viscous, low-
liquid systems. Such species trapped in the interlayer space not
only negatively affect the textural characteristics of daughter
IPC-n zeolites” but also contribute to the uncontrolled
rearrangement of interlayer linkages. Conversely, controlling
both deconstructive and reconstructive processes operating on
the disassembly step provides a way to synthesize the previously
predicted but inaccessible families of “isoreticular” zeolites.”**”

Continuous control over the porosity of the UTL-derived
ADORable zeolites is crucial for applications in separation and

shape-selective catalysis.”® In contrast to UTL, the fast

“deintercalation/rearrangement” mode of ADOR was not
efficient in tuning the interlayer linkages in zeolites formed
upon the disassembly of vov,'»"* tTww,'® ITH, and ITR™
germanosilicates. Herein, we report for the first time the
synthesis of UTL-derived “isoreticular” zeolites via a gradual
reduction of the d4r interlayer units (d4r — ddr/sdr — sdr —
s4r/-0-), a mechanism markedly different from the “fast
deintercalation/rearrangement” mode of the ADOR strategy
(Scheme 1) that was used so far.'>"*'7'%**3% HCl-induced,
slow UTL deintercalation in water-free alcohol medium enabled
the preparation of previously known IPC-n (n = 2, 6, 7) zeolites
with typical structural and textural characteristics. In turn, the
“slow deintercalation”/“fast rearrangement” regime operating in
a water—alcohol medium in the presence of a framework-
building element source promoted the “cycled” structural
transformation of the interlayer units (d4r — s4r — d4r) in
the UTL zeolite. In contrast to classical ADOR, which allows us
to control the decrease in the pore size of daughter zeolites (e.g.,
UTL — IPC-n transformation), the approach reported here may
be useful for adjusting the pore architecture of germanosilicate
zeolites toward increasing their micropore size.

2. EXPERIMENTAL SECTION

2.1. Synthesis of UTL Zeolite. UTL zeolite characterized by Si/Ge
= 4.5 was synthesized using SDA of (6R,105)-6,10-dimethyl-5-
azoniaspiro decane (DMAD) hydroxide, according to ref 31. A gel
with a composition of 0.67 8iQ,/0.33 GeO,/0.25DMAD/30 H,O was
heated to 175 °C for 7 days under agitation (60 rpm). The solid
products were recovered by filtration, washed with deionized water, and

1229 https://dx.doi.org/10.1021/acs.chemmater.0c03993
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dried overnight at 70 °C. Then, the zeolites were calcined at $50 °C for
6 hin the air flow.

2.2. Postsynthesis of UTL Zeolite. 2.2.7. Treatment with
Water—Alcoho! Solutions. The UTL zeolite was treated with pure
alcohol {methanol, ethanol, i-propanol) and 20, 40, and 60% solutions
of the respective alcohols in water {Table 1).

Table 1. Water—Alcohol Solutions Used for Slow
Disassembly of the UTL Zeolite

alcohol concentration, wt % m (vwater), g m (alcohol), g

o] 160 o]
20 128 32
40 96 64
60 64 96

100 o] 160

In total, 160 mL of each solution was heated to 60 °C and 1 g of UTL
added. The samples were collected after 1, 3, 3, 18, and 24 h. The solid
was separated by centrifugation, washed with pure alcohol (respective
to each solution), and dried at room temperature. The dried samples
were calcined at 550 °C for 6 h in an air flow.

2.2.2. Treatment with a HC/—Ethanol Solution. The UTL zeolite
was treated with a 1.25 M solution of HCl in EtOH (Sigma Aldrich). As
the HCl in ethanol is highly flammable at high temperatures, the
experiment must be performed at temperatures below 16 °C or in a
closed autoclave. To suppress the rearrangement process, we chose to
perform the disassembly in an open vessel at 0 °C. Thus, 160 ml of the
solution was cooled down to 0 °C and 1 g of UTL added. The samples
were collected periodically for 60 days. The solid was separated by
centrifugation, washed with absolute ethanol, and dried at room
temperature. The dry samples were calcined at 550 °C for 6 h in an air
flow.

2.2.3. Treatment with Al-Containing Water—Methanol Solutions.
Aluminum nitrate nonahydrate (98%, Aldrich) was used as the Al
source. In total, 134 mL of methanol was mixed with 38 ml of water and
heated to 60 °C. Then, 34.1 g of aluminum nitrate nonahydrate was
dissolved in a water—methanol mixture, subsequently adding 1 g of
UTLto 160 mL of the 1 M AI{NO, ), water—methanol solution (water-
to-methanol w/w 40/60). The samples were collected periodically for
60 days. The solid was separated by centrifugation, washed with
absolute methanol, and dried at room temperature. The dried samples
were calcined at 550 °C for 6 h in an air flow.

2.3. Characterization. The structure and crystallinity of the
materials were examined by X-ray powder diffraction {XRD) on a
Bruker AXS D8 Advance diffractometer with a Vantec-1 detector in the
Bragg—Brentano geometry using Cu Kz radiation (1.54056 A). Before
the measurements, the samples were ground gently and packed into the
holder to decrease the effect of the preferential orientation of individual
crystals.

The morphology of the crystals was determined by scanning electron
microscopy { TESCAN Vega microscope).

High-resolution transmission electron microscopy {(HRTEM)
images were acquired using a JEOL NEOARM 200 F microscope
equipped with a Schottky-type field emission gun at an accelerating
voltage of 200 kV. The samples were ultrasonically dispersed in ethanol
and then dropped onto the carbon-coated copper grids before the
measurements.

ICP-CES (ThermoScientific iCAP 7000) analysis was used to
determine the 8i, Ge, and Al content of the materials. For this purpose, a
mixture of measured samples (50 mg), HF (1.8 mL), HNO, (1.8 mL),
and HCI (5.4 mL) were placed in the microwave in a closed vessel at T'
= 140 °C for 35 min. Then, a saturated solution of H;BO; (5.4 mL) was
added to ensure the complexation of the excess HF. After digestion, the
solutions under analysis were collected in 250 mL flasks, measuring the
volume with ultrapure water.

The Ar adsorption/desorption isotherms were collected at —186 °C
using a 3Flex (Micromeritics) static volumetric apparatus. All samples
were degassed using SmartVac Prep (Micromeritics) at 300 °C under a

1230

vacuum for 8 h before the sorption measurements. The specific surface
area was evaluated using the Brunauer—Emmett—Teller (BET)
method and the adsorption data in the range of a relative pressure
from p/p° = 0.05—-0.25.” The t-plot method was applied to determine
the volume of micropores (Vmic).ss The adsorbed amount at a relative
pressure p/p’ = 0.975 reflects the total adsorption capacity (V,,,). The
pore size distributions were calculated using the density functional
theory (DFT) model™

Solid-state ¥ A1INMR spectra were recorded on a Bruker Advance ITI
HD spectrometer working with a 9.4 T standard-bore superconducting
magnet (Al Larmor frequency of 104.26 MHz). The samples were
packed into a thin-wall 3.2 mm zirconia rotor and rotated at a MAS rate
of 15 kHz using a Bruker 3.2 mm HX CP-MAS probe. A pulse of 1.0 s
(B1 field approximately 95 kHz) with a relaxation delay of 1 s was
applied, averaging 2048 transients. The spectra were referenced to a
saturated solution of ANO,), in D,O.

The concentrations of Lewis {cL) and Bransted {cR) acid sites were
determined after pyridine (Py) adsorption, followed by Fourier
transform infrared (FTIR) spectroscopy on a Nicolet 1850
spectrometer with a transmission MCT/B detector. The zeolite was
pressed into self-supporting wafers with a density of ~10 mg/cm® and
activated in situ at 450 °C for 4 h. Pyridine adsorption was performed at
150 °C for 20 min at a partial pressure of 600—800 Pa, followed by
desorption for 20 min. Before adsorption, pyridine was degassed in a
series of freezing and thawing cycles. All spectra were recorded with a
resolution of 4 cm™' by collecting 128 scans for a single spectrum at
room temperature. cL and c¢B values were evaluated from the integral
intensities of bands at 1454 cm ™! {cL) and at 1545 cm ™! (cB) using the
molar;;bsorption coefficients £{L) = 2.2 cm/umol and £{B) = 1.7 cm/
pmol.

3. RESULTS AND DISCUSSION

3.1. From Complete Suppression to Slow Deinterca-
lation: Water—Alcohol Systems. The XRD patterns of the
parent UTL zeolite {with $i/Ge = 4.5) and the samples treated
with different alcohols (liquid-to-solid ratio 160 mL/g)
showed the same positions and relative intensities of the
characteristic diffraction lines (Figure 1}, revealing the lack of
the disassembly in water-free alcohol medium.

Once the water was added, the UTL zeolite began to
transform into IPC-n materials {Scheme 1), as revealed by the
development of the XRD patterns over time (Figure S1}. To
assess the effect of the water-to-solid ratio on the progress of the
UTL disassembly, the zeolite samples were treated with water—

—_ 100% MeOH
3
s
2
2 100% EtOH
E I
100% iPrOH
parent UTL
5 10 15 20 25 30
26 (°)

Figure 1. Powder XRD patterns of UTL after 24 h treatment in pure
MeOH, EtOH, and iPrOH at 60 °C, liquid-to-solid ratio = 160 mL/g.

https/fdx.doi.org/10.1021 /acs.chemmater.0c03993
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Figure 2. Evolution of the (200) d-spacings in zeolites recovered from water—alcohol solutions and subsequently calcined vs MeOH concentration (a)
or the type of 20% {b)} or 60% alcohol solution (c) at 60 °C; liquid-to-solid ratio = 160 mL/g.

alcohol solutions of different concentrations (Table 1) while
keeping the liquid-to-solid ratio high. Figure 2 shows how the
interlayer (200) d-spacing in calcined samples changes from
14.4 A (characteristic of UTL) to 11.4 A (characteristic of
OKO), 10.1 A (characteristic of *PCS), or 9.1 A (characteristic
of PCR), depending on the composition of the liquid medium
and on the duration of the treatment. Full deintercalation of d4r
units off the UTL framework with a formation of PCR zeolite
(Scheme 1) was observed only in 0% MeOH (water-to-solid
ratio = 160 ml/g), while the *PCS zeolite was formed in 20%
MeOH (water-to-solid ratio = 128 mL/g) in 1 h (Figure 2a).
The lack of PCR-to-*PCS (or OKO) transformation in pure
water highlights the efficient suppression of the rearrangement
process under the conditions used for this purpose. Decreasing
the water-to-solid ratio decelerated the process of UTL-to-*PCS
transformation, completed after 1 and 18 h in 20 and 40%
MeOH, respectively. The strong effect of the water content on
the progress of the UTL disassembly (first shown here under
rearrangement-suppressing conditions) univocally demon-
strates that even a small change in the water content affects
how fast the Ge—O(Si) bonds are cleaved.
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The type of alcohol used as a solvent is another factor that
affects the time required for the completion of the UTL
deintercalation, decreasing in the following sequence (Figure
2b,c): iPrOH > EtOH > MeOH. Increasing the kinetic diameter
of the alcohol (MeOH (3.6. A) < EtOH (4.4 A) <iPrOH (4.7
A)) may limit the formation of the solvation shell around
leached Ge species in zeolite pores. Moreover, lowering the
polarity of the alcohol in the same sequence (MeQH (0.76) >
EtOH (0.65) > iPrOH (0.55)) may hinder the transport of
leached species from the interlayer space due to the decreased
solubility of germanium oxide.**

A stepwise decrease in the zeolite (200) d-spacing with
treatment time, observed in all studied UTL—water—alcohol
systems (Figure 2), suggests that the formation of the IPC-n
zeolites occurs according to the “slow deintercalation”
mechanism, that is, through the gradual reduction of the
interlayer units in the germanosilicate zeolite (d4r — d4r/s4r —
s4r — s4r/-0-). In contrast, the previously reported approach for
the preparation of the IPC-n zeolites is based on the
rearrangement of —O— units in the rapidly formed IPC-1P
layered precursor (ie, -O- = s4r/-O- = s4r transforma-

https://dx.doi.org/10.102 1/acs.chemmater.0c03993
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Figure 3. Evolution of powder XRD patterns (a) and the (200) d-spacings (b) in IPC-# zeolites recovered from an anhydrous HCI/EtOH solution (T

=0 °C) and subsequently calcined.

tion).”"7**>*"?% The XRD patterns (Figure S1) of TPC-7, OKO,
and *PCS zeolites prepared here for the first time via the “slow
deintercalation” of UTL in a water—alcohol medium showed
phase purity and high crystallinity, albeit with poorer textural
properties (Table S1) than their previously reported ana-
logues.'"*"***7373% Lower BET area and micropore volume
may be caused by a partial blockage of zeolite pores with leached
germanium oxide species.

Considering these preliminary results and the ability of CI™
anions to break the Ge—O(Si) bonds, thereby forming GeCl,,
highly soluble in alcohols, the following study has focused on
studying the UTL disassembly in a water-free CI"—EtOH
system.

3.2. Slow Deintercalation at Suppressed Rearrange-
ment: Synthesis of “Isoreticular” Zeolites in Water-Free
[CI"]-Ethanol Systems. To control the removal of leached
species from the pores of IPC-# zeolites while slowing down the
breakage of Ge-O(Si) bonds, UTL disassembly was attempted
in a water-free ethanolic HCI solution. Importantly, both
germanium alkoxychlorides and tetrachloride, formed in such a
UTL-HCI/EtOH system, are highly soluble in ethanol. The
treatment was performed at a temperature (T = 0 °C) low
enough to slow down the rearrangement process.

Analysis of the change in the (200) d-spacing of zeolite
samples (Figure 3) recovered from the HCl/ethanol medium
after 5 h to 10 days highlights the “slow deintercalation” regime
of the UTL disassembly. Indeed, similarly to the water—alcohol
systems, d4r interlayer linkages in UTL were gradually
destroying to form IPC-7 (5 h), OKO (1—3 days), and finally
*PCS (7—10 days) zeolites. The process of UTL-to-*PCS
conversion upon low-temperature Cl -assisted deintercalation
is clearly slower than that of the water-induced disassembly
discussed above (Figures 2 and 3). In agreement with the “slow
deintercalation” mechanism of IPC-n formation and the facile
diffusion of the leached Ge species out of the interlayer space in a
water-free HCI/ethanol medium, the decrease in the d-spacings
of “isoreticular” zeolites is accompanied by an increase in the Si/
Ge ratio (Table S1): UTL (Si/Ge =4.5) < TPC-7 (Si/Ge = 6.3)
< OKO (Si/Ge = 8.0) < *PCS (Si/Ge = 16.0 after 10 days of the
treatment). STEM-EDS map analysis (Figure S2) shows a
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uniform distribution of Ge in the parent UTL and treated
samples, suggesting that the transformation occurs evenly in
crystals. No signs of the final product of UTL deintercalation
(PCR zeolite) are detected, but the (200) diffraction line
characteristic of the *PCS zeolite decreased in intensity and
widened in water-free HCI/ethanol with the prolonging of the
treatment, even up to 60 days (Figure 3). The rearrangement
process, accelerating with time due to the accumulation of
leached species, may explain the stability of *PCS against further
deintercalation. This assumption is in line with the increase in
the Ge concentration of *PCS samples over time (Si/Ge = 16.0
and 13.4 after 10 and 35 days, respectively).

Consistent with the XRD results, the TEM images of the
samples recovered from the UTL—HCI/EtOH system showed
layer spacings characteristic of the respective IPC-n zeolites. The
crystalline material formed after 5 h (Figure 4a) was
characterized by lattice fringe separations of 1.4 and 1.2 nm,
corresponding to alternate d4r and s4r interlayer linkages typical
of the TPC-7 zeolite, while the sample treated for 1 day (Figure
4b) exhibited the d-spacing corresponding exclusively to s4r
connections of crystalline layers indicative of the OKO zeolite.

Figure 4. TEM images of the samples recovered from the UTL—
anhydrous HCI/EtOH systems after $ h (a), 1 day (b), and 10 days {c)
and subsequently calcined.
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Figure 5. Evolution of XRD patterns (a), Al and Ge contents (b), total concentrations of Al and fractions of framework Al atoms (c), ratios between Ge
leached from UTL framework and Al incorporated (d) for the samples recovered from Al-containing water—methanol solution {T" = 60 °C) and

subsequently calcined.

Lastly, the product recovered after 10 days (Figure 4c)
demonstrated two distinct interlayer spacings of 1.2 and 1.0
nm characteristic of *PCS. A detailed analysis of the TEM image
of stage-structured IPC-7 (Figure S3) revealed a higher ordering
of the sample prepared via “slow deintercalation” route than the
previously reported analogue formed in S M HCI aqueous
solution.”* Similarly to ref 24, the *PCS zeolite prepared in this
study (Figure S4) showed a small degree of faulting, but the
overall ratio of characteristic interlayer spacings in the sample
was close to 1:1.

The IPC-n zeolites synthesized via a “slow deintercalation” of
UTL showed the BET area and micropore volume similar to
those of the previously reported analogous zeolites prepared in
aqueous HCI solutions via conventional “fast deintercalation/
rearrangement” route (Table S1), albeit with a higher Ge
content (Si/Ge = 6.3—16 vs 80—100). The chemical
composition of these IPC-n materials prepared via the “slow
deintercalation” of UTL reflects different mechanisms of UTL
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disassembly despite leading to the same “isoreticular” zeolites
with typical structural and textural properties.

3.3. “Slow Deintercalation/Fast Rearrangement”:
Cycled Structural Transformation of UTL in Water—
Alcohol Systems Containing a Source of T-Atoms.
Controlling the rates of the deintercalation and rearrangement
processes within the ADOR strategy is particularly relevant for
the rational engineering of new materials. Regulating the rate of
the rearrangement at the “fast deintercalation” has already been
successfully applied to prepare different UTL-derived ADOR-
able zeolites,**”” but the potential of the rearrangement process
to accompany the “slow deintercalation” of germanosilicate
zeolites has never been exploited for material design and is
therefore addressed below.

In low-water, high-liquid systems (ie., water—alcohol or
HCl/ethanol solutions), sufficiently high concentrations of
silicate species involved in the rearrangement process are
difficult to reach within a reasonable pH range of stability of

https://dx.doi.org/10.102 1/acs.chemmater.0c03993
Chem. Mater. 2021, 33, 12281237



Chemistry of Materials

pubs.acs.org/cm

. 40,41 . .
zeolite [ayers.*®*" For this reason, Al was used as an additive to

promote the rearrangement of interlayer linkages and (option-
ally) to generate acid sites in IPC-n zeolites. The XRD patterns
of the samples recovered after I min to 1 h from an Al-containing
water—methanol solution were similar to those of the parent
UTL zeolite, albeit showing a remarkable decrease in the
intensities of diffraction lines (Figure 5a). These results reveal a
disordering of the UTL framework. In turn, no change was
found in the Ge concentration of the corresponding samples
with respect to the parent UTL zeolite (Figure Sb), thus
indicating that no Ge leached out of zeolite pores.

The XRD pattern of the material sampled after 4 h contained
two visible (200) diffraction lines related to UTL (6.2°) and
OKO (7.8°),'" while prolonging the treatment not only
removed the interlayer peak of UTL (after 1 day) but also
increased the intensity of the (200) reflection of OKO, peaking
after 7 days. After 12 days of treatment, the (200) reflection of
OKO decreased sharply and the (200) diffraction line
corresponding to UTL recovered. The increase in the intensity
and the narrowing of the interlayer reflection over time (12—60
days) indicate an increasing structure ordering in the renovating
zeolite. Unprecedentedly, the full restoration of the UTL
framework was observed after 60 days under the “slow
disassembly”/fast rearrangement conditions applied. It is
evident from the XRD pattern of the respective sample showing
diffraction lines characteristic of UTL, although of lower
intensities and larger widths compared to that of the parent
zeolite (Figure 5a). The latter result is consistent with a smaller
size of the crystals of zeolite (Figure $5) recovered after long-
term treatment. Similarly, the crushing of the zeolite crystals was
reported in ref 27 upon mechanochemically assisted hydrolysis
of UTL. Consistently with XRD, the TEM images of both the
parent and the restored UTL samples demonstrated stacked
layers with a 1.4 nm repeat, which is characteristic of UTL

(Figure 6).

Figure 6, TEM images of the parent UTL zeolite (a) and the sample
recovered from an Al-containing water—methanol solution after 60
days and subsequently calcined (b).

The gradual decrease in the Ge content of the zeolite during
the 4 h to 12 day period was accompanied by an increase in the
Al concentration (Figure 5b). Accordingly, the Al MAS NMR
spectra (Figure S6) revealed a progressive incorporation of Al
atoms into the zeolite frameworks as the intensity of the peak
corresponding to the extraframework Al (0 ppm) slightly
decreased, while the intensity of the peak assigned to the
tetrahedrally coordinated framework Al atoms (~54 ppm)
increased markedly (Figure S6). The analysis of the variation of
the ratio between Ge leached from the UTL framework and Al
incorporated (Figure 5d) shows the delayed character of the

1234

rearrangement process. While the Gey,gea/Algamewor Tati0
reached 15—25 during 1—4 h, it gradually decreased over time
to 4 after 49—60 days. The UTL-like material restored after 60
days of the treatment had Si/Al = 24 and Si/Ge = 9 and was
characterized by the uniform distribution of Al in the crystal, as
shown in the STEM-EDS maps (Figure §7).

The structural transformations of UTL in the Al-containing
water—methanol system were also highlighted by the change in
pore size distribution (PSD; Figure 7a) and micropore volume
(Figures 7b and $8). The UTL-to-OKO conversion (20 min to
12 days of the treatment) was reflected in the change from
bimodal to monomodal PSD.”” In turn, OKO-to-UTL
restoration was accompanied by the re-emergence of the peak
related to larger (14-ring) pores in the PSD curve. However, the
exact positions and the relative areas of the peaks shown in the
PSD curves of the original and restored UTL zeolites should be
carefully analyzed because the framework composition and
therefore the probe—framework interactions decisive for the
evaluation of pore size”” significantly change upon the UTL-to-
Al-UTL transformation. The decrease in crystallinity (Figure
5a) and the evident blockage of zeolite pores with Ge species
(Figure 5b) match the substantially reduced micropore volumes
of the UTL samples after 1—20 min of treatment (from 0.21
cm’/g for the parent UTL to 0.08—0.09 cm®/g; Figure 7b).
Increasing the structure ordering of OKO within 1-7 days
increased the V. (up to 0.11 em®/g, which is slightly lower
than V., characteristic for the typical OKO sam-
ples).' " H*373%%2 The renovated Al-UTL-like material sur-
passes the previously reported Al-substituted UTL zeo-
lites”* ™" with respect to the number of strong Brensted
(0.30 mmol/g) and Lewis (0.20 mmol/g) acid centers (Figure
S9) serving as active sites in a number of important catalytic
transformations,”** albeit with a slightly lower V., (0.18 cm?/
g) than the values characteristic of the h?rdrothermally
synthesized zeolites (0.19—0.23 cmafg).ﬂ_ﬁ'ﬁ’ 8

Overall, the results presented in Figures 5—7 suggest the
following plausible mechanism of UTL — Al-OKO — AI-UTL
transformation (Scheme 2):

1. Slow hydrolysis of Ge—O(Si) linkages results in the
distortion of the UTL framework and temporary blockage
of the pore system with the [eached Ge species (1 min to 1
h under the conditions used in this study).

. Progressively leached germanium is removed from the
pores and while the concentration of extra-framework Al
species increased. The resulting Al-poor OKO zeolite (1 h
to 1 day) is characterized by low crystallinity and a high
fraction of octahedral AL

. Al incorporation into the framework along with self-
organization of zeolite layers (1—12 days) leads to higher
crystallinity of the resulting Al-enriched OKO zeolite with
Al predominantly in framework positions.

. Al-assisted rearrangement continues at suppressed
deintercalation and results in the reconstruction of the
d4r units characteristic of UTL zeolite (12—60 days).

4. CONCLUSIONS

Deintercalation upon germanosilicate zeolite hydrolysis (dis-
assembly) can be efficiently decelerated in water—alcohol or
anhydrous HCl—ethanol media. The “slow deintercalation”
mode of ADOR was successfully used to synthesize previously
known UTL-derived “isoreticular” zeolites with typical struc-
tural and textural properties, but with a higher content of Ge. In

https://dx.doi.org/10.1021/acs.chemmater.0c03993
Chem. Mater. 2021, 33, 1228-1237



Chemistry of Materials pubs.acs.org/cm
a 1.0
E E
(= (=
o o
E 20min 4d E
o o
£ 60d £
2 =
9 5min 1d o
> >
o 49d| 3
g e
3 4h 12d| =
e z
3 3
UTL 1h 7d

06 08 10 04 06
Pore Width (nm)

o
S

Pare Width (nm)

1 :0 0.4 016 0:8 1 10
Pore Width (nm)

0.06 Amin 20min
UTL Smin 1h

4d 12d 60d
7d 49d

Figure 7. Evolution of the pore-size distribution (a) and micropore volume (b) for the samples recovered from Al-containing water—methanol

solutions (T = 60 °C) and subsequently calcined. The ranges of V,
shown as blue and green rectangles, respectively.

for UTL and QKO zeolites previously reported in the literature

aicro

42,43,47 48
are

Scheme 2. “Slow Deintercalation/Fast Rearrangement” of
UTL Germanosilicate in Al-Containing Water—Methanol
Solation

imin ~ 1h 1h~1d 1d~12d 12d~60d

time
Emar:ou :g’ Al y Al ﬁ Al

lxt

Al-IPC-2 Al-IPC-2

uTL deteriorated UTL | |\ ' vstallinity  High crystallinity

contrast to conventional synthesis of IPC-# materials based on
building up the interlayer units (-0- — s4r/-0- — s4r..) in
rapidly deintercalated zeolite, the “slow deintercalation”
approach enables the preparation of ADORable zeolites via a
gradual reduction of original interlayer units (d4r — d4r/sdr —
s4r — s4r/-O-), a mechanism suitable for the structural
transformation of most germanosilicate zeolites.

By promoting heteroclement-induced rearrangement while
decelerating the deintercalation in the water—alcohol systems
containing a source of T-atoms, we showed for the first time the
cycled structural transformation of interlayer units (d4r — sdr —

d4r) in the UTL zeolite. This result reveals the potential of
“deintercalation/fast rearrangement” modification of ADOR for
adjusting the pore architecture of germanosilicate zeolites
toward increasing their micropore size. Moreover, heteroatoms
efficiently incorporated as potential active sites in the
germanosilicate framework (up to 0.5 mmol/g), thereby
highlighting the usefulness of this new approach for catalyst
engineering,.
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Solvent-free ketalization of polyols over
germanosilicate zeolites: the role of the nature
and strength of acid sitest
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Isomorphic substitution of silicon for germanium affords germanosilicate zeolites with weak acid centers
capable of catalyzing key reactions such as Baeyer-Viliger oxidation of ketones and etherification of
levulinic acid. Herein, we show for the first time that UTL (Si/Ge = 4.2} and IWW (Si/Ge = 72)
germanosilicate zeolites are active and selective catalysts of polyol (e.g., ethylene glycol, glycerol and 1,4
butanediol} ketalization to dioxolanes. Large-pore IWW outperformed the extra-large-pore UTL zeolite in
the ketalization of polyols, thus indicating diffusion limitations in bulky platelet-like UTL crystals. FTIR
spectroscopy of adsorbed pyridine revealed the Lewis acidity of the UTL zeolite, whereas the more active
IWW catalyst was characterized by water-induced Brgnsted acidity. Increasing the activation temperature
(200-450 °C) reduced the concentration of Brensted acid centers in the IWW germanosilicate {ie., 0.15;
0.07 and 0.05 mmol g'1 for Taer = 200, 300 and 450 °C, respectively} but increased the number of Lewis
acid sites in hoth zeolites. Under optimized reaction conditions (e.g., acetone/glycerol = 25, T, = 300 C),
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DOI: 10.1039/d0cy 016624 almost total transformation of glycerol into solketal was achieved within 3 h of reaction time over the IWW
zeolite at room temperature (>99% vield of the target product). The results from the present study clearly
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Introduction

Large- and especially extra-large-pore zeolites had been highly
targeted but rarely obtained as synthesis products until
researchers recognized the structure-directing ability of
germanium towards the formation of frameworks with small
d4r and d3r units."” Following this strategy, new low-
framework density structures such as BEC,” ITWS,* ITV® and
UTL,"” among others, were successfully synthesized.
However, germanosilicates have two significant limitations:
the high cost of Ge and their low hydrothermal stability.>**
Nevertheless, the high lability of Si-O-Ge and Ge-O-Ge
linkages in acid/neutral aqueous media and the preferential
location of Ge atoms in d4r units of UTL,'*™ vovy,**

“ Faculty of Chemistry, Department of Organic Chemistry, Biochemistry and
Catalysis, University of Bucharest, 4-12 Regina FElisabeta Av., 53, 030018
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+ Electronic supplementary information (ESI) available: $1: 'H and **C NMR
spectra of the reaction product (Fig. 8); S2: FIIR spectra of the IWW zeolite
subjected to dose-bydose adsorption of water, followed by saturation with
pyridine; $3: variation of conversion with molecule size. See DOIL: 10.1039/
d0ey01662d
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show that wealk acid centers of germanosilicate zeolites can serve as active sites in ketalization reactions.

IWW''® and *CTH" have been recently exploited for
controllable framework disassembly, therehy enabling the
top-down synthesis of 2D precursors of new 3D zeolites.!
Moreover, the post-synthesis substitution of Ge by other
three'®'? or tetravalent elements®®™* comhbined with recovery
and recycling of leached germanium®* generates acid sites of
variable strength while enhancing the hydrolytic stability and
reducing the cost of such zeolites. Thus, for Ge-poor zeolites
(Si/Ge > 20}, instability is no longer a critical issue.

Despite  recent achievements in the design of
germanosilicate zeolites, these prospective materials have
only been used as catalysts in a limited number of
applications. Among these materials, germanosilicate zeolites
with UTL, IWW and EWO structures were found to catalyze
the Baeyer-Villiger oxidation of 2-adamantanone,
esterification of levulinic acid,®® and hydration of ethylene
oxide to ethylene glycol.® Notwithstanding these recent
advances highlighting the catalytic activity of germanosilicate
zeolites, our knowledge of the nature of active sites in these
catalysts remains limited. In addition, the scarce information
on the acidity of specific germanosilicate zeolites is
controversial. For example, Kasian et «l detected both
Bronsted and Lewis acid sites in the UTL zeolite,”” whereas
other studies based on FTIR characterization suggested only
the presence of Lewis acidity.”*®

This journal is ® The Roval Society of Chemistry 2020
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Glycerol acetalization with aldehydes and ketones is
especially important for using overproduced biodiesel
glycerols to synthesize cyclic acetals and ketals® ™" as
prospective fuel additives.’* Glycerol ketalization with
acetone is generally performed in the presence of a Bransted
or Lewis acid catalyst (Scheme 1), yielding two products: the
target 2,2-dimethyl-4-hydroxymethyl-1,3-dioxolane (solketal)
and 2,2-dimethyl-1,3-dioxan-5-ol.

Solketal is used as 1) an additive to improve oxidation
stability and the octane number of liquid fuels, 2) a versatile
solvent and a plasticizer in the polymer industry and 3) a
solubilizing and suspending agent in pharmaceutical
preparations, as recently reported.”” To date, different types
of solid acids with strong acid sites such as aluminosilicate
zeolites,” heteropolyacids®™ *® and MOFs®” have proved
their ability to catalyze the acetalization of aldehydes and
ketones.

The state of the art described above thus encouraged us to
further investigate the catalytic performance of weak acidic
germanosilicate zeolites, including IWW and UTL. The
surprisingly high catalytic activity of both germanosilicates in
the liquid-phase ketalization of glycerol under solvent-free
prompted us to perform this detailed
investigation of the zeolite structure and acidity effect on the
reaction outcome. For this purpose, here we address the
catalytic performances of IWW and UTL germanosilicates
and of the commercial large-pore aluminosilicate zeolites
beta (BEA) and mordenite (MOR) in the ketalization of
different polyols in relation to the structural and acidic
properties of the catalysts by XRD, N, adsorption/desorption,
SEM, and FTIR spectroscopy of adsorbed pyridine.

conditions

Experimental
Synthesis of zeolites

Structure-directing agents (SDAs). 1,5-Bis-
(methylpyrrolidinium)pentane dihydroxide (MPP(OH),) and
(6R,1058)-6,10-dimethyl-5-azoniaspirodecane hydroxide
(DMAD(OH)) were prepared according to ref. 38 and 39.

Hydrothermal synthesis. The IWW zeolite sample was
synthesized using MPP(OH), as the SDA according to Corma
et al.*® The gel with a composition of 0.80 $iO,:0.20 GeO,:
0.25 MPP(OH),:15 H,0 was transferred into a Teflon-lined
autoclave and heated to 175 °C for 7 days.

The UTL zeolite was synthesized according to ref. 40. A gel
with a composition of 0.67 §i0,:0.33 GeO,:0.25 DMAD(OH):
30 H,O was heated to 175 °C for 7 days under agitation (60
rpm). The solid products were then recovered by filtration,
washed with deionized water, and dried overnight at 70 °C.
Finally, the IWW and UTL zeolites were calcined in an air

2 o \o
HO > ToH + M —— 0\&0; O\J\+ H,0

OH OH

Scheme 1 Glycerol ketalization with acetone.
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flow at 580 and 550 °C, respectively. The calcination time was
6 h, whereas the temperature ramp was 1 °C min™".

Characterization

The phase purity of the zeolites was examined by X-ray
powder diffraction (XRD) using a Bruker AXS-DS Advance
diffractometer with a graphite monochromator and a
position-sensitive detector (Vantec-1) using CuKo: radiation (4
= 1.5418 A, 40 kv, 40 mA) in the Bragg-Brentano geometry at
a scan rate of 0.25° (26) min™' in the 3-40° 26 range. The
samples were ground gently and carefully packed into a
holder before the measurement.

The size and morphology of the zeolite crystals were
examined by scanning electron microscopy (SEM, JEOL JSM-
5500LV microscope). For these measurements, the crystals
were coated with a thin layer of platinum (~10 nm) using a
BAL-TEC SCD-050 instrument.

The chemical compositions of the zeolite samples were
determined by ICP/OES (ThermoScientific iCAP 7000)
analysis. In total, 50 mg of zeolite were mineralized in a
mixture of 2 ml of HF, 4 ml of HNO;, and 4 ml of HCI in a
microwave oven. After cooling, the excess HF was eliminated
by complexation with 15 ml of a saturated solution of H;BO;,
treating the final mixture in a microwave oven. Then, the
solutions under analysis were collected and diluted in
ultrapure water to a total volume of 250 ml. The leached
species in the liquid phases was checked by ICP-OES (Agilent
Technologies, Santa Clara, CA, USA, 700 Series) after
calibrating the instrument with standard solutions.

Nitrogen adsorption/desorption isotherms were measured
on ASAP 2020 (Micromeritics) static volumetric apparatus at
-196 °C. Before the sorption measurements, all the samples
were degassed with a turbo molecular pump at 300 °C for 8§
h. The ¢-plot method"" was applied to determine the volume
of micropores (Viiero)-

The nature and strength of acid sites in the
germanosilicate  zeolites were determined by FTIR
spectroscopy of adsorbed pyridine (FTIR-Py). For this
purpose, the zeolites were pressed into self-supporting wafers
to a density of ~10 mg em™ and in situ activated at T = 200,
300 or 450 °C and p = 5 x 107 Torr for 4 h. In particular
experiments, water calibrated aliquots were gradually
introduced into the cell at 25 °C, followed by pyridine
adsorption. Excess pyridine (Py) was adsorbed at 25 °C for 20
minutes, followed by 20 minute desorption at the same
temperature. Thermodesorption of Py was performed at 25,
50, 75, 100, 120 and 150 °C for the germanosilicate zeolites
and at 150, 250, 350, and 450 °C for the aluminosilicate
zeolites for 20 min. FTIR spectra were recorded using a
Nicolet iS50 spectrometer with a transmission MTC/B
detector with a resolution of 4 em™ by collecting 128 scans
for a single spectrum at room temperature. The spectra were
treated using Omnic 8.2 (Thermo Scientific) program. For
baseline correction, the spectrum of the activated wafer was
subtracted from the spectra collected after Py adsorption/

Catal. Sci. Technol, 2020, 10, 8254-8264 | 8255
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desorption. The concentrations of Brensted acid sites in
germanosilicate and reference aluminosilicate zeolites were
evaluated from the integral intensity of the band at 1545
em™" using the absorption coefficient & = 1.7 em pmol™%.**
The concentrations of Lewis acid sites in aluminosilicate
zeolites were evaluated from the integral intensities of the
bands at 1454 cm™" using the absorption coefficient ¢(L) = 2.2
em pmol™** whereas the number of Lewis acid sites in
germanosilicates was estimated based on the integral
intensity of the band at 1611 cm™. To determine the area of
the peak characteristic of coordinatively bonded (1611 em™)
and H-bonded (1596 c¢cm™") Py, the resulting spectral curve
was fitted using the Gaussian line shape. IR peak centers
were fixed within +5 em™, and the full widths at half maxima
were constrained between 5 em ™" and 20 em™.

The differential thermal and thermogravimetric analysis
of the neat and spent catalysts was carried out using a TG-
DTA analyser (Shimadzu Apparatus) on 4-6 mg samples in a
nitrogen flow of 10 ml min™, at a heating rate of 10 °C min™
from room temperature to 600 °C, using an Al crucible and
alumina as reference.

Catalytic tests

Before the catalytic tests, the germanosilicate zeolites were
activated by heating to different temperatures (200, 300, and
450 °C) with a rate of 10 °C min™" and maintaining the selected
temperature for 2 hours. Typically, 5 mg of the catalyst and 1
mmol glycerol, ethylene glycol or 1,4-butanediol were mixed
with excess ketone (5 or 25 mmol). The catalytic tests were
performed in glass vials with magnetic stirring at room
temperature or 80 °C for 3 hours. After the reaction time
elapsed, the reaction mixture was cooled, and a small amount
of ethanol (up to a total volume of 1 ml) was added to
solubilize the untransformed glycerol that usually forms a
separate phase. The mixture was then centrifuged, filtered and
dried over sodium sulphate. In total, 200 pl of the final solution
were slowly evaporated at 45 °C overnight to remove the
solvent. For recycling studies, after each catalytic cycle, the
catalyst was immediately centrifuged, washed several times
with ethanol and acetone, dried at 40 °C and subjected to
another catalytic run, thus avoiding a longer contact with
moisture. To identify possible leaching of active species, the
reaction mixture was removed after the 1 hour catalytic test
then filtered, and the separated liquid was investigated under
the same reaction conditions for another 2 or 12 hours.
Silylation of reaction products before the injection into a
chromatographic column was required to increase their
volatility and to derivatize the free hydroxyls of polyols. For
this purpose, 150 pL of derivatization agent (1% w/w of
trimethylchlorosilane in N,0-bis(trimethylsilyl)
trifluoroacetamide) was mixed with 50 plL of pyridine as a
catalyst. The derivatization occurred at 60 °C for 30 min. The
derivatization agent-to-substrate molar ratio was 3:1. The
final products were analyzed by GC-MS (THERMO Electron
Corporation, 18Q LT Single Quadrupole GC-MS system TRACE

8256 | Catal Sci Technol, 2020, 10, 8254-8264
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1310, equipped with a TG-5S8iIMS column 30 m x 0.25 mm x
0.25 pm) and NMR spectroscopy (Bruker Advance 111
UltraShield 500 MHz spectrometer, operating at 500.13 MHz
for 'H NMR, 125.77 MHz for "*C NMR). For GC analysis, the
injector was set up at 250 °C. The temperature in the oven
was kept at 50 °C for 1 min and then increased to 250 °C at a
rate of 7 °C min™".

Reference commercial aluminosilicate zeolites were used
for comparison with the UTL and IWW germanosilicate
catalysts. Commercial BEA zeolites with different Si/Al ratios
included BEA-12.5 (Si/Al = 12.5, CP814E, purchased from
Zeolyst), BEA-25 (Si/Al = 25, CP814Q, Zeolyst), and BEA-75 (Si/
Al = 75, CZB-150 from Clariant). The commercial MOR zeolite
was MOR-10 (Si/Al = 10, CBV-204, Zeolyst).

Results and discussion
Physicochemical properties of germanosilicate zeolites

XRD patterns of both germanosilicate zeolites (Fig. 1A)
correspond to those reported in the literature,®’ confirming
their phase purity. Both the IWW and UTL samples showed
type 1 isotherms characteristic of microporous materials
(Fig. 1B). The micropore volume of the medium-pore TWW
was lower than that of the extra-large pore UTL zeolite (0.11
versus 0.21 em® g ™', Table 2).

Fig. 2 depicts the SEM images of the IWW (A) and UTL (B)
zeolites illustrating the important differences between the two
samples. IWW possesses homogeneous 0.5 x 0.5 % 0.5 pm-sized
rectangular crystals, whereas the UTL zeolite shows quite
uniform thin rectangular 30 x 25 x 1 pm-sized crystals (Table 1).

In line with previously reported results, the FTIR spectra
of both the IWW and UTL zeolites (Fig. 3A) display
characteristic bands of silanol (3740 cm™) and germanol
(3660-3680 cm™) groups.”® ™ The remarkably more
intensive band at ca. 3740 cm ™" in the spectrum of the IWW
sample is consistent with its smaller crystal size/higher
external surface (Tables 1 and 2) bearing terminal silanol
groups. A weak and broad band apparent at 3600-3400 cm™"
in the spectra of the zeolites activated at 200 and 300 °C is
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Fig. 1 XRD patterns (A) and nitrogen adsorption/desorption isotherms
(B) of IWW (-) and UTL {-) zeolites.
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Fig. 2 SEM images of the IWW (A) and UTL (B) zeolites.

indicative of hydrogen-bonded OH groups attributed to
adsorbed water.

The adsorption of pyridine on both the IWW and UTL
zeolites gave rise to absorption bands (a.b.) characteristic of:
1) pyridine coordinatively bonded to Ge Lewis acid sites, LAS-
Py, at vg, = 1611 and vyep = 1452 cm™"; 2) H-bonded pyridine,
H-Py, at vg, = 1596 and vy, = 1443 em™'; 3) physically
adsorbed pyridine, phys-Py, at vg, = 1577 and wvy9, = 1438
em™" (Fig. 3B).**

In agreement with ref. 46, the v, absorption bands of H-
Py and LAS-Py overlapped, while the respective vg, bands
were well-resolved and thus used here for semi-quantitative
estimation of Ge Lewis acid centers. Nevertheless, the
determination of the molar absorption coefficient for the vg,
band and hence quantification of LAS in both IWW and UTL
was precluded by the unavoidable contribution of H-Py. The
markedly higher intensity of the wvg,-LAS band in UTL vs.
IWW (Fig. 3B) suggested an enhanced number of Lewis acid
sites in the former. Although ref. 27 reported that Brensted
acidity was characteristic of the UTL germanosilicate, no sign

Table 1 Chemical
germanosilicate zeolites

composition and  crystal sizes of the

Chemical composition

—1
oE mmol g Crystal size,
Sample Si Ge Ge Si/Ge um
IWwW 87.8 12.2 1.9 7.2 0.5x0.5x0.5
UTL 80.8 19.2 2.8 4.2 30x25x1

Table 2 Chemical composition and textural and acidic properties of the
reference aluminosilicate zeolites

Concentration of acid
sites, mmol g™*

Vmicrm Scxt:
Sample Si/Al B I’ 3 em® g ! m? g™
BEA-12.5 12.5 0.31 0.32 0.63 0.16 220
BEA-25 25 0.33 0.19 0.52 0.25 210
BEA-75 75 0.05 0.07 0.12 0.20 220
MOR-10 10 0.56 0.35 0.91 0.14 70
TWW == 0.16" n.d.? n.d. 0.11 94
0.07”
0.05°
UTL == == nd? nd. 0.21 40

“Taee = 200 °C. ” Tyee = 300 °C. © Tuee = 450 °C. “n.d. - not
determined due to the restrictions of FTIR-Py.
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Fig. 3 FTIR spectra of the UTL and IWW zeolites after {A) activation at
Tact = 200 (=), 300 (-), and 450 °C (-) and (B) adsorption/desorption of
Py at T = 25 °C. Regions of OH- (A) and Py-ring (B) vibrations.

of Bronsted acid centers was detected in the UTL zeolite
activated at different temperatures (Fig. 3B). In contrast to
UTL, the FTIR-Py spectra of the IWW germanosilicate
indicated the presence of the Brensted acid centers (a.b. of
BAS-PYy at vy, = 1545 em™ and vg, = 1637 em™'). The
evolution of the band at ca. 1545 cm™" with the temperature
of pyridine desorption (Fig. 4B) revealed that the Bronsted
acid sites of the IWW germanosilicate are much weaker than
those of aluminum-containing zeolites (Fig. 5A and ref. 28).

The concentration of the Brpnsted acid sites in the IWW
zeolite evaluated from the integral intensity of the band at
1545 ecm™" (Fig. 3B) decreases with the increase in activation
temperature: 0.16 mmol g ' (T = 200 °C), 0.07 mmol g "
(300 °C) and 0.05 mmol g™' (450 °C). The weakness of Ge-
associated Brensted acid sites and the variation of their
concentration as a function of the activation conditions may
be related to the water-induced nature of such acid centers.
To validate this assumption, the IWW zeolite activated at T =
450 °C was subjected to dose-by-dose adsorption of water,
followed by saturation with pyridine monitored using FTIR
spectroscopy. The gradual adsorption of water resulted in the
progressive diminishing a.b. of LAS-Py at vg, = 1611 cm™ "
with simultaneously growing intensity of the BAS-Py a.b. at
Dyop = 1545 cm™ (Fig. S27).

Similarly, the water-induced formation of Brensted acid
sites in Sn-BEA and their reactivity were recently reported."”
The decreasing a.b. of LAS-Py in the spectra of the IWW zeolite
with decreasing activation temperature/increasing water
loading accompanied by the increase in the intensity of the
absorption band of BAS-Py (Fig. 3B and S$2}) may suggest a
similar mechanism of Lewis-to-Brensted acid site conversion
for Sn- and Ge-containing zeolites: adsorption of water on
tetrahedrally coordinated Ge atoms (Lewis acid centers, =Si-
0-Ge(08i);) followed by the formation of bridging OH groups
(Bransted acid centers, =Si-(OH)-Ge(Si0);(OH)(H,0)).
Conversely, the increase in activation temperature positively
affected the number of Lewis acid sites in the UTL
germanosilicate (~3 times higher integral intensity of vy, =
1611 em™" for the zeolite activated at 450 vs. 200 °C, Fig. 4B).

Catal Sci. Techno/, 2020,10, 8254-8264 | 8257
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The result is in agreement with the lower hydrolytic
stability of the UTL =zeolite wvs. the IWW zeolite
previously reported in ref. 15 and 16.*>'® Thus, the
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Fig. 5 XRD patterns (A) and concentrations of Brensted (BAS) and
Lewis (LAS) acid sites as determined from the desorption of
pyridine at different temperatures (B) of the reference
aluminosilicate zeolites. The samples were activated at T = 450 °C
for 2 h.
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number of Lewis acid sites detected by FTIR-Py in UTL
activated at 450 °C and lacking adsorbed water (Fig. 3A)
reflects the number of four-coordinated Ge atoms
accessible for pyridine molecules. In turn, the adsorbed
water observed after UTL activation at 200-300 ©°C
(Fig. 3A) is expected to hydrolyze the Ge-O-Si linkages
decreasing the number of framework Ge atoms and
hence detectable LAS.

Noticeably, the number of acid sites detected by
FTIR-Py (Fig. 4) can hardly be correlated to the chemical
composition of the under  study
(Table 1). The result can be explained, considering the
(i) sterical limitations for probe molecule interaction
with neighboring acid sites located in close proximity to

germanosilicates

each other - the situation which is characteristic of
germanosilicate  zeolites known for the preferential
location of Ge atoms in d4r units of the frameworlk;"®
(ii) low strength of Ge acid centers (ie., the shift of
pyridine  adsorption-desorption  equilibrium to  the
desorption even at low temperature).

The XRD patterns of the reference commercial BEA
and MOR zeolites highlight the lack of any ecrystalline
admixtures (Fig. 5A), of N,
adsorption/desorption  reveal reasonable values  of
micropore volumes characteristic of those materials
(Table 2).

FTIR-Py showed the presence of both Brensted and
Lewis acid sites in the aluminosilicate zeolites. The total
number of acid centers decreased with the increase in
the Si/Al ratio (Table 2). Importantly, all the
aluminosilicate zeolites had much stronger acid sites
than the IWW and UTL germanosilicates (Fig. 5B shows
the results of FTIR-Py for BEA-12.5 and MOR-10 to
exemplify this general trend).

The crystal size of the BEA-12.5, BEA-25 and MOR-10
samples was comparable to that of the IWW germanosilicate,
while BEA-75 showed bigger crystals (Fig. 6 and 2).

whereas the results

Fig. 6 SEM images of BEA-12.5 (A), BEA-25 {B), BEA-75 {C) and MOR-
10 (D) zeolites.

This journal is © The Royal Society of Chemistry 2020
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Catalytic behavior of the germanosilicate zeolites in the
ketalization of polyols

The main issue of the ketalization reaction is its low
equilibrium constant and the need to remove the water
produced in the reaction or to use excess ketone to shift the
equilibrium to the product side. The research performed in
this study used the second approach. Table 3 compiles
comparative results assessed with the IWW and UTL
germanosilicates for the ketalization of different polyols.
Depending on the nature of the reagent, the polyol
conversion ranged from 7 to >99% at T = 80 °C after 3 h,
whereas the selectivity was higher than 99% for both catalysts
in the reactions with diols. When glycerol is used, a side-
product 2,2-dimethyl-1,3-dioxan-5-ol can be formed and as a
result, in this case, the selectivity varies between 96 and 99%.
Increasing the ketone (eg., 2-butanone vs. acetone) or
polyol(1,4-butanediol vs. glycerol vs. ethylene glycol) size
decreased the conversion for both germanosilicates (Table 3
and S21). The result may indicate diffusion limitations for
reagents in the IWW and UTL germanosilicates; the trend
was more pronounced for UTL featuring bigger crystals.
Decreasing the reaction temperature to room temperature, as
expected, decreased the conversion for both glycerol and

View Article Online
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ethylene glycol ketalization with acetone (Table 3, entry 7 and
8). Even at room temperature, ketalization proceeded with
satisfactory conversions (Table 3).

Table 4 compares the conversions of polyols achieved
with the IWW and UTL germanosilicates activated at
different temperatures and those of the commercial
aluminosilicate zeolites.

The internal diffusion effect on the rate of glycerol
ketalization cannot be ruled out for the UTL germanosilicate,
which has the largest crystals (Fig. 2B) and the lowest glycerol
conversion values (16-39%) vs. the IWW and commercial
aluminosilicate BEA zeolites (Table 4). Conversely, the
conversions of glycerol achieved over the IWW germanosilicate
(40-50%) were comparable to those of commercial
aluminosilicate BEA (45-48%) and exceeded the conversion over
the MOR (14%) zeolite, which showed the highest concentration
of strong acid sites, both Brensted and Lewis (Table 2).

The crystallite size of the zeolites was earlier reported as
one of the important factors for the glycerol conversion.’
Smaller crystal sizes seem to improve the diffusion of
reactants due to a short path. Accordingly, diffusion
limitation generated in the mordenite (MOR) pores results in
a lower glycerol conversion. According to the data presented
in Tables 1-4, a correlation between the volume of the

Table 3 Catalytic performance of the IWW and UTL germanosilicates in the ketalization of polyols

Main IWW UTL
Nr. Polyol Ketone product T°C Conversion (%) Selectivity (%) Conversion (%) Selectivity (%)
1 HO, OH 0 /_\ 80 >99 >99 =99 >99
= A e
2 OH 0 80 69 >99 59 99
Cowo
0
3 H o OH 80 63 97 56 =98
HO\)\/OH )k /—(‘
<
4 HO, OH Q /—\ 80 96 >99 98 >99
e
5 :OH a 80 51 98 49 >99
o
6 OH Q OH 80 19 96 7 98
HO\)\/DH )K/ /-(_
X
7 O 0 OH 25 56 98 27 97
W\/J\/OH )j\ /—‘(_
X
8 HO, OH 0 /__\ 25 89 >99 90 >99
AN GRS

Reaction conditions: 1 mmol polyol, 5 mmol ketone, 3 h, solvent-free, 5 mg catalyst. The catalysts were activated at 300 °C.

This journal is @ The Royal Society of Chemistry 2020

Catal Sci. Technol, 2020,10, 8254-8264 | 8259



Published on 12 October 2020. Downloaded by Charles University on 5/25/2021 12:16:00 PM.

Paper

View Article Online

Catalysis Science & Technology

Table 4 Comparison of the catalytic performances of IWW and UTL activated at different temperatures with the commercial aluminosilicate zeolites

Nr. Polyol Ketone Main product Catalyst (activation temperature) Conversion (%) Selectivity (%)
1 OH o oH UTL (450) 17 96
) HO\)\/OH )I\ /—(— TWW (450) 1M 96
3 o_ O UTL (300) 27 97
4 x TWW (300) 56 98
5 UTL (200) 36 97
6 TWW (200) 46 08
7 BEA-12.5 (450) 53 98
8 BEA-25 (450) 57 96
11 BEA-75 (450) 49 96
12 MOR 10 (450) 15 95

Reaction conditions: 1 mmeol polyol, 5 mmol ketone, 3 h, solvent-free, RT, 5 mg catalyst.

micropores, the surface area of the catalysts and conversion
can be seen over the commercial zeolites, especially the BEA
ones. The conversions (Table 4) over the commercial zeolites
increase with the increase of the volume of the micropores
and surface area. The surface area of the germanosilicate
zeolites is lower than that of the commercial ones, while the
yields are comparable or even higher than those over the
commercial zeolites. The UTL catalyst has a higher surface
area and larger crystals, but it has a smaller volume of
micropores compared to IWW. Accordingly, the conversion
generated over the UTL zeolite is comparable with that over
MOR, which also possesses a smaller volume of micropores
and larger crystals. However, the textural properties of
catalysts only are not enough to explain the similar activity of
the germanosilicate zeolites, which have a small surface area
and weaker acid sites, with BEA. In this context, the acidic
properties of the catalyst also play an important role and the
collected results suggest that even the weak acid sites of the
germanosilicate zeolites serve as active centers in the
ketalization reaction. The conversion values of the
commercial BEA zeolites (Table 4) cannot be correlated with
the Si/Al ratio or with the overall concentration of acid sites
only. However, to some extent, a correlation exists between
the Brensted acid sites and the conversion or B/L acid site
ratio. Varying from 0.97 to 1.7 and 0.7 B/L ratio in the BEA
zeolites lead to 53, 57 and 49% conversion, respectively. The
results suggest that even the weak acid sites of the
germanosilicate zeolites serve as active centers in the
ketalization reaction. Consistently, with the increase in the
number of Bronsted acid sites of the IWW zeolite and with
the enhanced strength of the Lewis acid sites of UTL with the
decrease in activation temperature (Fig. 4), the optimal
temperature for IWW is 300 °C, whereas the optimal
temperature for UTL is 200 °C. The decrease in the activity of
the zeolite catalyst with the increase in the concentration of
aluminum acid centers (Tables 2 and 4) is consistent with the
high affinity of framework Al towards the water formed in the
reaction (Scheme 1), which may compete with the reagents for
the adsorption on active sites.” Indeed, hydrophobization of
an Alrich HY zeolite (CBV600, Si/Al ratio = 2.6) with an
organosilane surfactant was recently reported to improve the
efficiency of solvent-free glycerol-to-solketal conversion at

8260 | Catal Sci Technol, 2020,10, 8254-8264

room temperature.”’ In the case of MFI zeolites, increase of
hydrophobicity leads also to a higher TOF.>* As a result,
strong acidity in this type of biphasic reaction is not always
an advantage. In contrast to Al, Ge incorporation into the
frameworks of some silica zeolites decreased water uptake,
thus allowing the preparation of weak solid acids
characterized by moderate hydrophilicity.”>** Moreover, water
adsorption on the Ge Lewis sites of both germanosilicate
zeolites may promote the in situ generation of Brensted acid
centers, which are more active in the ketalization of glycerol
compared to the Lewis acid sites.*”

Conversion to solketal vs. time for the BEA-25, IWW and
UTL catalysts is presented in Fig. 7. For the germanosilicate
zeolites, the increase of the activity is more evident in the
first two hours: for IWW, the conversion increases from
around 30 to more than 50% in the first two hours leading
after that to a slightly higher conversion than for BEA-25. The
same trend is observed for UTL as well, although for smaller
conversions. The commercial zeolite led to a 50% conversion
in the first 15 minutes when it reaches a plateau. The single
phase formed after 15 minutes of reaction (Fig. 7, right).
Taking into consideration the difference existing between the
textural properties, Si/Ge ratio and acidity of the IWW and
UTL catalysts, a similar time needed to achieve the highest

100:
agatone
90 / -
804
70
604
= 50
404 -
30
204 — BEA-25 (450)
—— IWW (300)
10 —— UTL (200)
0 T T T T T T T T T
16min 30min 1h 16h 2h 4h  12h
time A B

Fig. 7 (A) Time-on-stream dependence of glycerol conversion
(square) and solketal selectivity (circle) over the zeolite catalysts. (B}
Appearance of the reaction mixtures after 15 and 60 minutes of
reaction; (B) reaction conditions: 1 mmol glycerol, 5 mmol acetone,
solvent-free, RT, 5 mg catalyst.
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conversion suggests that some induced species are
responsible for the increase of catalytic activity and the
formation of those species is a time-factor. The concentration
of Brensted acid sites per surface unit is slightly higher in
the IWW zeolite, compared to BEA-25. However, the faster
plateau reached in the presence of the BEA catalyst should be
assumed to a larger surface area.

However, all the catalysts provided similar selectivities
after 2 h of reaction. The secondary product, acetal (2,2-
dimethyl-1,3-dioxan-5-ol), is formed over the IWW catalyst
during the first hour, then subsequently glycerol is converted
into solketal only.

Noticeably, when increasing the ketone-to-alcohol molar
ratio to 25, the solketal yield reached 99% over the IWW
catalyst, even at room temperature (Fig. 8). In addition, no
side products, such as dioxane (2,2-dimethyl-1,3-dioxan-5-ol),
or acetone condensation products (mesityl oxide) were
identified when using IWW and UTL or even the commercial
zeolites under these conditions. This high selectivity is
usually explained by a mechanism involving the
rearrangement of dioxane to dioxalane, which is catalyzed by
Breonsted acid sites and favored by an increase in pore
volume and by a decrease in acidity. The literature on
selectivity is, however, contradictory, increasing in some
cases by dealumination® or desilication.”

Framework germanium atoms are able to not only change
the local environment (reflected in the transformation of
Lewis-to-Brensted acid sites) but also leach to the liquid phase
by coordination with water, as by-products of the ketalization
reaction. The results from the recycling test showed that both
the UTL and IWW catalysts can be reused at least 3 times
without selectivity and conversion losses, when the 1:5
glycerol: acetone molar ratio is used (Fig. 9). The type of acid
sites and hydrolysis reaction are the two factors mostly
affecting the selectivity to solketal.® During the recycling, the
selectivity increases slightly for the UTL and BEA catalysts. The
enhancement can be explained by the adsorption of some
water on the Brensted acid sites during the catalyst recycling
that can favour the rearrangement to solketal.>

The commercial zeolite BEA-25 was also recycled 3 times
without considerable changes in terms of conversion or
selectivity. However, after the second recycling of BEA-25, it
was noticed that the catalyst colour changed to yellow, which
still persists after the catalyst washing. The differential
thermal and thermogravimetric analysis of the fresh and
spent BEA-25 and IWW catalysts is shown in Fig. 10.

After 3 catalytic cycles, the weight loss of the IWW catalyst
is around 3% and for BEA-25, it is around 5% indicating

RT, 3h %/0
— H:O o {
OH

Solketal yield > 99%

o)
HO’Y\OH + )I\
OH

1 mmol 25 mmol

Fig. 8 Ketalization of acetone to ketal. Reaction conditions: 5 mg
catalyst IWW, RT, 3 h magnetic stirring, solvent-free.
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Fig. 9 Catalyst recycling results for solketal synthesis (reaction
conditions: 1 mmol polyol, 5 mmol ketone, 3 h, solvent-free, RT, 5
mg catalyst).

larger deposits of coke. Also, for BEA-25, a new DTA peak
occurs at temperatures between 120 and 130 °C related to
these deposits. A higher deactivation of the UTL and IWW
catalysts was also observed during recycling, when a higher

30
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Fig. 10 The differential thermal and thermogravimetric analysis of the
fresh and spent BEA-25 and IWW catalysts (reaction conditions: 1
mmol glycerol, 5 mmol acetone, solvent-free, RT, 5 mg catalyst, 3 cycles).
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Fig. 11 Results of leaching tests over the IWW and UTL catalysts
(reaction conditions: 1 mmol glycerol, 5 mmol acetone, solvent-free,
RT. 5 mg catalyst. The catalysts were activated at 300 °C).

amount of acetone was used (reaction conditions from
Fig. 8). However, even for ultrastable Y zeolites, washing and
drying did not prevent the decrease in catalytic activity.”*

Leached Ge species in solution after 1 h were under 0.1
ppm as determined by 1ICP-OES. Nevertheless, the leached Ge
species were not active during the ketalization reactions, as
demonstrated for glycerol (Fig. 11), with only a negligible
increase in the conversion after removing the catalyst, even
after 12 hours of reaction.

The comparison of the performance of the germanosilicate
zeolites in ketalization reactions with the results reported in
the literature shows that similar conversion/selectivity values
were documented for glycerol ketalization with acetone when
using other homogeneous or more complex heterogeneous
catalysts, such as Lu(OTf);,”” MoPO/SBA-158i02,”" Re/Si0,,>’
and Zr0,/SO, (ref. 60) or MOR,”® MFI, hydrophobic HY’" or
BEA zeolites,”****® which provided similar performances,
sometimes even at higher temperatures.®'

Conclusions

Weak acidic germanosilicate zeolites IWW and UTL are active
and selective catalysts of polyol (e.g., ethylene glycol, glycerol,
1,4 butyldiol) ketalization. Ketalization reactions with
germanosilicate catalysts resulted in the exclusive formation of
the target dioxolane products. The less active UTL catalyst
presented a higher Ge content and a larger crystal size and
volume of micropores than IWW. Based on FTIR spectroscopy
of pyridine, the UTL zeolite exclusively has Lewis acidity,
whereas the IWW catalyst was prone to water-induced formation
of weak Brensted acid sites. Increasing the activation
temperature (200-450 °C) reduced the concentration of
Bronsted acid centers in the IWW germanosilicate (ie., 0.16;
0.07 and 0.05 mmol g™ for T,, = 200, 300 and 450 °C,
respectively) but increased the number of Lewis acid sites in
both zeolites. The IWW catalyst (40-50% solketal yield at T, =
450-300 °C) outperformed not only the Lewis acidic UTL
germanosilicate (16-36%, T,y = 450-200 °C) but also the
commercial aluminosilicate zeolites MOR (15%, Si/Al = 10) and

8262 | Catal Sci Technol, 2020, 10, 8254-8264
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BEA (45-48%, Si/Al = 12.5-75) with strong Brensted and Lewis
acid sites. Increasing the acetone-to-glycerol molar ratio to 25
led to a yield of >99% of the solketal product over the IWW
catalyst, even at room temperature. The IWW catalyst was
recycled 3 times without any conversion and selectivity losses.
The IWW catalyst activity for solketal formation in terms of
conversion, selectivity and recyclability is at least comparable
with the commercial BEA-25 zeolite. Thus, the results of the
present study demonstrate the catalytic potential of unmodified
germanosilicate zeolites, thereby encouraging further research
on the catalytic behavior of these materials, particularly on their
stability and deactivation and regeneration modes.
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ARTICLE INFO ABSTRACT

Keywords: Titanium silicalite 1 (TS-1) zeolite is an important selective oxidation catalyst. Recently prepared layered and

TS-1 pillared forms expanded the application of TS-1 to the catalytic oxidation of bulky molecules. Despite progress in

Layered zeolites designing and application of titanosilicate zeolites in catalysis, only qualitative information of their acidity is

Acidity available. Herein, we report thorough characterization of acid sites in TS-1 zeolites of different morphologies (3D

FIIR = . T8-1, layered 2D TS-1, 2D TS-1 pillared either with silica (T$-1-PISi) or silica-titania (I'S-1-PITi)) using FTIR

Molar extinction coefficient . . N : .
spectroscopy and probe molecules. FTIR of adsorbed pyridine was used for quantification of Ti-associated Lewis
acid sites based on the integral intensity of vg, absorption band ca. 1608 em™! and measured integrated molar
extinetion coefficient (g160g(Ti-LAS) = 0.71 + 0.01 em pmol ™). Thermodesorption of pyridine monitored with
FTIR showed that distribution of strength of Lewis acid sites is, to some extent, dependent on the way of Ti
incorporation in the samples. TS-1-PITi, containing large fraction of external surface Ti(OH)(0Si); species in-
troduced post-synthesis, showed increased concentration of stronger Lewis acid centres. FTIR spectroscopy of
TS-1 with pre-adsorbed quinoline and ds-acetonitrile probe confirmed enhanced relative concentration of ex-
ternal Lewis acid sites in all layered TS-1 materials (28-38%) vs. 3D TS-1 (2%).

1. Introduction

Titanosilicate zeolites are well established selective oxidation cata-
lysts with the ability to activate aqueous hydrogen peroxide.
Titanosilicate zeolites, particularly titanium silicalite 1 (TS-1, MFI to-
pology [1,2]) are used industrially in propylene epoxidation, phenol
hydroxylation, and cyclohexanone ammoxidation [3,4]. In addition,
they catalyse epoxidation of C=C double bonds in general (e.g. in
linear and cyclic olefins or terpenes), oxidation of alkanes to corre-
sponding alcohols, oxidation of alcohols to ketones and organic sulfides
to sulfoxides and sulfones [5,6].

Titanosilicate zeolites have titanium atoms isomorphously in-
corporated in the framework. These four-coordinated Ti atoms act like
weak Lewis acid sites, coordinating hydrogen peroxide. Until today,
about 17 type zeolites have been prepared in the titanosilicate form,
either by direct hydrothermal synthesis or by post-synthesis modifica-
tion. These include the TS-1 (MFI), Ti-beta (*BEA) [7], Ti-MWW [8], Ti-
MOR [9], Ti-MSE [10], Ti—CON [11] and others. Also, various hier-
archical and layered forms, particularly derived from TS-1, Ti-MWW
[12] and Ti-UTL [13] were prepared. The main reason to develop the

* Corresponding author.
E-mail address: mariya.shamzhy@natur.cuni.cz (M. Shamzhy).

https://doi.org/10.1016/j.cattod.2019.10.011

hierarchical and layered titanosilicates is to reduce diffusion limitations
for sterically demanding substrates in conventional zeolites [14].
Sterically demanding substrates such as cyclic olefins and terpenes
cannot access the narrow micropores of medium-pore zeolites (e.g. MFI
d, =55 A), and improvement provided by use of large-pore zeolite
(e.g. Ti-beta) is not always sufficient.

Layered titanosilicates are obtained when a corresponding zeolite is
formed via a layered precursor (e.g. Ti-MWW [8], Ti-FER [15]) or they
can be prepared using the surfactant templated synthesis (layered TS-1
[16]) or using the ADOR protocol (Ti-UTL derived materials [13]).
Properties of layered titanosilicates can be tuned by post-synthesis
transformations, particularly by varying the interlayer distance and/or
introducing new species between the layers [17]. One of such trans-
formations is pillaring of a swollen layered titanosilicate (in a swollen
material, the interlayer distance is expanded by introducing a surfac-
tant in between the layers).

In a pillared material the layers are supported by amorphous silica
pillars and thus they do not collapse upon calcination [12]. Recently,
we have demonstrated that by introducing additional titanium source at
pillaring step, highly active catalysts for epoxidation of cyclic olefins
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and terpenes are formed [13,18].

Comparing the catalysis data in literature [19] and our experi-
mental results [13,18,20], it can be observed that the decrease in dif-
fusion limitations improves the catalytic activity of nanosheet vs. con-
ventional 3D titanosilicate zeolites. However, despite a big progress in
designing and applying titanosilicate zeolites in catalysis, only quali-
tative information on the acidity is available mainly for 3D TS-1. The
results of UV-vis, FTIR and XANES spectroscopies of adsorbed probe
molecules have revealed the presence of coordinatively unsaturated Ti-
sites acting as Lewis acid centres in TS-1 [21-24]. In particular, Bonino
et al. reported evidence for the Lewis acid character of the tetrahedral
Ti sites in TS-1 based on the FTIR spectroscopy using adsorbed ds-
acetonitrile and pyridine as complementary probe molecules. FTIR
spectra of pyridine adsorbed on dehydrated TS-1 [21,22], Ti-beta [21]
and Ti-MWW [25] zeolites have also indicated the presence of only
Lewis acid sites. Although the nature of acid centers was un-
ambiguously addressed for different 3D titanisolicate zeolites, to the
best of our knowledge, {i) quantification of Lewis acid sites as well as
(ii) estimation of acid sites distribution with respect to their strength,
both influencing the catalytic behaviour of titanosilicate zeolites, have
not been explored so far either for 3D or 2D TS-1 catalysts.

Besides providing valuable qualitative information on the surface
chemical properties of zeolites, FTIR spectroscopy is also a powerful
tool for quantitative characterization of the nature, strength and loca-
tion of their active sites [26,27].

Ds-acetonitrile (proton affinity (PA) = 783kJ/mol), pyridine
{PA = 912 kJ/mol) and alkyl-pyridines are the most frequently used
molecules to probe the acidity of aluminosilicates [27]. The FTIR
spectroscopy of adsorbed pyridine is usually applied for identifying the
nature and quantifying the amount of acid sites in medium- and large-
pore zeolites using absorption bands characteristic of pyridine adsorbed
on Al-associated Brensted {1545¢m™ ') and Lewis acid centres
{1450 em™ %) [28,29]. Temperature-programmed desorption of pyr-
idine [30,31] and alkylpyridines are widely used to assess the strength
of acid sites located either in zeolite micropores or on the external
surface.

In contrast, ammonia and ds-acetonitrile- are more suitable probe
molecules for the quantitative analysis of acid centres in small-pore
zeolites, while substituted nitriles (e.g., propionitrile, 2,2-dimethyl-
propionitrile, isobutyronitrile and others) have been used for the
quantification the accessibility of acid sites in zeolites [32-35].

Being well established particularly for aluminosilicate catalysts,
FTIR spectroscopy has been so far undeservedly underused for titano-
silicates.

Herein, we report the results of detailed characterization of acid
sites in titanosilicate MFI zeolites of different structures and morphol-
ogies {3D TS-1, lamellar 2D TS-1, 2D TS-1 pillared either with silica TS-
1-PISi or silica-titania TS-1-PITi) using FTIR spectroscopy of adsorbed
probe molecules. FTIR of adsorbed pyridine {kinetic diameter of 5.4 A
characterized by relatively high basic strength was used for quantifi-
cation of Ti-associated Lewis acid sites. For that, we used vg, absorption
band ca 1608 cm™ ! and determined corresponding molar extinction
coefficient. The quantification of weak Lewis acid sites in TS-1 zeolites
using viop, absorption band ca 1445 cm ™" was impeded by unavoidable
contribution of H-bonded pyridine to the intensity of v g..band. A
combination of pyridine-FTIR with thermal desorption provided an
estimate of the acid strength distribution in titanosilicate zeolites under
the study. Moreover, an accessibility of Lewis acid sites in 3D and 2D
TS-1 catalysts was addressed by selective poisoning of external sites
with quinoline {QUI, kinetic diameter 6.2 A) and subsequent quantifi-
cation of the internal sites using FTIR of adsorbed ds-acetonitrile (ACN,
kinetic diameter 4.013&).
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2. Experimental
2.1. Catalysts preparation

3D TS-1{a) catalyst was a commercial TS-1 provided by Zeolyst
International. 3D TS-1{b) catalyst was synthesized from a gel with an
initial molar composition 100 TEQS : 2.32 Ti{OBu), : 35 TPA—OH :
4000 H,0 following a procedure form ref [36]. TEOS stands for tetra-
ethyl orthosilicate; Ti{OBu),; stands for ftitanium{IV) butoxide;
TPA — OH stands for tetrapropylammonium hydroxide which acted as a
structure directing agent.

2D TS-1 was prepared following a restricted crystal growth protocol
developed by Na et al. [ 16] and more specifically following the protocol
reported in Ref. [18]. In short: a bromide-free surfactant template
C15H37N+{CH3)2-C5H12N+(CHS)Q-CsH‘lg ina hydroxide form (C‘ls_ﬁ_
sOHs) was used for the preparation of a synthesis mixture with a molar
composition 100 TEOS : 2.5 Ti(OBu), : 6 €z ¢ ¢OH, : 5000 H,0. The
zeolite was hydrothermally synthesized in a Teflon-lined autoclave at
155°C for 236h under agitation. Final product was collected by fil-
tration, washed with distilled water, dried and part of it was calcined at
550°C for 8 h with a temperature ramp of 2 °C. The remaining part was
divided into two and was subjected to silica {yielding TS-1-PISi) or si-
lica-titania pillaring (yielding TS-1-PITi).

Both TS-1-PISi and TS-1-PITi were prepared following the proce-
dures reported by our group earlier [ 18]. In short, the as-synthesized 2D}
TS-1 was pillared using a TEOS {20 ml/g of zeolite) in case of TS-1-PISi
and using a mixture of TEQS and TBOTI in mass ratio 30:1 in case of TS-
1-PITi. The zeolite was mixed with the pillaring medium and stirred at
65 °C for 24 h. After the given time, the product was centrifuged, dried,
hydrolyzed in water with 5% of ethanol for ancther 48h and finally
filtered, dried and calcined at 550 °C for 8 h with a temperature ramp of
2°C,

2.2, Catalysts basic characterization

The structure and crystallinity of all materials was determined by X-
ray powder diffraction using a Bruker AXS D8 Advance diffractometer
equipped with a graphite monochromator and a position-sensitive de-
tector Vantec-1 using Cu Kol radiation (45kV and 40mA) in
Bragg-Brentano geometry. The X-ray scanning was performed in con-
tinuous scan mode in the range of 1-40° (20).

The size and shape of zeolite crystals were examined by scanning
electron microscopy {SEM) on a JEOL, JSM-5500LV microscope or a
MIRA TESCAN microscope. The images were collected with an accel-
eration voltage of 30kV. Samples were platinum sputtered before
measurement.

The BET area and pore volume of all catalysts were determined by
nitrogen physisorption at —196 °C using a 3Flex {(Micromeritics) static
volumetric apparatus. The degassing of the samples was performed
prior to the measurement in a stream of helium at 300 °C for 3h. The
surface area was calculated using BET method in the range of relative
pressures p/pg = 0.05-0.20 [37]. The adsorbed amount of nitrogen at
p/Po = .95 reflects the total pore volume. The volume of micropores
and the external surface area were determined using t-plot method
[38].

Chemical composition of the materials (expressed as a Si/Ti ratio)
was determined by Thermo Scientific iCAP-7600 inductively coupled
plasma optical emission spectrometer (ICP-OES) equipped with peri-
staltic pump with a drain sensor, free-running 27.12 MHz solid state RF
plasma generator, charge injection device detector {CID86) with the
range of 166-847nm and CETAC ASX 520 auto sampler. 50mg of
zeolite was mineralized in a mixture of 1.8 ml of 48% HF, 1.8 ml of 67%
HNOg, and 5.4 ml of 36% HCI in the microwave oven. After cooling, the
HF excess was eliminated by the complexation with 13.5ml of satu-
rated solution of H3BO5 and final mixture was treated in microwave
oven again. Thereafter, the solution under analysis was collected and
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diluted by ultrapure water to a total volume of 250 ml.

Diffuse reflectance ultraviolet-visible (DR-UV/Vis) spectra were
collected using Perkin-Elmer Lambda 950 Spectrometer. For that, a
2 mm quartz tube was filled with the sample. The spectra were collected
in a wavelength range of 190-500nm and converted to absorption
spectra using the Kubelka-Munk function.

225i-MAS-NMR spectra were collected on a Bruker Avance III HD
500 MHz spectrometer. Chemical shifts were referred to tetra-
methylsilane. All samples were measured in calcined state using a
sample spinning speed of 18 kHz.

2.3. Characterization of acid centres using FTIR of adsorbed probe
molecules

2.3.1. Nature and concentration of acid sites

The concentration of Lewis acid sites {LAS) in titanosilicate zeolites
was determined by pyridine-FTIR based on the intensities of char-
acteristic absorption band {a.b.) at 1608 em™ . The zeolites were
pressed into self-supporting wafers with a density of "10mg/em? and in
sitr activated at T =450°C and p = 5107 Torr for 4h.

To determine the temperature of PY adsorption/desorption suffi-
cient for removal of H-bonded probe molecule while maintaining PY
coordinatively-bonded to Ti-associated Lewis acid sites, an excess of PY
{cca. 2mmol PY per 1 g of zeolite) was adsorbed at 25°C, 50°C, 80°C,
100°C, 120 °C, 150 °C and 200 °C in 3D TS-1(a) sample. For each tem-
perature 10min adsorption and 10 min desorption took place. FTIR
spectra were recorded using a Nicolet iS50 spectrometer with a trans-
mission MTC/B detector with a resolution of 4 cm ™ by collecting 128
scans for a single spectrum at room temperature. The spectra were
treated using Omnic 8.2 {Thermo Scientific) program. For the baseline
correction, spectrum of activated wafer was subtracted from the spectra
collected after pyridine adsorption/desorption. To determine the area
of the peaks characteristic for coordinatively bonded (1608 cm™ ') and
H-bonded {1596 cm™ ) pyridine the resultant spectral curve was fitted
using Gaussian line shape. IR peak centers were fixed within + 5em ™,
and the full widths at half maxima were constrained to be between
S5em™! and 20 em ™1

For quantification of the concentrations of LAS in TS-1(a) samples,
PY adsorption was carried out at 50 °C (found to be optimal for the
quantitative study of titanosilicates) and a partial pressure of 3.5 torr
for 10 min followed by desorption for 10 min at the same temperature.
C{LAS) were evaluated from the integral intensities of a.b. at 1608 em™*
using molar absorption coefficients e;g08(Ti-LAS) = 0.71 = 0.0l cm
pmol~" determined from the linear relationship between [integrated IR
band area {em™ ') x wafer cross sectional area (em?)] and the total
moles dosed {umol) similar to Ref. [39-41].

2.3.2. Strength of acid sites

Thermodesorption of PY was carried out at 50, 100, 150 and 200 °C
for 10 min. Distribution of Ti-associated acid centers with respect to
their strength was analyzed based on the relative concentration of acid
sites bearing pyridine molecules at elevated temperatures:

Ligos (T°C) / Ligos (50°C) n

where

L1 g0s (X°C) refers to the intensity of a.b. at 1608 cm™? in the FTIR
spectra of titanosilicate zeolites after activation followed by pyridine
adsorption/desorption at T = X°C {X is 100, 150 and 200 °C).

2.3.3. Accessibility of acid sites

The ratio between “internal” acid sites and those located on the
external surface of zeolite crystals (“external” acid centers) of TS-1
catalysts was evaluated based on the analysis of FTIR spectra of ACN
adsorbed in the catalysts either after activation or after pre-adsorption
of bulky QUI selectively poisoning “external” acid sites as discussed in
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Ref. [42,43]. ACN adsorption was performed according to the Ref. [44],
while pre-adsorption of QUI was carried out according to the protocol
described in Ref. [45]. The concentrations of Ti-LAS were semi-quan-
titatively estimated from the integral intensities of a.b. at 2304cm™.
The fraction of ,external “acid sites was evaluated as

[Ioz04 (ACN)-Tpzgs {QUI + ACN)]/ Iyzq4 (ACN) 2

where

Inzgs {(ACN) refers to the intensity of a.b. at 2304 em™! in the FTIR
spectra of titanosilicate zeolites after activation followed by ACN ad-
sorption;

Inags {QUI + ACN) refers to the intensity of a.b. at 2304 em ! in the
FTIR spectra of titanosilicate zeolites after activation followed by co-
adsorption of quinoline and ACN.

2.4. Characterization of acid centres using TPD of ammonia

Ammonia temperature programmed desorption (TPDA) was mea-
sured using the AutoChem II 2920 (Micromeritics, USA). Typically,
100 mg of of zeolite {with grain size 0.25-0.5mm) was inserted into
quartz tubular reactor and anchored by quartz wool. Prior to TPD ex-
periment, sample was heated in helium flow of 25 ml min~* from room
to the 250 °C with defined heating rate of 1¢°Cmin~ ' and held at final
temperature for 10 min. Then the sample was cooled down to the 50°C
in the flow of helium {25 ml min ™). Saruration of sample with am-
monia was carried out by flowing the sample bed by gas mixture of
helium and ammonia {5 vol% of ammonia in He) with flow rate 10 ml
min~?! at 50°C for 30 min followed by removing of weakly bounded
molecules by flushing sample out under flow of helium {25 ml min~ 1)
for 30min. Finally, TPD experiment was carried out by increasing
temperature from 50 to 400 °C, at which sample was held for 5 min. The
desorbed ammonia in the outlet gas was detected using thermal con-
ductivity detector (TCD}) and mass spectrometer (MS) Pfeiffer OmniStar
GSD 300, Balzers, on which the mass m/e = 4 {(He'), 15 (NH"), 16
{NH."), 17 (NHs™), and 18 (Ho0O™) was monitored.

3. Results and discussion
3.1. Catalyst characterization

XRD patterns of studied catalysts {Supplementary Information (SI),
Fig. S1) confirm that all of the titanosilicates synthesized have the
structure intended to be obtained. Three well-defined peaks at 7.9°,
8.8°, and 8.9° 26 corresponding to {011), (020) and {200) reflections are
visible in the pattern of 3D TS-1 zeolite evidencing well-ordered
structure with typical MFI architecture. In contrast, absence of the (hkl)
reflections with k = 0 in the XRD patterns of both lamellar 2D} TS-1 and
pillared TS-1-PI catalysts indicate that the thickness of zeolite crystal-
lites is extremely low in (010) direction {along the crystallographic b-
axis). Successtul pillaring of the TS-1-PITi and TS-1-PISi is proven by
the presence of intensive low angle peak at 1.5° 28, which is char-
acteristic of the preservation of the interlayver distance originally pre-
sent in the as-synthesized 2D TS-1. This diffraction peak is not present
in the XRD pattern of calcined 2D TS-1. Both 3D TS-1{a) and 3D TS-1(b)
show N, adsorption isotherms of I type characteristic of purely micro-
porous materials, while 2D TS-1, TS-1-PITi and TS-1-PISi were char-
acterized by non-reversible isotherms of type II with H3 hysteresis
which is typically observed for non-rigid aggregates of plate-like par-
ticles giving rise to slit-shaped mesopores. (Fig. $2) [46].

The SEM images of 3D TS-1 {a) {SL, Fig. S83a) and 3D TS-1 {b) (S,
Fig. $3b) show that the samples are composed of crystals with a size of
200 nm and 600 nm, respectively. In contrast, 2D 'TS-1 (SI, Fig. S3c), TS-
1-PITi {SI, Fig. S3d) and TS-1-PISi {SI, Fig. S3e) are composed of ag-
gregated nanosheet crystals.

Titanium content, crystal size and textural properties of the TS-1
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Table 1
Chemical composition and textural properties of 3D and 2D TS-1 catalysts.

Zeolite Si/Ti*  Crystal size®  BET See Mg Vimie Vit
m¥/g an’/g  eam’sg
3D TS-1(a) 28 200 nm 510 63 0.10 0.28
3D TS-1(b) 39 600 nm 450 &0 0.13 0.22
2D TS-1 44 nanosheets 576 318 0.12 0.63
TS-1-PITi 19 nanosheets 591 338 0.10 0.55
TS-1-PISi 55 nanosheets 575 180 0.11 0.39

# Titanium content was determined by [CP-OES analysis; crystal size was
determined by SEM.

10

Kubelka-Munk (a.u.)

200 300

2 (nm)

400

Fig. 1. DR-UV/Vis spectra of 3D TS-1(a) (1), 3D TS-1(b) (2), 2D TS-1 (3), T5-1-
PISi {4), and TS-1-PITi (5).

catalysts are summarized in Table 1. Note the differences in 8i/Ti ratio
between 2D TS-1 {Si/Ti = 44), TS-1-PISi (Si/Ti = 55) and TS-1-PITi
{8i/Ti = 19) are caused by dilution of the parent 2D} TS-1 with silica
pillars in TS-1-PISi and formation of additional titanium sites in TS-1-
PITi, respectively [18].

UV/Vis spectra of the studied catalysts are presented in Fig. 1. The
spectra of both 3D TS-1 samples and 2D TS-1 contain only one ab-
sorption band centred at 205 nm, which is characteristic of framework
tetrahedrally coordinated titanium species [24]. The TS-1-PISi contains
an additional band at approx. 260 nm, characteristic of isolated 5-co-
ordinated titanium species [24]. The TS-1-PITi contains the same band
with higher intensity. Presence of 5-coordinated Ti species may have
two reasons. In the TS-1-PITi, majority of the 5-coordinated extra-fra-
mework species is formed in the silica-titania pillaring step, when the
additional Ti source reacts with the surface of the crystalline layers. In
contrast, the origin of 5-coordinated species in TS-1-PISi is not so clear.
It is unlikely that Ti atoms were extracted from framework positions
during pillaring or calcination; however, the observed band may re-
present originally surface framework Ti atoms now in contact with the
amorphous silica pillars.

Remarkable increase in external surface area for 2D forms of the TS-
1 {180-340m>g~ ', Table 1) vs. 3D TS-1(6Gm>g ', Table 1) was ac-
companied with increasing number of silanol defects, as detected by
29gi MAS NMR. The Q® Si species at -102ppm and Q* Si species at
-114 ppm were observed for all titanosilicates under the study (Fig. 2).
Selective enhancement of the resonance band at -102ppm in the
TH-28] cross polarization (CP) MAS NMR experiment (Fig. 2) evidenced
the assignment of respective signal to silicon atoms that are coupled
with the hydrogens of the hydroxyl groups by dipolar interaction, i.e.,
to (58i0)s8i — OH moieties.

Thus, according to their basic characteristics, the prepared
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titanosilicates are qualified as representative 3D- and 2D TS-1 zeolites,
being appropriate for comparative study on the number, strength and
accessibility of Ti-associated acid sites.

3.2. Acidity of TS-1 catalysts

3.2.1. Nature, concentration and strength of acid sites

Pyridine, a versatile base molecule for probing zeolite acidity [26],
was used for qualitative and quantitative study of acid sites in TS-1
catalysts in this work. The FTIR spectra of the activated TS-1 zeolites
displaying the characteristic bands of free silanol groups (3743 cm™ %)
are shown in Fig. 3 (A). Higher intensity of respective band is typical for
all 2D catalysts, which is consistent with the higher external surface
area of layered zeolites (Table 1) and thus increased content of terminal
silanol groups. The adsorption of an excess of pyridine, followed by
evacuating of physically adsorbed probe molecules gave rise to new
absorption bands in 1700-1400 cm ™" region (Fig. 3B). While the vg,
{1577 cm ™ 1), 015, (1490 cm ™ 1) and v, o, {1445 cm ™ a.b. of H-bonded
and LAS-Py convolutes, the vg, ab. are well-distinguishable at
1596 cm ™ ! {vg,-H) and 1608 cm ™ ? (ug,-LAS), respectively [26,47]. On
the other hand, no v,4, absorption band characteristic of Bransted acid
sites (1545cm 1) was detected for materials under investigation,
which is in line with previous reports [48,49] as well as with character
of the materials {containing no T3+ atoms).

Relative intensities of respective vg, bands were found dependent on
the temperature of pyridine adsorption/desorption (the spectra of 3D
TS-1{a) zeolite are shown as representative in Fig. 4A). Intensity of vg,-
LAS band at 1608 cm ™ is almost constant at T = 25-50 °C. At the same
time, 20-25% decrease of either vg,-H or vig,-H + 1AS band intensity
was observed at T =50°C vs. T =25°C (Fig. 4B). Further increase in
adsorption/desorption temperature resulted not only in removal of the
most of H-bonded pyridine (54-96% decreasing wvs.-H at
T = 70-150°C), but also substantially reduced the intensity of vg,-LAS
band (25-73% decreasing vg,-LAS at T = 70-150°C). Difference
spectra obtained by subtraction of the spectrum of activated zeolite
from the ones after adsorption/desorption of pyridine show the region
of OH vibrations (Fig. 4B). Decrease in intensity of absorption band ca
3743 cem” ' with increasing adsorption/desorption temperature is in-
dicative for reducing contribution of H-bonded pyridine.

Thus, low strength of Ti-associated LAS precludes full removal of H-
bonded pyridine while maintaining coordinatively bonded probe mo-
lecules and therefore impedes use of routine FT-IR acidity analysis
protocol widely applied for aluminosilicate zeolites {i.e., (i) saturation
of the sample with pyridine at T = 150-200°C; (ii) evacuating the
sample at the same temperature and {iii) monitoring the intensity of
v1ep 1445 cm ™~ ! band [26]). In contrast, using the intensity of vg,-LAS
was found sufficient for quantification of LAS in TS-1 catalysts after
adsorption of pyridine at 50 °C. Adsorbing pyridine, the first small doses
gave rise only to vg,-LAS, while vg,-H started to increase only after
adding certain amount of the probe molecules. Thus, special attention
was paid to proper choice of the range of pyridine concentrations
{e.g., < 1.2umol/em?, Fig. 5) enabling to neglect contribution of H-
bonded pyridine to the value of molar absorption coefficient egg(Ti-
LAS). Indeed, careful analysis of the difference FTIR spectra collected in
OH vibration region at increasing dosing of adsorbed pyridine revealed
negligible contribution of H-bonded probe molecule when the overall
adsorbed amount did not exceed 1.2 ymol/em? (Fig. 5B). Fig. 5 shows
the results obtained by adsorbing increasing quantities of pyridine in
3D TS-1 at 50°C. In our experiments, the intensity of vg,-LAS at
1608 cm™ ! increases linearly with the amount of pyridine introduced.
Thus, the extinction coefficient for the 1608 cm™! band on 3D TS-1
zeolite was found to be equal to .71 + (.01 cm umol ™.

Once having the e140s{Ti-LAS) value, total concentration of Lewis
acid sites was calculated based on the integral intensity of vg,-LAS
{1608 cm ™) after adsorption and consecutive desorption of an excess
of pyridine at 50 °C. The total concentrations of Lewis acid sites in the
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Fig. 2. Direct pulse 2°Si MAS NMR (dp) and 'H-?°Si CP/MAS NMR (ep) spectra of titanosilicates (A) TS-1(b), (B) 2D TS-1 and (C) TS-1-PITi.
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Fig. 3. FTIR spectra of 3D TS-1(a) (1), 3D TS-1(b) (2), 2D TS-1 (3), TS-1-PISi (4), TS-1-PITi (5) activated zeolites (A); spectra after adsorption/desorption of an excess

of pyridine at 50 °C (B).
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Fig. 4. FTIR spectra of 3D TS-1(a) after adsorption/desorption of pyridine at different temperatures in the region of pyridine vibrations (A). Difference FTIR spectra
after adsorption/desorption of pyridine at different temperatures are compared with the spectrum of activated 3D TS-1(a) zeolite (=) in the region of OH vibrations
(B). Relative change of the intensities of a.b. at 1596 cm™ ! (vg,-H) and 1608 cm ™" (vg,-LAS) vs. temperature of pyridine adsorption/desorption in 3D TS-1 zeolite (C).
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Fig. 5. FTIR spectra of 3D TS-1(a) zeolite in the region of pyridine ring vibrations at increasing dosing of pyridine adsorbed at 50 °C (A). Difference FTIR spectra
collected at increasing dosing of adsorbed pyridine are compared with the spectrum of activated 3D TS-1(a) zeolite (=) in the region of OH vibrations (B).Dependence
of vg,-LAS (1608 cm 1) band area on the concentration of adsorbed pyridine for 3D TS-1 () (C).

Table 2
Concentration of Lewis acid sites in 3D and 2D TS-1 catalysts determined using
FTIR-PY and TPDA.

Sample Chemical composition Concentration of acid sites, mmol/g
Si/TL e(T1) FTIR-Py TPDA
mimol/g
3D TS-1(a} 28 0.57 0.55 0.56
3D TS-1(b) 39 0.41 0.40 0.47
2D T5-1 44 0.37 0.39 nd.
TS-1-FITL 19 0.82 0.61 0.70
TS-1-FI51 55 0.30 0.23 nd.

TS-1 catalysts (Fig.3B) were found to decrease in the following order:
TS-1-PITi (0.61 mmol/g) > 3D TS-1 (a) {0.55 mmol/g) > 3D TS-1 (b)
{0.40 mmol/g) > 2D TS-1 {0.39 mmol/g) > TS-1-PISi {0.23 mmol/g).
This is in agreement with the results of TPDA (Fig. S4) used as an in-
dependent method for verification the results of FTIR-Py for the chosen
TS-1 zeolite samples (Table 2). Indeed, TPDA using smaller ammonia
probe molecule showed slightly higher values for the concentration of
acid sites, but the difference with FTIR-Py results did not exceed 15%.
On the other hand, perfect consistence between the number of acid sites
and chemical composition of 3D TS-1 zeolites containing mostly tet-
rahedral Ti atoms {Table 2) reveals unlimited accessibility of Lewis acid
sites for pyridine molecules under experimental conditions used. In
contrast to pyridine, recent reports state restricted conformational
freedom of alkylated pyridines in the channels of MFI [50-52], which
precludes the use of such bulky probe molecules for quantification of
Lewis acid sites in zeolites with = 10-ring channels. Instead, using of
smaller molecular probes, e.g. ammonia, ds-acetonitrile [26,44] may
give more complete results for small-pore zeolites. The difference be-
tween chemical composition and measured concentration of acid sites
in the pillared samples {TS-1-PITi, TS-1-PISi) is observed most likely
because a share of titanium is trapped inside or covered by the pillars
and thus inaccessible.

The distribution of Ti-associated LAS with respect to their strength
was investigated by a stepwise thermodesorption of adsorbed pyridine
while recording the residual intensity of the remaining characteristic
0ga-LAS (1608 cm ™ 1) band. The part of LAS, which retained adsorbed
pyridine at T = 150-200 °C was evidently higher for TS-1-PITi, while
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Fig. 6. Fraction of LAS for TS-1 zeolites of different structures and morpholo-
gies vs. temperature of pyridine desorption.

all 3D TS-1 {a) and {(b), 2D TS-1 and TS-1-PISi showed similar fraction
of stronger LAS (Fig. 6). This result is most likely connected with the
contribution of Ti{OH){0OSi); groups on the external surface of the ti-
tanosilicate layers created during the post-synthesis treatment. This
result is in line with previous reports on the higher acid strength of
mesostructured Ti-MCM-41 material and amorphous TiO,-Si0, both
bearing tripodal Ti{OH)(OSi); moieties forming more stable Ti-pyr-
idine complexes than the Ti{OSi), sites in TS-1 [22,24].

On the other hand, several FTIR studies reported on the strength of
Brensted acid sites [53,54] and Lewis acid extra-framework Li* cations
[55,56] in 3D and 2D aluminosilicate zeolites. No significant differ-
ences in acidity strength between the 3D and 2D form of the same
zeolite was found [54,56] (e.g. MCM-22 vs. MCM-36 {pillared MWW
layers) — a pair analogous to TS-1 and TS-1-PISi).

3.2.2. Accessibility of acid sites

To determine the amount of acid sites located on the external sur-
face of TS-1 zeolite crystals, ie., acid sites accessible for bulky sub-
strates, we first adsorbed quinoline to poison the external acid sites and
subsequently we introduced ds-acetonitrile {ACN) to determine the
internal acid centres. The strength of ACN bonding to acid sites is re-
flected in the shift of the stretching mode of v{C=N) to higher fre-
quencies if to compare with 2265 cm ™ * characteristic of ACN in liquid
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Fig. 7. FTIR spectra of 2D TS-1 after adsorption of AN (1), quinoline (2), and co-adsorption of quinoline and d3-acetonitrile {3) (A). Fraction of external LAS in TS-1
catalysts determined using FTIR of co-adsorbed quinoline and ds-acetonitrile (B).

phase [57]. In particular, the spectra of ACN adsorbed in TS-1 zeolites
{spectra of 2D TS-1 shown as an example in Fig. 7A) contain a single
band at 2304 em ™" attributed to CN vibration of the probe molecule
interacting with weak Ti-associated Lewis sites as well as 2 other peaks
corresponding to ACN adsorbed on silanol groups (2275cm ™), and
physisorbed ACN (2265cm ™). IR spectra of ACN adsorbed on acti-
vated 2D TS-1 and those collected after QUI pre-adsorption are com-
pared in Fig. 7A. It can be seen that quinoline pre-adsorption obviously
decreased the intensity of the peak l,sq, attributed to the interaction
between ACN and Ti-Lewis acid sites. Thus, the comparison between
the Isag, {ACN) and Lrag, {QUI + ACN) allow to determine the fraction
of Ti-associated LAS located on the external surface of TS-1 crystals.
Noticeably, all layered 2D TS-1, TS-1-PISi and TS-1-PITi zeolites
showed similar fraction of external acid centers {28-389%, Fig.7B),
while the fraction for 3D TS-1 was negligible (2%, Fig. 7B). These results
are in agreement with previously reported higher catalytic activity of
layered forms of TS-1 zeolites vs. 3D TS-1 in reactions involving bulky
molecules [18,19].

4. Conclusions

Methodology for quantification of Lewis acid sites in titanosilicate
zeolites using FT-IR analysis of adsorbed pyridine species was devel-
oped and applied to characterize TS-1 catalysts of different structures
and morphologies (3D TS-1, lamellar 2D TS-1, 2D TS-1 pillared either
with silica TS-1-PISi or silica-titania TS-1-PITi). The Ti-associated Lewis
acid centres are, in contrast to aluminosilicate zeolites, of a low
strength and this was found precluding the use of routine protocol to
quantify LAS (i.e., monitoring the intensity of vig, 1445 cm ™ * band
[26]). Instead, the total concentration of Lewis acid sites in TS-1 cata-
lysts was shown to be accurately determined after adsorption/deso-
rption of an excess of pyridine at 50 °C from the integral intensity of vg,-
LAS (1608 cm™ 1) absorption band. Molar extinction coefficient for the
respective band was determined £1508(Ti-LAS) = 0.71 = 0.0l cm
pmol~".Note this band can be used for quantification thank to absence
of Brensted acid sites in the titanosilicate zeolites.

Thermodesorption of pyridine monitored with FT-IR evidenced si-
milar strength distribution of Lewis acid sites in all samples containing
titanium introduced by direct hydrothermal synthesis (i.e. 3D TS-1, 2D
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TS-1 and TS-1-PISi). In contrast, the TS-1-PITi, containing share of ti-
tanium introduced by post-synthesis treatment (and previously shown
to be the most active catalyst in cycloalkene-to-epoxide transformation
[18,19]), possessed increased concentration of strong Lewis acid cen-
tres.

FTIR spectroscopy of samples with pre-adsorbed quinoline and ds-
acetonitrile probe molecule confirmed the enhanced relative con-
centration of external Lewis acid sites in the layered TS-1 materials
{28-38%) vs. 3D TS-1 {29%). The results presented in this paper provide
fundamental knowledge on the features of acid sites in the recently
designed layered and pillared TS-1 zeolites, which will contribute to the
development of heterogeneous selective oxidation catalysts.
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