Journal Pre-proof

Tha il doumal of th Itrnationa Zeita Assocaion

MICROPOROUS AND
MESOPOROUS MATERIALS

Local environment and catalytic property of External Lewis acid sites in hierarchical
lamellar titanium Silicalite-1 zeolites

Wei Wu, Dat T. Tran, Sichao Cheng, Yuan Zhang, Na Li, Huiyong Chen, Ya-Huei
(Cathy) Chin, Libo Yao, Dongxia Liu

PII: S1387-1811(20)30710-1
DOI: https://doi.org/10.1016/j.micromeso0.2020.110710
Reference: MICMAT 110710

To appearin:  Microporous and Mesoporous Materials

Received Date: 23 August 2020
Revised Date: 15 October 2020
Accepted Date: 16 October 2020

Please cite this article as: W. Wu, D.T. Tran, S. Cheng, Y. Zhang, N. Li, H. Chen, Y.-H.(C.) Chin, L.

Yao, D. Liu, Local environment and catalytic property of External Lewis acid sites in hierarchical lamellar
titanium Silicalite-1 zeolites, Microporous and Mesoporous Materials (2020), doi: https://doi.org/10.1016/
j-micromes0.2020.110710.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier Inc.


https://doi.org/10.1016/j.micromeso.2020.110710
https://doi.org/10.1016/j.micromeso.2020.110710
https://doi.org/10.1016/j.micromeso.2020.110710

Author contributions:

Wei Wu did the catalyst synthesis, majority of catalyst characterizations, and catalysis
testing. Dat T. Tran collected data on the DR UV-vis characterization of TS-1 zeolites. Sichao
Cheng and Yuan Zhang measured acidity of the catalyst materials. Na Li and Huiyong Chen
carried out the elemental composition analysis of zeolites. Ya-Huei (Cathy) Chin and Libo Yao
measured FTIR spectra of the catalyst samples. Dongxia Liu supervised the project. Wei Wu,
Ya-Huei (Cathy) Chin and Dongxia Liu did data discussion and contributed to the manuscript

writing.



epo

CgHyy + H,Op—
o

—C:H,,0 + H,O (epoxidation)

‘? S
-ﬁﬁﬁéig %
2r g% H@ EEardal
(C-TS-1)  (M-TS-1) (Si-TS-1)

Activity of external Ti-site
(Kepo ([L mol™'] [mol Tiext]'1 Sl)

0 2 ] 2 1 2 1 2
0 20 40 60 80

External Ti-site in TS-1 zeolites (%)



Local Environment and Catalytic Property of External Lewis Acid Sites

in Hierarchical Lamellar Titanium Silicalite-1 Zeolites

Wei Wu', Dat T. Tran®, Sichao Chengf, Yuan ZhangT, Na Li}, Huiyong Chen®, Ya-Huei
(Cathy) Chin', Libo Yao  and Dongxia Liu"

"Department of Chemical and Biomolecular Engineering, University of Maryland,
College Park, MD 20742, USA

fcepe Army Research Laboratory, FCDD-RLS-DE, 2800 Powder Mill Road, Adelphi,
MD 20783, USA

3School of Chemical Engineering, Northwest University, Xi’an, Shaanxi, 710069, China

'Department of Chemical Engineering and Applied Chemistry, University of Toronto,
200 College Street, Toronto, ON, M5S 3ES, Canada

* Department of Chemical and Biomolecular Engineering, University of Akron, Akron,
OH, 44325, USA

*Corresponding author:
Prof. Dongxia Liu

Email: liud@umd.edu
Phone: (+1) 301-405-3522
Fax: (+1) 301-405-0523



Abstract: Hierarchical two-dimensional (2D) lamellar zeolites represent a young
emerging field and a novel expression of the zeolite frameworks. Accompanied with
synthesis and catalytic performance investigation, assessment on the local environment
and catalytic behavior of acid sites in 2D zeolites are needed. Here, we described the
local environment of Lewis acid sites and evaluated catalytic activities of external acid
sites (i.e. sites on external surface and in mesopores) in 2D lamellar titanium silicalite-1
(TS-1) zeolites. For comparison purpose, four TS-1 zeolites, including 3D TS-1,
multilamellar 2D TS-1 without pillarization and with pillarization by silica and
silica/titania, respectively, were prepared. The local environment of Ti-sites, including
coordination status of Ti-atom, speciation of hydroxyl (-OH) group that hints degree of
confinement, acid site strength and accessibility, was collectively assessed by
spectroscopic and organic base titration measurements. Kinetic studies of cyclooctene
(CgHj4) epoxidation with hydrogen peroxide (H»O;) discerned catalytic activity of
external Ti-sites that decreased with increasing mesoporosity due to decrease in site

confinement.

Keywords: 2-dimensional zeolite, titanium silicalite-1, hierarchical zeolite, Lewis

acidity, cyclooctene epoxidation.



1. Introduction

Since the first disclosure of titanium silicalite-1 (TS-1) zeolite from Enichem in
1983,[1] tremendous efforts have been devoted to study its Lewis acidity from titantum
(T1) centers and catalytic performance in oxidation reactions. Lewis acid catalyzed
phenol hydroxylation,[2-4] cyclohexanone ammoximation[5-8] and propylene
epoxidation[9-11] have been practiced at the industrial scale. The TS-1 catalyst is also
studied for benzene hydroxylation,[12, 13] linear/cyclic olefins epoxidation,[14-19]
terpenes epoxidation[17, 20] and allyl alcohol/chloride epoxidation[21-23] reactions. TS-
1 zeolites, however, exhibit poor catalytic performance for the conversion of bulky
reactants, when the kinetic diameters of these reactants are larger than the zeolite
micropores (10-membered ring (10MR), 0.51x0.55 nm along a-axis and 0.53x0.56 nm
along b-axis) and, as a result, their transport to the Ti-active centers during catalysis are
severely restricted. In order to overcome this constraint, attempts to alter the transport
properties through synthetic strategies such as synthesizing Ti-containing zeolites with
extra-large (i.e. 12MR and 14MR) micropore apertures[24-27] or hierarchical TS-1

zeolite architectures[18-20] have been explored.

Hierarchical zeolites, consisting of dual meso-/micropores, have shown
remarkable catalytic performance for reactions involving bulky molecules in the past
decades.[28] Among the hierarchical zeolites, two-dimensional (2D) zeolite nanosheet
and its assembly structures are unique. The assembly increases the external surface area
by introducing interlayer mesopores. Such structures markedly increase the accessibility

of reactant to the active sites and at the same time retain the microporosity within zeolitic
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layers, often required for catalysis. The synthesis of TS-1 nanosheet structures, including
unilamellar[18], multilamellar[19, 20, 29] and pillared[20, 29] architectures, have been
reported recently. In these TS-1 nanosheet materials, the Ti-centers are positioned
tetrahedrally in zeolite framework (similar to that of 3D microporous TS-1 zeolite),
which are realized by isomorphic substitution of silicon element during hydrothermal
crystallization.[30] The high external surface area of TS-1 zeolite nanosheet architectures
enables the post-synthetic method to introduce Ti-active sites. For example, the
unilamellar TS-1 nanosheet was grafted with Ti-active centres from the titanium(IV)
butoxide precursor on its external surface[17]. Similarly, the delaminated siliceous
MWW-type zeolites, ITQ-2[31, 32] and UCB-4[33], were grafted with Ti-sites from the
titanocene and calix[4]arene-Ti"" precursors. These post-synthetic methods created Ti-
sites with increased accessibility to bulky molecules. The pillarization treatment of
multilamellar TS-1 nanosheets can also introduce additional Ti-active sites besides those
inherently present in the framework. For instance, the intercalation of pillaring precursors
by dispersing 2D zeolite in an alkoxide liquid (a mixture of tetrabutoxytitanium (TBOT)
and tetraethyl orthosilicate (TEOS)) and hydrolyzing entrapped alkoxide formed the
silica/titania (S10,/T10,) pillars in pillared MWW or TS-1 zeolite. These pillared zeolites
showed improvement in converting bulky reactants in epoxidation reactions, when

comparing to their non-pillared counterparts.[20, 29, 34, 35]

Besides the above studies on the synthesis and catalytic activity of 2D TS-1
zeolites, quantitative assessment on the local environment and catalytic behavior of
Lewis acidic Ti-centers is also needed. Comparing to those established for Brensted

acidity[36-39] in 2D zeolites, quantification of Lewis acidity, local Lewis acid site



environment and reactivity in catalytic reactions are limited. A recent work by Shamzhy
etc. quantified the Lewis acidity, acid strength and accessibility of 2D TS-1 zeolites using
the Fourier-transform infrared (FTIR) studies of adsorbed organic bases[40]. Here, we
made an effort to characterize the acid site local environment including coordination
status of Ti-atom, speciation of hydroxyl (-OH) group that hints for the degree of acid site
confinement, site strength and accessibility to bulky molecules of Lewis acidic Ti-sites,
in hierarchical 2D TS-1 zeolites that include multilamellar TS-1 (M-TS-1), SiO,-pillared
TS-1 (Si-TS-1) and Si10,/TiO;-pillared TS-1 (S/Ti-TS-1). The combination of
spectroscopic measurement, organic base titration and in-situ poisoning of catalytic
epoxidation of cyclooctene (CgHj4) with hydrogen peroxide (H,O;) was used for this

purpose.

In addition, the catalytic activity of external acid sites in these 2D TS-1 zeolites
were investigated by running CgH;s-H,O, reactions in the absence of poisoning
molecules. The kinetics of CgH;4 conversion can probe exclusively the catalytic activity
of Ti-centers on external surface and in mesopores (i.e. external Ti-sites, herein denoted
as Ti.) because CgH,4 is too bulky (kinetic diameter of 0.77 nm)[29, 41] to access to
those enclosed within the 10 MR micropores. In contrast, H,O; consumption occurs via
the catalytic epoxidation with CgHjs and undesired, non-productive catalytic
decomposition by Ti-sites and non-productive thermal decomposition, the latter occurs
even without a catalyst. Kinetic decoupling of these three concomitant H,O, conversion
pathways is conducted to enable the assessment on the catalytic behavior of Ti.x-sites.
The present study will guide in-depth understanding of Lewis acidity in 2D zeolite

materials.



2. Experimental
2.1. Materials

Tetrabutoxytitanium (TBOT, 99% purity), sodium hydroxide (NaOH, 97.0%
purity), 1-butanol (BuOH, 99% purity), tetra-n-propylammonium hydroxide (TPAOH,
40wt% solution) and methylphosphonic acid (MPA, 98% purity), sulfuric acid (H>SOy,
95% purity), pyridine (ultrapure, 99.5% purity) and potassium titanium (IV) oxalate (K,
C400Ti1 -2H,0, 98% purity) were supplied by Alfa Aesar. Tetraethyl orthosilicate (TEOS,
98% purity) and hexanediamine (CgH;¢N,, 98% purity) were purchased from Sigma-
Aldrich. Cyclooctene (95% purity) was purchased from TCI. Hydrogen peroxide (H,0,,
30 wt% solution) was purchased from EMD Millipore Corporation. Ethanol (200 proof)
was purchased from Pharmco. Deionized (DI) water was used throughout the
experiments. Diquaternary ammonium surfactant ([ngH45-N+(CH3)g-Csng—W(Cth—
CesHi3]Br;, (Cx66)) was synthesized following previously reported method,[28] and the
synthesis procedure has also been described in detail in our previous publications.[29, 38,

42]
2.2. Synthesis of TS-1 zeolites

The multilamellar TS-1 was used as the precursor of hierarchical lamellar TS-1
zeolites (designated as M-TS-1(P)). It was synthesized using the method reported in our
previous work.[29] In the synthesis, 2.02 g of hexanediamine was dissolved in 20 cm® of
DI water, followed by adding 6.16 g TEOS. The resultant mixture was magnetically

stirred at room temperature until a homogeneous solution was formed. Then, the mixture



was cooled in an iced bath, and a freshly prepared solution of 0.10 g TBOT in 0.64 g 1-
butanol (BuOH) was added dropwise under vigorous stirring. The mixture was then
heated to 333 K and added with Cy ¢ solution that was prepared by dissolving 1.48 g
Cxne6in 10.8 g water. The resultant zeolite synthesis gel was aged at 333 K for 3 h under
stirring. The molar composition of the zeolite synthetic gel mixture was 100S10,/7C.6.
¢/ 1T10,/6000H,0/30BuOH/60CsH;sN,. Lastly, the synthetic gel was transferred into a
Teflon-lined autoclave and crystallization of zeolite was conducted at 413 K for 10 days
under tumbling condition (30 rpm speed). After crystallization, the zeolite sample was
centrifuged, washed with DI water, and dried at 343 K overnight. One portion of M-TS-
1(P) was calcined at 823 K for 4 h under air atmosphere to produce M-TS-1 zeolite. The
other portion of M-TS-1(P) was processed with following methods to form pillared TS-1

zeolites.

The silica pillared TS-1 nanosheet (defined as Si-TS-1) was prepared by
dispersing the M-TS-1(P) precursor in a TEOS solvent at a M-TS-1(P)-to-TEOS solvent
weight ratio of 5. The resultant suspension was sealed in a flask equipped with a septum
under the N, atmosphere and kept at 351 K in an oil bath for 24 h. The zeolite sample
was collected by filtration and dried under ambient condition. Hydrolysis of the as-
obtained zeolite sample was carried out by dispersing in an aqueous basic NaOH solution
with pH of 8 at a NaOH solution to solid zeolite weight ratio of 10. After stirring the
mixture at 333 K for 24h, the sample was collected by centrifugation, washed with DI
water twice, and then dried under ambient condition. Finally, the sample was calcined at
723 K for 6 h under N, atmosphere and 823 K for 12 h under air atmosphere. The

S10,/T10, pillared TS-1 (abbreviated as S1/Ti-TS-1) zeolite was prepared using the same



method as that of Si-TS-1, except that the TEOS solvent was replaced by TEOS/TBOT

mixture. The molar ratio of TEOS/TBOT was controlled at 100.

The conventional microporous TS-1 (named as C-TS-1) zeolite was used as a
control sample and synthesized following previously established protocol, as described in
detail elsewhere.[29] The molar composition of the C-TS-1 zeolite precursor was
100S10,/15TPAOH/1Ti0,/1500H,0. Typically, 10.00 g TEOS was mixed with 3.59 g
TPAOH (40wt% purity) and 10.54 g DI water. After stirring for 1 h, 0.16 g TBOT in 0.74
g isopropanol solution was added dropwise into the solution. The mixture was heated to
353 K under stirring to remove isopropanol. The obtained zeolite synthesis gel was
transferred into a Teflon-lined autoclave and placed in a convective oven at 443 K for 72
h under static condition. After crystallization, the zeolite sample was centrifuged, washed
with DI water, and dried at 343 K overnight. Finally, the zeolite was calcined using the

same procedure as M-TS-1 zeolite.

All the TS-1 samples, including C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-TS-1, were
ion-exchanged three times using 1 M aqueous NH4NOj; (weight ratio of zeolite to
NH4NO; solution = 1:10) at 353 K for 4 h, and subsequently, centrifuged, washed with DI
water, and dried at 343 K overnight. All samples were then treated in dry air (1.67 cm’
s_l)by mcreasing the temperature from ambient to 823 K at 0.167 K s ' and holding for
4h, prior to the characterization and catalytic tests. Figure 1 shows the schematic
structures of hierarchical 2D lamellar M-TS-1, Si-TS-1 and Si/Ti-TS-1 zeolites, together

with 3D TS-1 for comparison.

2.3. Materials characterization



Powder X-Ray diffraction (XRD) patterns were recorded using a Bruker D8
Advance Lynx Powder Diffractometer (LynxEye PSD detector, sealed tube, Cu Ka
radiation with Ni B-filter). Scanning electron microscopy (SEM) images were taken on a
Hitachi SU-70 electron microscope to visualize the zeolite morphologies. Transmission
electron microscopy (TEM) images were obtained on a JEM 2100 LaB6 electron
microscope. N; adsorption-desorption isotherms of the samples were measured using an
Autosorb-1Q analyzer (Quantachrome Instruments) at 77 K. The samples were outgassed
at 573 K for 8 h at 1 mm Hg pressure prior to measurements. Si and Ti contents of the
zeolite samples were determined by inductively coupled plasma optical emission
spectroscopy (ICP-OES, Perkin Elmer Optima 7000). Diffuse reflectance (DR)
Ultraviolet-Visible (UV-Vis) spectra were obtained using an Ocean Optics USB2000+
spectrometer equipped with an IS200-4 integrating sphere detector, and the white high
reflectance sphere material (manufactured from Polytetrafluoroethylene (PTFE) based
bulk material) was used as the reference. Fourier transform infrared (FTIR) spectra of
zeolite samples were recorded using a spectrometer (Nicolet Magna-IR 560) with a

resolution of 2 cm™.

2.4. Acidity determination in TS-1 zeolites

The types of acidity in hierarchical lamellar TS-1 and C-TS-1 zeolite samples
were identified by Fourier transform infrared (FTIR, Bruker Vertex 70) of adsorbed
pyridine. The measurement was carried out on self-supported zeolite wafers (10 mg cm'z)
of original samples previously activated at 673 K and 102 Pa for 2 h. After wafer
activation, the background spectrum was recorded, and then pyridine (650 Pa) was

introduced into the vacuum IR cell and adsorbed onto the zeolite at 423 K. Desorption of



physisorbed pyridine was performed by heating under vacuum for over 1 h period,

followed by an IR measurement at room temperature.

To quantify the acid site concentrations in TS-1 zeolites, chemical titration using
pyridine titrant was carried out in a tubular packed-bed quartz reactor (10 mm inner
diameter) under atmospheric pressure. A resistively heated furnace (National Electric
Furnace FA120 type) was used to heat the reactor to desired temperatures. In the
experiment, the catalyst sample (0.100 g) was supported on a coarse quartz disk inside
the reactor and was treated in N, (0.5 cm® s™', ultrapure, Airgas) at 773 K (ramp rate of
0.0167 K s™) for 3 h prior to cooling to the titration temperature. Titration studies were
carried out at two temperatures, 423 and 373 K. Liquid pyridine (0.5 g) and ethanol (15.0
g) were mixed and then introduced continuously into a heated vaporizer, kept above 383
K, using a syringe pump (Cole Parmer 74900 series). In the vaporizer, the mixture was
evaporated and mixed with the Ar flow stream to generate a vapor pyridine/ethanol/Ar
feed stream (4.97 x 10° mol s™ pyridine, 2.37 x 10° mol s™ ethanol and 0.8 cm’ s™ Ar
(99.99% purity, Airgas)), which was introduced continuously into the catalyst. All gas
transfer lines were heated above 383 K to prevent condensation of pyridine/ethanol.
Pyridine adsorption was recorded by measuring the effluent using a gas chromatograph
(Agilent 6890 GC) equipped with DB-WAX column connected to a flame ionization
detector. After adsorption saturation, the injection of pyridine/ethanol mixture was
stopped, and the physisorbed pyridine was continuously removed by purging with Ar (0.8
cm’ s') for 3 h. The concentrations of acid sites were calculated from the pyridine
adsorption and desorption curves, assuming that each Ti center binds to a pyridine

molecule (pyridine/T1 ratio = 1)[38, 43].
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2.5. Catalytic cyclooctene epoxidation reaction
2.5.1 Cyclooctene epoxidation in the absence of organic titrant

The liquid phase cyclooctene epoxidation with H,O, was carried out in an
isothermal batch reactor made of thick-walled glass sealed with crimp tops (20 cm’,
PTFE/silicone septum). The reactor was placed inside the hole of a copper cylinder shape
mcense holder that was heated on a stirring hot plate. The reaction was run at autogenous
pressure under constant magnetic stirring (0.5-inch stirring bar, 500 rpm stirring speed).
During the experiment, the glass reactor was charged with 0.050 g catalyst, 0.526 g
cyclooctene, 6.288 g acetonitrile and 0.255 g H,O, (30 wt% aqueous solution) in
sequence. After sealing the reactor, it was placed into the copper cylinder shape mcense
holder that was pre-heated at 333 K and kept for the desired reaction time. Afterwards, the
reaction was terminated by quenching the reactor in an ice bath. The influence of external
mass transfer limitations on the reaction was ruled out by running the reaction at a high
stirring speed, showing a further increase in the stirring speed did not enhance the

reaction rate anymore.

Three concomitant reaction pathways occur during CgHjs-H»O, reactions to
consume H,O, reactant, as depicted in Figure 2. This includes (i) CgH;4 epoxidation
(Pathway 1), which is catalyzed exclusively by external Ti.y sites, because CgH;4 cannot
gain access to the Ti sites inside the micropores, (ii) catalytic H,O, decomposition
(Pathway 2), occurred at all Ti sites (i.e. Tim), because unlike CgHjs, HoO, has a small
kinetic diameter of 0.28 nm[44, 45] and thus can travel into micropores to access both
external and internal active Ti-sites, and (ii1)) non-catalytic thermal decomposition

(Pathway 3), which occurs homogeneously, even without the presence of a catalyst. To
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study the pathways for H,O, decomposition, two control experiments were conducted in
the similar reaction conditions to that of CgH;s epoxidation. In the first control
experiment, the reaction was carried out as described above without any catalyst. This
test 1s used to examine the non-catalytic thermal decomposition of H>O, in the reaction.
In the second control experiment, the CgH;4 reactant was not used, but other conditions
remained the same. The rates obtained from these control experiments, together with that
of H,O, consumption in epoxidation of CgHjs, allow us to decouple all H,O, reaction

pathways and discern their individual rates.

The conversion of cyclooctene reactant was traced by analyzing the cyclooctene
concentration with a gas chromatograph (Agilent 7890A) equipped with a methylsiloxane
capillary column (HP-1, 50.0 m x 320 pum x 0.52 um) connected to a flame ionization
detector (FID). The conversion of H;O, in the reaction was tracked via a
spectrophotometric method[46] on a HP 8453 UV-visible spectrophotometer. The UV-
absorption centered at 398 nm in the spectra can be ascribed to the titanium (IV) -
peroxide complex formed from the reaction between H>O; and potassium titanium (IV)
oxalate stock solution. The stock solution was prepared by adding 27.2 cm’ sulfuric acid
(95% purity, Alfa Aesar) and 3.54 g potassium titanium (IV) oxalate (98% purity, Alfa
Aesar) into 30 cm® DI water. Afterwards, additional DI water was added such that the
total volume of the stock solution equaled 100 cm’. For the analysis of each sample,
0.040 g reaction mixture was mixed with 20 cm’ DI water and 0.500 g potassium
titanium (IV) oxalate stock solution to form the titanium (IV) - peroxide complex and the
complex solution was analyzed using the UV-visible spectrophotometer to obtain the

H,0, concentration.
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2.5.2 Cyclooctene epoxidation in the presence of methylphosphonic acid organic titrant

To probe the accessibility of active sites in hierarchical lamellar TS-1 samples,
the acid site titration by methylphosphonic acid (MPA) molecules in the cyclooctene
epoxidation reaction was conducted. The experimental set-up and reaction conditions
were the same as those described in Section 2.5.1 except that, in this series of
experiments, MPA was added. In an experiment, the zeolite catalyst, desired amount of
MPA, DI water and cyclooctene were first added into the reactor in sequence, and then
the resultant mixture was stirred at room temperature for 3 h before H,O, addition. The 3
h mixing prior to H,O, addition ensured MPA molecules to be adsorbed onto all
accessible active sites of TS-1 zeolites. The reaction mixture was sampled at the reaction
time of 2 h to obtain the rate in presence of MPA molecules in CgH;4- HyO; reaction. The
rate was then divided by the rate that was measured in the absence of any MPA
molecules to calculate for a normalized rate. A series of experiments with different MPA
concentrations, which correspond to different MPA/T1 ratios, were conducted on each
TS-1 zeolite. The extrapolation of the normalized rate to zero in the plot of normalized
rate versus MPA/T1 ratio is the accessibility of Ti-sites to bulky MPA molecules in the

CgHi4- HyO, reaction.

3. Results and discussion

3.1. Structural and textural properties

Figure 3 presents the XRD patterns of the conventional 3D C-TS-1 and 2D

hierarchical M-TS-1, Si/Ti-TS-1 and Si-TS-1 zeolites. The wide-angle XRD peaks of
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these materials are nearly the same with the characteristics of a crystalline MFI zeolite
structure.[18, 28] In the low-angle range, the diffraction peaks show the long-range
ordering of 2D nanosheets in the pillared TS-1 samples (i.e. Si/Ti-TS-1 and Si-TS-1),
consistent with the structure schemes shown in Figure 1. Comparing the peak intensity of
S/Ti-TS-1 to that of the Si-TS-1sample, Si/Ti-TS-1 exhibited a lower peak intensity,
suggesting partial loss of the long-range ordering in TS-1 nanosheets upon pillarization
with the TBOT/TEOS mixture. The C-TS-1 and M-TS-1 do not have any nanosheet

ordering structure, as indicated by the absence of low-angle XRD peaks.

The morphology of all the TS-1 zeolites was examined by SEM and TEM, and
the representative micrographs are shown in Figure 4. The 3D C-TS-1 has short cylinder-
like particles with an average width of ~250 nm, a thickness of ~200nm and well-
crystallized smooth surfaces (Figure 4a). The lattice fringe can be clearly seen in the
TEM image (Figure 4e). The M-TS-1 (Figure 4b and 4f) sample has a plate-like
morphology. Each plate contains a few TS-1 nanosheet layers, and interlayer distance is
close to 1.2 nm. Both Si-TS-1 (Figure 4c and 4g) and Sv/Ti-TS-1 (Figure 4d and 4h)
samples have similar plate-like morphology to M-TS-1, but the interlayer distance is
much larger (~3.0 nm), due to the incorporation of SiO, and S10,/Ti10; pillars between
adjacent zeolitic layers. The 2D zeolitic layers in Si-TS-1 has more ordered structure than

that of S1/Ti-TS-1 sample.

The N, isotherms and pore size distributions were measured on these TS-1
samples to understand their surface area and porosity properties. As shown in Figure 5a,
at the relatively low pressures (for example, P/Py < 0.02), all TS-1 samples exhibit similar

N, uptakes and thus similar microporosities. At a higher relative pressure range (0.02 <
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P/Pp < 0.9), the volume of N, adsorbed and the related mesoporosity increased
significantly in the order of C-TS-1 < M-TS-1 < Si/Ti-TS-1 < Si-TS-1. The non-local
density functional theory (NLDFT) pore size distributions (Figure 5b) further underscore
the changes in the textural properties of the TS-1 zeolites. The plots of pore size
distributions were determined from the adsorption branches of N, isotherms using
cylindrical-type pore and zeolite adsorbent model. Broad peaks in the range of 2-5 nm
with different intensities detected in these zeolite samples reflect the existence of
different mesoporosities. The M-TS-1 has a broad and less intense peak, analogous to
that of C-TS-1, suggesting the collapse of multilayer structure after calcination. The peak
corresponding to mesopores was presented in both pillared TS-1 samples. When
comparing the peak of Si-TS-1 to that of Si/Ti-TS-1, the former is much narrower and
sharper, suggesting the formation of more uniform mesopores, when pillaring solvent
does not contain TBOT. Table 1 summarizes the textural properties of all the C-TS-1, M-
TS-1, Si-TS-1 and Si/Ti-TS-1 samples that were determined from the N; isotherms. It can
be seen from Table 1 that the external surface area (S.y), mesopore volume (Vyeso), total
pore volume (V) and BET surface area (Sger) were dramatically increased after pillaring
treatment of M-TS-1(P) zeolite. Commensurately, the micropore surface area (Smicro)
decreases after the pillarization of 2D TS-1 nanosheets into hierarchical meso-
/microporous structures. The micropore volume (Vyicro) kept nearly constant among the

M-TS-1, Si-TS-1 and Si/Ti-TS-1 samples.

3.2. Composition and coordination status of Ti-atoms
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Table 2 summarizes the Si and Ti contents in C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-
TS-1 zeolites. The Si/T1 ratios measured from the elemental analysis are similar to those
shown in the synthesis recipes of C-TS-1 and M-TS-1 zeolites. The pillarization
treatment with TEOS led to an increase in the Si/T1 ratio in the Si-TS-1 zeolite, while the
usage of TEOS/TBOT mixture solvent decreased the Si/Ti ratio in Si/Ti-TS-1 zeolite,
when compared to the reference M-TS-1 zeolite. From the Si/Ti ratio difference between
M-TS-1 and Si-TS-1 zeolites, the amount of SiO, pillar introduced in Si-TS-1 was
determined (shown in Table 2, calculation details referring to Section S1 in Supporting
Information) to be 29 wt%. Similarly, the Si0; and TiO; contents in the pillars of Si/Ti-
TS-1 were evaluated (Section S1 in Supporting Information). The Si/Ti ratio in pillars of
S1/Ti-TS-1 is calculated to be 48, which is much lower than the starting Si1/Ti ratio (i.e.,
100) in the TEOS/TBOT mixture solvent. This indicates that TBOT, the Ti precursor, has
a higher tendency than TEOS, the Si precursor, to be incorporated into the M-TS-1(P)
zeolite, consistent with our previous report on SiO,/TiO, pillared ZSM-5 lamellar
zeolite[47]. Apparently, the interlayer pillars in Si/Ti-TS-1 contain higher concentration

of Ti-sites than that of the zeolitic layers.

Figure 6 shows the DR UV-Vis spectra of these four TS-1 samples which were
used to identify the coordination environment of Ti-sites. The C-TS-1 and M-TS-1 have
comparable absorption peak features: one major peak centered at ~206 nm and a shoulder
peak stayed around 229 nm. The sharp and narrow band at ~206 nm corresponds to Ti-
species with tetrahedral coordination structure (Ti(OS1)s) in the zeolite framework, while
the shoulder peak is caused by the existence of tetrahedral, tripodal Ti species

(Ti(OH)(0S1)3).[30, 35, 48] The slightly higher intensity in the shoulder peak of M-TS-1
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than that of C-TS-1 reflects that the former contains a slightly higher fraction of
tetrahedral, tripodal Ti-atoms. The shrinkage of the TS-1 zeolite from 3D crystalline
structure to 2D nanosheet (~ 3 nm thickness in b-axis direction) creates more defects in
M-TS-1, and consequently forms slightly more extra-framework Ti species. The
pillarization of M-TS-1(P) to form Si-TS-1 increases the SiO, contents, because SiO;
pillars account for ~29 wt % of the sample weight, and decreases the Ti-site
concentration commensurately, as confirmed from the decrease in the peak intensities at
~206 and ~229 nm after the SiO; pillaring treatment. It should be noted that the
pillarization by TEOS created a small amount of non-tetrahedrally coordinated Ti-atoms,
reflected by the slight increase in the peak intensity in the region of 280 — 330 nm in its
DR UV-vis spectrum (higher than that of C-TS-1 i this region). The pillarization of M-
TS-1(P) with Si10,/T10, apparently forms more types of coordination states of Ti-sites in
the pillars between two adjacent zeolitic layers. Besides the peaks at ~206 and ~229 nm,
two more peaks located at ~272 and ~328 nm appeared. These new peaks correspond to
octahedral coordination state (Ti(OH)(H,0),(0OS1),)) and anatase-like T10,.[17, 19, 20,
49-51] The overall spectrum of Si/Ti-TS-1 zeolite has a higher intensity than other
samples due to increased Ti-site concentration (Table 2). This SiO,/TiO, pillarization
process led to a higher Ti-site concentration and diverse types of Ti-coordination

structures.

A Gaussian curve fitting program (Peakfit software) was used to deconvolute
these DR UV-vis peaks. Figure S1 in Supporting Information shows the deconvoluted
peaks and the fitted peaks for all these four TS-1 zeolites. Four peaks centered at 206,

229, 272 and 328 nm, corresponding to the tetrahedral tetrapodal Ti(OSi)4, tetrahedral
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tripodal Ti(OH)(OS1)s, octahedrally coordinated Ti(OH);(H,0),(OS1),; and anatase-like
Ti0; structures[48, 52-54], respectively, were obtained. The peak area at each location
was integrated and normalized to that of the entire spectrum. Table 3 summarizes the
peak area percentage in each TS-1 zeolite, reflecting the relative quantity of each
coordination environment of Ti-sites. Clearly, from C-TS-1 to M-TS-1 and Si-TS-1, the
percentage of tetrahedrally coordinated tetrapodal Ti-atoms decreases slightly. The Si/Ti-
TS-1 has ultra-high percentage of extra-framework octahedrally coordinated Ti-atoms
and anatase-like TiO, than the 3D (C-TS-1) and other 2D (M-TS-1 and 2D Si-TS-1)

zeolites.
3.3. Confinement environment of silanol and titanol groups

The local environment and extent of confinement of silanol (Si-OH) and titanol
(Ti-OH) groups in 3D C-TS-1 and hierarchical 2D M-TS-1, Si-TS-1 and Sv/Ti-TS-1
zeolites are analyzed by the hydroxyl vibration (v(OH)) in the 3000-4000 cm™ region of
their DRIFT spectra, as shown in Figure 7. Three bands centered at 3740, 3675 and 3520
cm’, respectively, were observed. The band at 3740 cm™ corresponds to the stretching
vibration of v(OH) in isolated Si-OH and Ti-OH groups, located at the external surface
and within the zeolite micropores[51, 55-57], where they are not confined by either the
shallow cavities on external surface or micropores. Next, the peak at 3675 em” is
assigned to the H-bonded Si-OH and Ti-OH groups that are partially confined in
micropores and shallow cavities on external surfaces.[55-58] The broad band centered at
3520 cm™ is associated with Si-OH and Ti-OH groups with strong and mutual H-

bonding that exist in micropores or on external surface.[55, 58, 59] It is clearly seen that

C-TS-1 has the highest concentrations of confined Si-OH and Ti-OH groups among all
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samples. M-TS-1 has partially collapsed 2D zeolitic layers (Figure 1) and therefore
higher concentrations of free isolated Si-OH and Ti-OH groups than C-TS-1. After
pillarization treatment, Si-TS-1 and Si/Ti-TS-1 zeolites acquire the highest concentrations
of the free, 1solated Si-OH and Ti-OH groups than M-TS-1 and C-TS-1 zeolites, because
pillarization treatments create more mesopore walls and thus generate more external

surfaces on the 2D nanosheets that are terminated by these Si-OH and Ti-OH groups[60].

For each TS-1 zeolite, the peaks corresponding to Si-OH and Ti-OH groups in
different confinement extents was normalized to the Si-O-Si overtone band at 2000 cm™
and then deconvoluted (Figure S2) to obtain their areas by integration. The peak areas
were then divided by the total peak area in the 3000-4000 cm™ region to obtain their
respective percentage, assuming that these species exhibit identical extinction coefficients.
Table 4 summarizes the fraction of each type of Si-OH and Ti-OH species in their
confined and unconfined environments within the zeolite samples. Overall, all four TS-1
zeolites have a mixture of unconfined and confined Ti-OH and Si-OH species, but the

fraction of unconfined -OH species decreases according to the following order of Si/Ti-

TS-1 ~ Si-TS-1 > M-TS-1 > C-TS-1.
3.4. Quantification for the concentration and strength of Lewis acidic Ti-sites

FTIR spectra of adsorbed pyridine were firstly collected to identify the nature of
acid sites in each TS-1 zeolite, following previously established methods [61, 62]. Figure
8 shows spectra of adsorbed pyridine of C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-TS-1
samples. The absence of an absorption band centered at 1550 cm™, which is ascribed to
protonated pyridinium ions[37, 58, 63, 64], confirms that these samples do not contain

any Bronsted acid site. Instead, the absorption feature at 1446 cm™ confirms the presence
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of Lewis sites [65-67]. We did not infer, from the peak intensity in Figure 8, on the actual
or relative Lewis acid site concentration, because of the difficulty in determining the

accurate extinction coefficient for each sample.

Instead, the concentration of Lewis acidic Ti-sites was quantified with pyridine
chemical titration at 373 K. The validity of this method was carrying out the titration on
the proton-form ZSM-5 (Zeolyst, CBV 8014) and commercial Aeroxide®P25 titania
(T10,) samples (details refer to Section S4 of the Supporting Information). Figure 9a
shows the Lewis acid site concentration in each TS-1 sample measured by the pyridine
titration method. At 373 K, C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-TS-1 contain 133.7,
102.2, 74.9 and 61.4 umol g ' of Lewis acid sites, respectively. Taken together with the
Ti content in 3D C-TS-1, determined from elemental analysis, of 149.1 umol g* (Table
5), the pyridine uptake gives the ratio of Lewis acid sites to Ti content of 89.7% (Figure
9b). This ratio is consistent with the percentage of tetrahedrally coordinated tetrapodal
Ti-sites in C-TS-1, as shown in Figure 6 and Table 3, further confirming that the pyridine
titration method allows quantitative counting of all Lewis acid sites in the framework of
TS-1 zeolites. Following the same calculation method, the Lewis acid site-to-Ti ratios in
M-TS-1, Si-TS-1 and S1/Ti-TS-1 were 70.6%, 79.4% and 25.6%, respectively. The slight
decrease in the Lewis acid site concentrations (Figure 9a) and the ratio of Lewis acid site-
to-T1 content (Figure 9b) in M-TS-1 and Si-TS-1, compared to those of C-TS-1, indicate
that the hierarchical 2D TS-1 zeolites have weaker acidity than 3D C-TS-1 zeolite. This
is reflected by the slight increase in the percentages of non-tetrahedrally coordinated
tetrapodal Ti-sites in both M-TS-1 and Si-TS-1 zeolites (Figure 6 and Table 3). The

significant drop in Lewis acid site concentration (or Lewis acid site-to-Ti ratio) in Si/Ti-
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TS-1 suggests that the Si0,/Ti0;, pillarization not only created non-tetrahedrally
coordinated tetrapodal Ti-sites in pillars but also distorted a portion of the tetrahedral
coordination environment of Ti-sites in zeolitic layers. The distortion of Ti-sites in
zeolitic layers is reasoned from the Ti content in both zeolitic layers and S10,/T10; pillars
in S1/Ti-TS-1, where the zeolitic layers have framework Ti-site densities similar to that of
M-TS-1. Overall, this is consistent with the high percentages of extra-framework,
octahedrally coordinated Ti-sites and anatase-like TiO; in S/Ti-TS-1 after the Si0,/Ti0;

pillarization post-synthesis treatment.

The strength of Lewis acidity in these TS-1 zeolites was further probed by
measuring pyridine uptakes at 423 K (Figure 9a) and compared to that adsorbed at 373 K
(Figure 9b). First of all, the pyridine uptakes at 423 K on all samples are less than those
measured at 373 K. The ratios of pyridine adsorbed at 423 K to that at 373 K were
57.0%, 59.6%, 50.5% and 76.9%, respectively, in C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-
TS-1. The lower pyridine uptakes at the higher temperature suggests that pyridine does
not adsorb on all Lewis sites at the higher temperature, likely because a portion of the
Lewis sites has a weaker acid strength. For instance, FTIR studies of adsorbed pyridine
on ZSM-5 zeolites have established that the pyridine adsorbs much more weakly on
Lewis than Brensted sites and, for this reason, the amount of pyridine adsorbed on Lewis
sites decreases markedly as the adsorption temperature increases.[68-71] The same trend
has been observed by the FTIR studies of adsorbed pyridine on TS-1 zeolites by
Shamzhy et al[40]. Secondly, a close examination on the various descriptors of acid
strength, represented either by the acid site-to-Ti ratio, based on pyridine titration at 373

K, or the pyridine uptake at 423 K over that at 373 K (Figure 9b), reveal that a small
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variation exists among C-TS-1, M-TS-1 and Si-TS-1 zeolites. The Si/Ti-TS-1 zeolite,
however, has a very different acid strength from the other three TS-1 materials. The
derivation of M-TS-1 and Si-TS-1 from the same precursor material and no inclusion of
Ti-sites in the post-synthesis treatment should contribute to the small variation in acidity
strengths between M-TS-1 and Si-TS-1 zeolites. As noted by Shamzhy et al. in their
FTIR studies of adsorbed pyridine in Si/Ti-TS-1 zeolite[40], the Ti(OH)(OSi); group
could form on the external surface of the TS-1 layers in the post-treatment, which causes

a different acidity strength than other 2D TS-1 or 3D C-TS-1 materials.

3.5. In-situ acid site titration and catalytic properties of external Lewis acid sites

3.5.1 In-situ Lewis acid site titration by MPA titrant molecules

As noted in Section 2.5.1. above, epoxidation of CgH,4 exclusively occurs on the
Ti. sites in TS-1 zeolite, because CgH;4 cannot access the Ti-sites located within the
micropores (Ti;y), as confirmed in our previous publication[29]. The organic MPA titrant
molecule has a kinetic diameter of ~0.65 nm that is larger than the micropore (0.51x0.55
nm along a-axis and 0.53x0.56 nm along b-axis) of TS-1 zeolite. Therefore, MPA
selectively adsorbs on and titrates the Ti. sites, including those present within the
mesopores, on external geometric surface of TS-1 particles and on surface of Ti0,/S10;
pillars (for the case of Si/Ti-TS-1 zeolite), making Ti.y sites unreactive for epoxidation
catalysis in the CgHy4-H>O; reaction mixture. The in-situ MPA titration study provided a
direct, quantitative assessment on the relative abundance of the external Lewis sites in the

2D TS-1 zeolites. The section of MPA as the titrant is due to its strong interaction with
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Lewis acid sites on solid catalysts, including Ti-sites in both zeolite[72, 73] and metal

oxide[74] materials.

Figure 10 shows the normalized CgH;4 epoxidation rates, defined as the CgHj4
conversion rates measured with different MPA quantities over that measured without
MPA added, as a function of the quantity of MPA added into the reaction mixtures,
expressed in terms of the MPA-to-Ti site ratio (i.e. MPA/Ti (%)), for the four catalyst
samples. The normalized epoxidation rates decreased proportionally as the MPA/Ti ratio
increased, but as the normalized rates approached zero, where the added MPA titrated
nearly all the active external Ti sites, the normalized rates deviated from this linearly
trend in rate decrease. Bulky, pre-adsorbed MPA at the sites may hinder the diffusion of
other MPAs and impose steric hindrance of another MPA to adsorb on neighboring sites.
The x-axis intercepts, determined by extrapolating the normalized rates to zero, reflect
the case of complete coverages of Ti. by MPA. Since each MPA occupies one site, these
MPA-to-Ti ratios equal to the fractions of external Ti-site in each TS-1 catalyst, as
indicated by dotted lines in Figure 10. The fractions of external Ti-sites are 7.1, 26.8,
63.3 and 37.7% for C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-TS-1, respectively. These
fractions, together with the Lewis acid site density determined by pyridine titration at 373
K, give the concentrations of external active Ti-sites, shown in the last column of Table
5. The increase in the concentration of Ti..-sites parallels the increase in zeolite

mesoporosity, as expected, as summarized in Table 2.

3.5.2 Catalytic properties of external Lewis acidic Ti-sites in 2D TS-1 zeolites

Previous studies[18-20, 29] focused only on comparing the alkene conversions on

hierarchical TS-1 zeolites. In contrast to these studies, we aimed to analyze the entire
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reaction network, accounting for all reactions involving CgH;4 and H,O», deciphering the
individual rates and connecting these rates to the different types of active Ti-sites in

hierarchical 2D TS-1 zeolites.

As shown 1n Figure 2, three reaction pathways lead to H,O, decomposition, while
only the first pathway consumes CgHy4. In order to understand the catalytic property of
external Ti-sites in epoxidation of CgHy4, however, we need to resolve all three reaction
pathways because H,O, is the other reactant involved in CgHj4 reaction. The individual

rates of the three reaction pathways are:

dCcghyy

Tepo = —= kepoMLf1extCcyn,,Ch,o0, 9]

chgOZ

— (2 _

Tdecat = — e - kde,catMLCHzoz
()

dCH,05(3)
Tdesel = — T = kde,seICHzoz
3)

where 7,4, Tge cqr @0d T4, g are the reaction rates (mol L' s) for CgH,4 epoxidation,
catalytic H»O, decomposition and non-catalytic thermal decomposition of H,O, via
Pathways (1)-(3), respectively. C¢,y,, 1s the cyclooctene concentration in solution (mol L’
N ¢ H,0, 18 HyO, concentration in solution (mol L™); ¢ is the reaction time (s); M, (mol Ti)
is the total number of mole of Lewis acidic Ti-sites used in each experiment, determined
by pyridine titration at 373 K; f} ., 1s the percentage of external Ti-sites (Table 5); k),
kae car and kg, sojare the rate constant for epoxidation (per external surface Lewis acid
site (L mol™) [mol Tie]" s™), for catalytic H,O, decomposition (per Lewis acid site,

[mol Tisew]™ s7) and for H,O, thermal self-decomposition (s7), respectively. The term of
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ML f1 ext In equation (1) accounts for the fact that only external Ti-sites in TS-1 zeolites

chzoz(z) and — m:‘1‘1'2‘3'2(3) .

confribute to the epoxidation reaction. The — o pramt equations (2)

and (3) stand for H»O, consumption rates due to the reaction pathways (2) and (3),

respectively, in Figure 10.

Because all three reaction pathways contribute to H,O, consumption, the rate for
net HyO, consumption (77,0, mol L} s'l) in CgHy4-H,0O; reactions equals the sum of the

individual rates of the three pathways,

dC
_ H;05(1-2-3) _
THZOZ - dt - re‘po + Tde,cat + Tde,sel

= kaesetCh,0, * kaecatMiCh,0, * kepoMLfLext Ccghyy Chyo,
(C))
where the subscript “1-2-3” in —% term represents the consumption rate of
H»O; due the reaction pathways (1), (2) and (3) in this reaction. The rate for non-
productive H;O, consumption (due to thermal and catalytic decomposition,
TH,0,(de,sel+de,cat)> MOl L! s'l) in the absence of CgHy4 1s

d.CH 0 -
— 202(2-3) _
rHZOZ(de,seHde,cat) - = dt - kde,sechzoz + kde,catMLCHzoz

©)

. . . . dcC - .

in which the subscript “2-3” in —%tel‘m represents both reaction pathways (2)
and (3) contribute to the rate of 1y, 0, (ae,set+de,car) 10 the reaction. The integral formats of

differential equations (3) and (5) are shown in equations (6) and (7) below.

CHZO
—ln—; 24 = kde,selt (6)
CH202
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CH0,_
_Inw = (kde,sel + kde,catML )t = kyt (7

Cﬁgﬂz
where C}?'zoz 1s the initial H>O, molar concentration (at 7= 0s) and k; = kg o1 + Kge cat-

In combination of differential equations (1) and (4), equation (8) can be obtained:

0 0 _ ks CegHyy
Ceonyy, — Chy0, + Chyo, — Cogryy = X In (Co ) 3
CgHqia

in whicthBHM is the itial CgHy4 molar concentration (at 7= 0 s) and k, = Kepo My f1 ext-
Section S5 of Supporting Information illustrates the details on the rate equation
derivation. The rate constants, kg, ¢, k1 and k, can be evaluated from the kinetics data
collected from epoxidation of CgH;4 in H>O; in the absence of catalyst, absence of CgHjs
(with H>O, as the sole reactant) and in the presence of both TS-1 catalyst and CgHja,
respectively. Section of S6 of Supporting Information summarizes the details on the rate

data analysis and rate constants determination.

Table 6 summarizes the rate constants for CgHj;s4 and H»>O; consumptions
evaluated from the CgHi4-H,O, reactions. First, the rate constant for H>O, thermal
decomposition, kg, 5o, Was determined from controlled experiments without any catalyst.
It has a value of 5.03 x 10° s'. This rate constant for homogeneous H,O, thermal
decomposition will remain to be the same for all experiments across the different TS-1
catalysts. Next, the rate constant of non-productive catalytic H,O, decomposition on Ti-
sites (Kge cqr). Obtained from the control experiments in the absence of CgH,, reactant,
increases from C-TS-1, M-TS-1 to Si-TS-1 zeolite. Finally, the rate constant of CgHjs
epoxidation (k,),,), obtained from catalytic CgH;4-HyO, reactions, exhibits an opposite
trend to that of kg, ., on these three TS-1 zeolites. An exception occurs for the Si/Ti-
TS-1 zeolite. It has an exceptionally high k4, ¢o¢ and k., values than both the 3D (C-
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TS-1) and other 2D (M-TS-1 and Si-TS-1) zeolites. These results indicate that the
catalytic activity of Ti-sites for catalytic HyO, decomposition follows the order of C-
TS-1 < M-TS-1 < Si-TS-1 << Si/T1-TS-1, whereas the activity of external Ti.y-sites for

CgH;4 epoxidation follows the sequence of Si-TS-1< M-TS-1 < C-TS-1 << Si/Ti-TS-1.

In TS-1 zeolites, the catalytic activity of Lewis sites is influenced by the type of
Ti-atom coordination, the acid site strength and the confining environment. Previous
studies[52, 53, 75-77] have reported that the framework tetrahedral tetrapodal Ti(OS1)s
and tetrahedral tripodal Ti(OSi);OH sites as well as extra-framework octahedrally
coordinated Ti1(OH),(H,0),(OS1), sites are all effective for alkene epoxidation. Indeed,
the Ti(OSi);OH and Ti(OH),(H>0),(OS1), sites are much more effective than that of
framework Ti(OS1)s sites[52, 53, 76, 78]. For C-TS-1, M-TS-1 and Si-TS-1 zeolites, they
all have similar percentages of each coordinated Ti-sites (see Section 3.2) and acid site
strengths (discussed in Section 3.4). Therefore, the activity trend in CgH;4 epoxidation in
these three zeolites is not likely attributed to the difference in Ti-site coordination type or
acid site strength. The degree of partial confining environment of silanol and titanol
groups in C-TS-1, M-TS-1 and Si-TS-1, as discussed in Section 3.3, however, follows the
order of C-TS-1 > M-TS-1 > Si-TS-1, same as that of reactivity trend. The degree of
partial confining environment of external Ti.-sites in these zeolites is likely to be
equivalent to the degree of partial confining environment of silanol and titanol groups.
Figure 11 shows the linear dependence between the catalytic activity of Tieg-site and the
degree of partial confinement for silanol and titanol groups in C-TS-1, M-TS-1 and Si-
TS-1 zeolites. This suggests that the Ti-site confining environment could be responsible

for the observed activity trend in CgHjs epoxidation reaction. The 2D TS-1 zeolite
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nanosheet has shallow cavities in external surface than that of well crystallized 3D TS-1,
and thus it has less degree of partial confinement for active Ti-sites and lower activity in
CgH;4 epoxidation. It should be noted that the existence of partial confinement of 2D
zeolite nanosheet surface has been recently reported by Katz group”’, and the surface site
confinement can be used to control activity of grafted Ti*-centers on 2D SSZ-70
nanosheets in cyclohexene epoxidation. From the perspective of site confining effect
(Figure 7) and acidity strength (Figure 9), S/Ti-TS-1 should have the lowest activity
among these four TS-1 zeolites. The ultra-high activity of Si/Ti-TS-1 in CgHjs
epoxidation, however, should be caused by the high concentrations of non-tetrahedrally
coordinated Ti-sites, as shown in Table 3 and Figure 6 in Section 3.2 above. As
mentioned previously, the epoxidation activity of non-tetrahedrally coordinated sites are

much higher than that of framework Ti(OS1)4 sites[52, 53, 76-78].

4. Conclusions

In summary, the local environment and catalytic property of Lewis acid sites in
hierarchical 2D lamellar M-TS-1, Si-TS-1 and S¥/Ti-TS-1 zeolites were studied by a
combination of physicochemical property characterization and catalytic kinetics
measurements. In comparison to 3D C-TS-1, the 2D M-TS-1, Si-TS-1 and Si/Ti-TS-1
have higher mesoporosity and higher concentrations of free isolated surface silanol and
titanol groups, hinting diminishment of acid site confinement environment enclosed in
micropores. All these 2D TS-1 zeolites have lower concentrations of strong Lewis Ti-
sites than 3D C-TS-1. The accessibility of Ti-sites to bulky molecules, however,

increases with increasing mesoporosity in the TS-1 zeolites.—The catalytic activity of
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external Ti-site decreases with increasing mesoporosity from C-TS-1, M-TS-1 to Si-TS-1,
which can be attributed to the lower degree of site confinement on the external surface of
2D TS-1 nanosheet than that of 3D analogue. Distinct from C-TS-1, M-TS-1 and Si-TS-1
zeolites, the Si/Ti-TS-1 has much higher CgHjs epoxidation rate, which should be
attributed to the high concentrations of extra-framework, octahedrally coordinated Ti-
sites. The present study will guide in-depth studies for Lewis acidity and catalytic
behavior in other 2D zeolite materials, a topic falling behind with Brensted acidity of the

same type of materials.
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Table 1. Textural properties of C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-TS-1 zeolites
determined from N, adsorption-desorption isotherms.

. Vmicroa Smil:roa SB]:'.Tb Sextc th vmesoe
Zeolite em’g) (m’g) mg) meh) (m'ghH (m’g)
C-TS-1 0.121 308 464 156 0.236 0.115
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M-TS-1 0.113 263 466 203 0.452 0.339
Si-TS-1 0.118 120 595 475 0.521 0.403
Si/Ti-TS-1 0.108 137 514 377 0.452 0.344

“Determined from t-plot method; "Determined from Brunauer, Emmett, and Teller (BET) method;
“Calculated by S = SzrT - Spicros dCalculated from N, adsorption at P/Py=0.95; “Determined using Viyeso =

Vr - Vmicra-

Table 2. Composition analysis for C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-TS-1 zeolites.

_ Zef)litc lay.er _ Si/Ti ratio Interlayer pillar We(ilght gain
Zeolite SVTiratio | SYTiratio | ipoverall | TEOS/TB Si/Ti illalsfz;[:t}ion
used in inzeolite | particle’ | OT ratio? ratio® S
synthesis layer (Wt%)
C-TS-1 100 - 108 - - :
M-TS-1 100 101 101 - - -
Si-TS-1 100 101 147 L] s 29
Si/Ti-TS-1 100 101 75 100 48 297

“Determined by ICP-OES analysis; "Molar ratio of TEOS/TBOT in the mixed alkoxide solvent; “Refer to SI
in Supporting Information; ® Assumed to be the same as that of Si-TS-1.

Table 3. Quantification for Ti-sites with different coordination environments in C-TS-1,
M-TS-1, Si-TS-1 and Si1/Ti-TS-1 zeolites.

olite Ti(OS1); Ti(OSi);0H | Ti(OH),(H,0),(0S0), | Anatase-like TiO,
(%) (%) (%) (%)
C-TS-1 90.12 9.88 0.00 0.00
M-TS-1 80.34 18.64 0.00 1.02
Si-TS-1 85.74 8.55 4.84 0.87
SUTI-TS-1 25.54 57.25 14.16 3.05

Table 4. Quantification for —OH group in silanol and titanol groups in different
environments in C-TS-1, M-TS-1, Si-TS-1 and S1/T1-TS-1 zeolites.

seolite Free isolated (-OH) | Slightly bonded (-OH) Mutually bonded (-OH)
(%) (%) (%)
C-TS-1 22.77 6.81 70.42
M-TS-1 49.04 12.04 38.92
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Si-TS-1 60.28 39.72 0.00

Si/Ti-TS-1 60.73 39.27 0.00

Table 5. Quantification for Ti-sites in different locations of C-TS-1, M-TS-1, Si/Ti-TS-1
and Si-TS-1 zeolites.

Crisce®  Criazax’  Criz7sk© frext” Criime® Criext’
Zeolite (;m;al g (umolg?)y (umolg™ (%) (umol gty  (umol g™)
)
C-TS-1 149.1 76.2 133.7 7.1 124.2 9.5
M-TS-1 144.7 60.9 102.2 26.8 74.8 27.4
Si-TS-1 94.3 37.8 74.9 63.3 27.5 474
SU/Ti-TS-1 240.1 47.2 61.4 37.7 38.2 23.1

“Determined by ICP-OES analysis; Measured by pyridine titration at 423 K; “Measured by pyridine
titration at 373K. “Determined by active site poisoning by MPA during CsH,, epoxidation reaction;
fLext

e 1] P_of = —_—
Internal active Ti-sites, Cp; e = Crjizgag X (1 ™

. f » P oi —
; 'External active Ti-sites, Crigp = Crizgag X

f L.ext-

Table 6. Rate constants of CgHj4 epoxidation and H>O, decomposition in CgHy4-H>0;
reactions on C-TS-1, M-TS-1, S/Ti-TS-1 and Si-TS-1 zeolites.

k
M, k k epo
k kl de,cat kl 26 ((L mol'l)

(<10° | S | g8ty | ($107[mol | = | (x10°L .

l.'ﬂ.Ol)a ( 107s ) ( 107s ) Titola]]-l S-l)d 2 mol-l S_l) [II]O] ':1[‘)1:);(] S
C-TS-1 6.69 5.03 7.22 3.28 3.13 2.31 4.87
M-TS-1 5.11 5.03 8.17 6.14 1.50 5.45 3.98
Si-TS-1 3.74 5.03 18.72 36.58 2.52 6.21 3.14
Si/Ti-TS-1 3.07 5.03 40.86 116.81 0.37 110.02 95.13

“Calculated by My = Cr; 373 % 0.050 g catalyst ; "Rate constant of unproductive H,O, thermal

. d ki—Kdesel . —

decomposition; © ky = Kgeset + KgecarMy; “Calculated by kye cqr = 1TL”“’, “Calculated by k.p, =
ke

MLfLext
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Figure 1. Schematic representation of the synthesized C-TS-1, M-TS-1, M-TS-1(P), Si-TS-1 and
Si/Ti-TS-1 samples, respectively.
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Fat®
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Figure 2. Reaction scheme of H,O; consumption in epoxidation of CsH;s with H;O5. (Aepo-
rate constant of H,O, consumption in epoxidation of CsH 14, Kiecar: vate constant of H>O>
consumption caused by catalytic Ti sites; kjese: vate constant of H,O, consuption caused
by thermal decomposition.)
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Figure 3. Low-angle and wide-angle XRD patterns of synthesized C-TS-1, M-TS-1, Si-TS-1 and
Si/Ti-TS-1 samples, respectively.
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(d)

Figure 4. SEM (on the left side) and TEM (on the right side) images of C-TS-1(a, €), M-TS-1(b,
f), Si-TS-1(c, g) and Si/Ti-TS-1(d, h) samples, respectively.
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Figure 5. N, isotherms (a) and NLDFT pore size distributions (b) of C-TS-1, M-TS-1, Si-TS-1,
and Si/Ti-TS-1 samples, respectively.
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Figure 6. DR UV-Vis spectra of C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-TS-1 samples, respectively.
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Figure 7. DRIFTS spectra of —OH groups in C-TS-1, M-TS-1, Si-TS-1 and S#/Ti-TS-1 zeolites,
respectively.
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Figure 8. FTIR spectra of pyridine adsorbate on C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-TS-1
zeolites, respectively.
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Figure 9. (a) Lewis acid site concentration determined by pyridine adsorption and (b) acid site
strength indicated by ratio of pyridine adsorbed at 373 K-to-Ti concentration (determined by ICP

analysis) and pyridine adsorbed at 423 K-to-that at 373 K on C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-
TS-1 zeolites.
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Figure 10. Normalized rate for CgH;4 consumption as a function of MPA-to-Ti (MPA/T1)
ratio over C-TS-1, M-TS-1, Si-TS-1 and S1/Ti-TS-1 zeolites in epoxidation of CgH;4 with
H,0,. (Normalized rate is defined as turnover rate at each MPA/T1 ratio divided by that
in the absence of MPA in CgH;4-H>O; reaction; The dashed lines represent extrapolation
of experimental data to MPA/T1 (x-axis) where the normalized rate (y-axis) is set as zero
in the presence of the MPA titrant.)
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Figure 11. Rate constants of CgH;4 epoxidation on external active Ti-sites (i.e. Tiex-sites)
versus confining (-OH) groups in C-TS-1, M-TS-1, Si-TS-1 and Si/Ti-TS-1 zeolites.
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Highlights:

External Lewis acid sites in 2D TS-1 zeolites were quantified.

2D TS-1 zeolites have high density of isolated surface silanol and titanol groups.
Reactivity of external sites decreases with increasing mesoporosity in 2D TS-1.
Decrease in reactivity of external sites is caused by loss of partial confinement.

Kinetic decoupling of epoxidation pathways enabled catalytic behavior assessment.
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