Beyond Shape Selective Catalysis with Zeolites: Hydrophobic
Void Spaces in Zeolites Enable Catalysis in Liquid Water

Rajamani Gounder and Mark E. Davis
Chemical Engineering, California Institute of Technology, Pasadena, CA 91125

DOI 10.1002/aic.14016
Published online January 24, 2013 in Wiley Online Library (wileyonlinelibrary.com)

Zeolites confine active sites within void spaces of molecular dimension. The size and shape of these voids can be tuned
by changing framework topology, which can influence catalytic reactivity and selectivity via coupled reaction-transport
phenomena that exploit differences in transport properties among reactants and/or products that differ in size and
shape. The polarity and solvating properties of intrazeolite void environments can be tuned by changing chemical com-
position and structure, ranging from hydrophobic defect-free pure-silica surfaces to silica surfaces containing hydro-
philic defect sites and/or heteroatoms. Here, we discuss how the polarity of zeolite voids influences catalytic reactivity
and selectivity via the partitioning of reactant, product, and solvent molecules between intrazeolitic locations and exter-
nal fluid phases. These findings provide a conceptual basis for developing selective catalytic processes in aqueous media
using hydrophobic zeolites that are able to adsorb organic reactants while excluding liquid water from internal void

spaces. © 2013 American Institute of Chemical Engineers AIChE J, 59: 3349-3358, 2013
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Introduction

We are delighted to contribute to this issue of the AIChE
Journal dedicated to Professor Neal R. Amundson, who has
made significant contributions to many different areas of
chemical engineering over his career. Here, we discuss an
emerging field in catalysis and reaction engineering that
involves the coupling of transport with chemical reaction, an
area of keen interest to Prof. Amundson. Specifically, we
highlight how the hydrophobicity of zeolite voids can be
tailored to control reactant and product partitioning into and
out of microporous cavities that contain active sites, and
how these effects can enable catalytic turnovers to proceed
over active sites that are rendered inactive in aqueous media.
Additionally, we draw analogies between reactions catalyzed
within hydrophobic zeolite voids and those catalyzed within
hydrophobic active site pockets of enzymes. The area of
coupled transport and chemical reaction within hydrophobic
pores is of increasing interest and relevance because the
selective conversion of biomass into fuels and chemicals will
likely involve catalytic reactions in aqueous media' and with
Lewis acid centers” that tend to deactivate in water.”* In the
future, we envision possibilities to design catalytic processes
that exploit both shape selectivity (based on size) and parti-
tioning selectivity (based on polarity) using molecular sieves
containing void spaces with selected topological features and
solvation properties.

Zeolites and zeolite-like molecular sieves are crystalline
solids with ordered and well-defined microporous void
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spaces that vary in size (~0.4—1.3 nm in pore diameter),
topology (e.g., channels, pockets, cages), and interconnectiv-
ity. Zeolites, strictly aluminosilicates, contain tetrahedrally
coordinated aluminum (A13+) and silicon atoms (Si*") that
are connected by bridging oxygen atoms to create these
three-dimensional frameworks, with a negative charge and a
compensating extraframework cation per framework alumi-
num atom.”® Proton-form zeolites (H-zeolites) are Bronsted
acids and are prevalent in the petrochemical industry as solid
acid catalysts for gas-phase hydrocarbon reactions.”® Molec-
ular sieves with different catalytic function can be obtained
by the incorporation of other trivalent (e.g., B**, Ga**, and
Fe*") or tetravalent (e.g., Ti**, Sn**, and Zr*") heteroatoms
within pure-silica frameworks to form Brensted acid sites or
Lewis acid sites, respectively, and can also be derived from
the presence of extraframework species (e.g., metals, metal
oxides, and metal carbides).” The catalytic diversity of these
materials is quite expansive even within a class of molecular
sieves defined by a single catalytic function, because of the
structural differences prevalent among crystalline frame-
works (~200 in number)'® and among the specific void
spaces that contain active sites.' 112

One of the hallmarks of zeolite catalysis is shape selectiv-
ity based on the ability of microporous structures to discrimi-
nate molecules using size and shape criteria.'*'* These
shape-selective phenomena reflect the coupling of reaction
and transport processes, because the confinement of active
sites within microporous voids requires that reactants and
products traverse void structures and that transition states
form within constrained spaces in order for catalytic cycles
to turn over. Weisz and co-workers first reported on these
phenomena in the early 1960s (Scheme 1),">'® demonstrat-
ing that 1-butanol was dehydrated selectively over isobutanol
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Scheme 1. The initial demonstration of shape-selective catalysis in the vapor-phase by Weisz et a

1.5 showed

that both 1-butanol and isobutanol dehydration was catalyzed by CaX, but that only 1-butanol dehydra-
tion was catalyzed by CaA; scheme adapted from Davis.®

(~0.45 and ~0.50 nm kinetic diameters, respectively”’lg) in

the vapor phase using acidic CaA (LTA; ~0.50 nm void di-
ameter), but that such selectivity was not possible within the
larger voids of CaX (FAU; ~0.80 nm void diameter) or
amorphous SiO,—Al,03 (~10 nm void diameter). The ability
to perform shape-selective catalysis using zeolites and zeo-
lite-like molecular sieves creates numerous opportunities for
combining catalysis and separation, and is exploited in many
industrial reactions that occur predominantly at high-temper-
atures and in the vapor phase.'”™*!

The advent of synthetic protocols in the late 1970s to prepare
molecular sieves with hydrophobic properties®>** has led to
their investigation as catalysts for liquid-phase reactions. Shape
selectivity can still be exploited for selective catalysis in con-
densed media, but the polarity of internal micropore surfaces
can also be tuned to influence reactivity and selectivity via the
partitioning of reactant, product, and solvent molecules between
intrazeolite and extrazeolite phases. Thus, molecular sieves pre-
pared with precise solvation properties have the potential to
open new areas of combined reaction and separation in the lig-
uid phase based on polarity, much in the same way that their
pore architectures have been designed rationally to enable
shape-selective catalysis in the vapor phase.”* Here, we briefly
discuss the synthesis and characterization of molecular sieve
catalysts with hydrophobic properties and highlight two classes
of reactions catalyzed by Lewis acid zeolites in aqueous media:
alkene epoxidation and alkane oxidation with TS-1 (i.e., tita-
nium silicalite-1, Ti-MFI) and aldose—ketose sugar isomeriza-
tion with Ti-Beta and Sn-Beta. These examples highlight the
roles of hydrophobic voids to influence the partitioning of reac-
tants from condensed phases and to prevent framework Lewis
acid centers from contact with bulk water. The ability to selec-
tively perform reactions in liquid water”>*° or two-phase water-
organic mixtures®’ =’ is of growing importance due to recent in-
terest in utilizing biomass as a sustainable carbon source for
fuels and chemicals.

Experimental Methods
Synthesis and characterization of zeolite samples

Procedures to  synthesize Si-Beta-F,®  Ti-Beta-F>'
(Si/Ti=196), Ti-Beta-OH>* (Si/Ti=38), and Sn-Beta-F>
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(Si/Sn=87) were adapted from previously reported protocols.
The TiO,—-SiO, sample used in this study is the TiO,—SiO,
co-precipitate (type III, no. 2) sample obtained from W.R.
Grace (Si/Ti=56) that was used previously by Khouw
et al.>* to study hydrocarbon oxidation. After crystallization,
zeolites were recovered by filtration, washed extensively
with deionized and distilled water, and dried overnight at
373 K. The dried solids were calcined in flowing air (1.67
em® s~ !, Air Liquide, breathing grade) at 853 K (0.0167 K
s 1) for 10 h to remove the organic content within the crys-
talline material. The elemental compositions of all samples
were determined using a JEOL 8200 electron microprobe
operated at 15 kV and 25 nA in a focused beam mode with
a 40 um spot size. Scanning electron microscopy (SEM)
images of zeolite samples were recorded on a LEO 1550 VP
field emission SEM at an electron high tension of 10 kV.

Vapor-phase adsorption isotherms on zeolite samples

Vapor-phase adsorption isotherms for N, (77 K), H,O
(293 K), CH;0H (293 K), and C,HsOH (293 K) were
obtained using a Quantachrome Autosorb iQ automated gas
sorption analyzer. Zeolite samples (typically 0.02-0.05 g)
were first pelleted and sieved to retain 150-600 um particles.
Samples were then degassed at 353 K (0.167 K s~ ") for 1 h,
393 K (0.167 K s~ ') for 3 h, and 623 K (0.167 K s~ ") for 8
h prior to measurement of adsorption isotherms.

The micropore volume accessible to N,, CH;OH, and
C,HsOH adsorbates was determined by analyzing the semi-
log derivative plots of adsorption isotherms (O(V,qs/g)/
0(log(P/Py)) vs. log (P/Py)). The relative pressure at which
the micropore filling transition occurs in microporous solids
is given by the first maximum of A(V,q/g)/0(log(P/Py)); in
turn, the local minimum that follows immediately corre-
sponds to the end of micropore filling.*>° The total H,O
uptakes reported in Table 1 correspond to the volume of
H,0 adsorbed at P/Py=0.2 for comparison purposes, because
micropore filling transitions were not detected for H,O iso-
therms on hydrophobic materials. All values are reported as
a micropore volume (cm? gfl), determined from the number
of moles contained within the volume of adsorbed gas (cm?®
g~ ! at STP) and the liquid molar density (cm® mol™') of
each adsorbate.
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Table 1. Total Micropore Uptakes of N, (77 K), CH30H (293 K), and C,HsOH (293 K), and Total H,O Uptakes at P/Py=0.2
(293 K) on the Zeolite Samples in this Study

Vaas (N2) Vaas (CH;0H) Vaas (CoHsOH) Vaas (H20) Vads (H20), normalized
Catalyst (ecm® g~ 1y? (ecm® g~ 1)? (em® g~ h)? (em® g~ 1)? (em® g )°
Si-Beta-F 0.19 0.19 0.22 0.0022 -
Ti-Beta-F 0.21 0.20 0.20 0.0024 0.0024
Sn-Beta-F 0.21 0.18 0.17 0.0093 0.0042
Ti-Beta-OH 0.22 0.18 0.19 0.076 0.015

“Uptake at end of micropore filling transition, determined from the minimum of J(V,4s/g)/0(log(P/Py)).

"Uptake at P/Py=0.2.

“Uptake of H,O normalized to an equivalent Si/M ratio (196), for comparison purposes.

Reaction and adsorption studies of glucose—water
mixtures with Lewis acid zeolites

Glucose isomerization reactions on Sn-Beta and Ti-Beta
catalysts were performed using experimental and analytical
protocols reported elsewhere.”®3” The reaction conditions
used in this study were chosen to maintain differential con-
version (<5%), in order to calculate initial turnover rates;
typically, glucose/water solutions (1-10% (w/w)) were
reacted over a catalyst (1:50 metal:glucose) at 373 K for less
than 15 min. Turnover rates (per total metal atom) were cal-
culated from the total moles of glucose converted.

Aqueous-phase glucose adsorption experiments were con-
ducted in 10 mL thick-walled glass reactors (VWR) sealed
with crimp tops that contained calcined zeolite samples and
aqueous D-glucose (Sigma-Aldrich, >99%) solutions (1% or
0.25% (w/w); 50 cm® gc_a{). The reactor contents were stirred
at ambient temperature for 1 h, after which the solids were
recovered by centrifugation and dried in ambient air over-
night before characterization.

Simultaneous thermogravimetric analysis (TGA) and dif-
ferential scanning calorimetry (DSC) was performed using a
Netzsch STA 449 C instrument. Samples (~0.04 g) were
placed in an alumina crucible and heated at 0.167 K s~ ' in a
flowing stream (0.667 em® s comprised of 50% air (Air
Liquide, breathing grade) and 50% argon (Air Liquide,
UHP).

'H and "°C solid-state magic angle spinning nuclear mag-
netic (MAS NMR) spectra were recorded on a Bruker
Avance 500 MHz spectrometer equipped with a 11.7 T mag-
net and a Bruker 4mm MAS probe. Zeolite samples (0.06—
0.08 g), after adsorption of glucose from aqueous solutions,
were packed into 4 mm ZrO, rotors with Kel-F caps and
spun at 14 kHz. 'H and '*C NMR spectra were recorded at
operating frequencies of 500.2 and 125.8 MHz, respectively.

Results and Discussion

Synthesis and characterization of hydrophilic
and hydrophobic molecular sieves

The direct synthesis of pure-silica frameworks using hy-
droxide anions as mineralizing agents leads to the formation
of anionic framework vacancy defect sites (Scheme 2) that
balance the cationic charges present in structure directing
agents (R).*®**! The removal of R* cations forms hydro-
philic silanol nest defects (Scheme 2), which can be healed
by chemical treatments that facilitate the reinsertion of
mononuclear silicon complexes into framework vacan-
cies.*>*** In contrast to hydroxide-mediated crystallization,
the use of fluoride anions as mineralizing agents (in the ab-
sence of alkali cations) forms zeolite crystals with low inter-
nal defect densities,*> because F~ forms ion-pairs with
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cationic structure directors (R") and remain occluded within
zeolite crystals (Scheme 2). The presence of F within
microporous voids mitigates the formation of defect sites to
maintain charge neutrality, in turn, leading to pure-silica mo-
lecular sieves that are very hydrophobic.

The amount of physisorbed water (298 K) on amorphous
silica samples of varying silanol density reflects only a small
fraction (0.13-0.25) of their total surface area determined by
N, adsorption (78 K), but correlates well with the number of
Si-OH groups estimated by infrared spectroscopy.*® Morden-
ite (MOR) zeolites of varying Si/Al ratio (~80-200), pre-
pared by extraction of framework Al atoms and healing of
vacancy defects by acid treatments or by alternating acid
and steam treatments, adsorb similar amounts of cyclohexane
(298 K) but systematically less water (298 K) with decreas-
ing Al content (Si/Al ~80-200).** These studies were among
the first to demonstrate that defect-free regions of silica
surfaces containing only nonpolar Si—O—Si bonds do not
adsorb water vapor and are truly hydrophobic, but that de-
fective Si-OH groups and OH groups at framework Al cen-
ters (Si-O(H)-Al) are hydrophilic and can adsorb molecular
water. Thus, silica-based molecular sieves become less
hydrophobic with increasing numbers of defect silanol
groups or framework heteroatoms.

Debenedetti and co-workers have studied the phase behav-
ior of water confined between hydrophobic and hydrophilic
surfaces,”” ™ concluding that only vapor-phase water is pres-
ent (at ambient pressures) between hydrophobic surfaces

Fluoride media Hydroxide media
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Scheme 2. Zeolite crystallization in fluoride media
leads to silica surfaces that are essentially
defect-free, nonpolar, and hydrophobic.

In contrast, crystallization in hydroxide media leads

to framework vacancy defects that are more hydro-
philic and adsorb water molecules and clusters.
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Figure 1. Adsorption isotherms for N, at 77 K: (¢), H,O
at 293 K (W), CH;OH at 293 K (A) and
C,Hs0H at 293 K () on Si-Beta-F.

separated by distances of ~0.80 nm or less.*® In agreement
with the behavior predicted by Debenedetti*’ ™’ and co-
workers,so experimental studies indicate that water intrusion
(near ambient temperatures) into pure-silica MFI (~0.55 nm
pore diameter) and BEA (~0.70 nm pore diameter) requires
pressures of ca. 100 and 57 MPa, respectively.’' Thus, while
water molecules can adsorb at hydrophilic sites isolated
within microporous voids of hydrophobic molecular
sieves, 302 they are unable to form condensed phases or to
fill internal micropore spaces smaller than ~0.80 nm in di-
ameter under ambient conditions.

Single-component vapor-phase adsorption isotherms for
nitrogen (77 K), water (293 K), methanol (293 K), and etha-
nol (293 K) on a pure-silica Beta zeolite synthesized in fluo-
ride media (Si-Beta-F) are shown in Figure 1. The N,
adsorption isotherm (Figure 1) corresponds to a Type I iso-
therm (micropore adsorption) with a total micropore volume
of 0.19 c¢m® g_1 (Table 1). In contrast with the adsorption
behavior of N,, the H,O isotherm on Si-Beta-F (Figure 1)
corresponds to a Type III isotherm (weak adsorbate—adsorb-
ent interactions) as expected for H,O adsorption on a hydro-
phobic surface; H,O uptakes were lower than the N,
micropore volume by two orders-of-magnitude (0.0022 cm’
g~ ' at P/P4=0.2; Table 1). The adsorption isotherms of
CH;0H and C,HsOH on Si-Beta-F (Figure 1) both followed
Type V isotherms (weak adsorbate—adsorbent interactions
with condensation driven by adsorbate—adsorbate interac-
tions), with total micropore uptakes similar to the N, micro-
pore volume (0.19 and 0.22 cm’ g,f1 respectively; Table 1).
These data indicate that N,, CH3OH, and C,HsOH, but not
H,0, are able to fill the microporous voids of Si-Beta-F, as
expected from the hydrophobic nature of pure-silica zeolites
with low defect density.

As with defective silanol groups, framework heteroatoms
such as Al (in MOR* and MFI™®) and Ti (in MFI**) and

extraframework alkali cations (in MFI>®) also behave as
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Figure 2. Adsorption isotherms for N, at 77 K: (¢), H,O
at 293 K (H), CH3;0H at 293 K (A), and
C,H50H at 293 K (¢) on Ti-Beta-F.

hydrophilic centers that can adsorb water; specifically, each
Ti center in Ti-Beta can adsorb two H,O molecules.’® We
have synthesized Ti-Beta-F, Ti-Beta-OH, and Sn-Beta-F zeo-
lites and report N,, H,O, CH30H, and C,HsOH isotherms
on these samples in Figures 2—4, respectively. The amounts
of N,, CH30H, and C,HsOH adsorbed within the micropores
of Ti-Beta-F, Ti-Beta-OH, and Sn-Beta-F were similar to

300

N,
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0 T T T
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Figure 3. Adsorption isotherms for N, at 77 K: (¢), H,O
at 293 K (H), CH;OH at 293 K (A), and
C,HsOH at 293 K (¢) on Ti-Beta-OH.
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Figure 4. Adsorption isotherms for N, at 77 K: (¢), H,O
at 293 K (M), CH;OH at 293 K (A), and
C,Hs0H at 293 K (¢) on Sn-Beta-F.

those on Si-Beta-F (Table 1). The H,O uptake was negligible
on Ti-Beta-F (0.0024 cm® g~'; Table 1) and similar to that
on hydrophobic Si-Beta-F, in sharp contrast with the higher
(by a factor of ~32) H,O uptake on defective Ti-Beta-OH
(0.076 cm® g~ '; Table 1). Even after accounting for differen-
ces in Ti content, much larger amounts of H,O were
adsorbed on Ti-Beta-OH than on Ti-Beta-F (by a factor of
>6; Table 1), consistent with the higher H,O uptakes on Ti-
Beta-OH than on Ti-Beta-F zeolites with similar Ti content
reported previously.”>® The amount of H,O adsorbed on
Sn-Beta-F was higher than on Ti-Beta-F by a factor of 2 (at
P/Py=0.2, after accounting for differences in metal content;
Table 1), which may reflect a higher density of internal
bridging defects formed via preferential hydrolysis of
Sn—O—Si bonds relative to Ti—O—Si bonds, or a larger
number of external silanol groups on the smaller crystals of
Sn-Beta-F (SEM images for all samples shown in Figure 5).
These H,O adsorption isotherms and the findings reported by
others*>#333-56 suggest that, in addition to using fluoride and
hydroxide anions to respectively prepare zeolites with very
hydrophobic (Si-Beta-F, Ti-Beta-F) and hydrophilic (Ti-
Beta-OH) properties, zeolite polarity can be tuned more pre-
cisely by changing heteroatom identity (Sn-Beta-F), amount,
and coordination within zeolite frameworks.

The adsorption of methanol and ethanol, but not water, to
the point of complete micropore filling in hydrophobic zeo-
lites synthesized in fluoride media (Figures 1, 2, and 4) is
analogous to the adsorption behavior reported on hydropho-
bic dealuminated Y zeolites** and on defect-free pure-silica
MFL>*%7 The single-component vapor-phase adsorption data
reported in Figures 1-4 are also consistent with multiple-
component liquid-phase adsorption experiments that have
documented the organophilic character of hydrophobic zeo-
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lites (e.g., high-silica Al- and Ti-MFI zeolites), which cause
the preferential adsorption of organic molecules (e.g., propa-
nol,40 butanol,58 and n—octane54) from aqueous solutions.
Therefore, the vapor-phase adsorption isotherms of solvent
molecules (e.g., H,O, CH30H) on zeolites and molecular
sieves provide inferences, to an extent, about the ability of
reactants (or products) to partition into (or out of) zeolite
crystals from aqueous or organic solvents. These data sug-
gest that hydrophobic zeolite channels that exclude bulk
water under typical operating conditions (<50 MPa) should
enable the selective adsorption, transport, and catalysis of
organic molecules in liquid water, as we discuss next.

Alkene epoxidation and alkane oxidation catalysis on
Ti-zeolites in the liquid phase

The applications of Ti-containing heterogeneous catalysts
for liquid-phase oxidation reactions of alkanes and alkenes,
in which Ti centers behave as Lewis acids that coordinate
and activate peroxide oxidants, have been reviewed exten-
sively.”°! Isolated Ti centers dispersed on amorphous silica
(TiO,-SiO,) were heterogeneous catalysts used by Shell in
the 1970s, and can catalyze oxidation reactions when organic
hydroperoxides or anhydrous H,O, are used as oxidants.**%?
Amorphous TiO,—SiO, deactivates rapidly when aqueous
H,O0, is used as the oxidant,** however, because hydrophilic
silanol groups adsorb large amounts of H,O (~50 wt% water
when exposed to humid air’*) that coordinates strongly with
Ti*”° to inhibit catalytic turnovers.>*

The discovery of TS-1, the first material reported to acti-
vate H,O, as an oxidant in aqueous media,’>** opened sev-
eral new opportunities for oxidation catalysis in water with
TS-1°° and with other titanosilicates, including Ti-SSZ-33,%
Ti-Beta®, and Ti-MCM-41.°7 As with TiO,-SiO, materials
that contain active isolated Ti centers supported on amor-
phous silica, TS-1 contains isolated Ti centers located within
the framework of crystalline silicalite (MFI). In contrast with
the hydrophilic environment surrounding Ti centers in TiO,—
SiO,, however, the microporous voids that confine Ti centers

20 pm
Figure 5. SEM images of (a) Si-Beta-F crystals, (b) Ti-
Beta-F crystals, (c) Sn-Beta-F crystals, and

(d) Ti-Beta-OH crystal agglomerates.

20 pm
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structure for TiO,-SiO, adapted from Dusi
et al.®®

Epoxidation data reported by Khouw et al.>*

in essentially defect-free TS-1 are hydrophobic (Scheme 3).
TS-1 shows nearly identical conversion for both 1-hexene
epoxidation and n-octane oxidation in aqueous and anhy-
drous H,0,, yet TiO,—SiO, shows nearly an order-of-magni-
tude lower conversion in aqueous than anhydrous H,O,
(Scheme 3).** This behavior reflects the ability of hydropho-
bic TS-1 channels to prevent liquid water from contacting
with and inhibiting catalytic turnovers at Lewis acidic Ti
centers, as occurs at the Ti sites located on the amorphous
and hydrophilic surfaces of TiO,—Si0,.**

Although TS-1 is able to catalyze alkene epoxidation reac-
tions using aqueous H,O,, initial reaction rates are higher in
methanol solvent®® and vary in other polar (e.g., alkanols)
and aprotic (e.g., acetonitrile, acetone) solvents,ﬂL73 which
influence reactant partition coefficients and intrazeolite reac-
tant concentrations. Langhendries et al.”® reported that 1-
hexene epoxidation rates on TS-1 (~0.55 nm void diameter)
with H,O, in different alkanol solvents (methanol, ethanol,
and 1-propanol) increased systematically with 1-hexene par-
tition coefficients. The differences in 1-hexene partition coef-
ficients, and initial epoxidation rates in turn, among these
alkanol solvents were less pronounced on Ti/Al-Beta (~0.70
nm void diameter) and Ti-MCM-41 (>1.6 nm void diameter)
than on TS-1, because van der Waals interactions between
confined alkene reactants and zeolite pore walls become less
effective with increasing void size.”® Ramachandran et al.”?
also ascribed differences in initial 1-hexene epoxidation rates
on TS-1 with H,O, in methanol, acetone, and acetonitrile
solvents predominantly, but not exclusively, to differences in

3354 DOI 10.1002/aic

Published on behalf of the AIChE

1-hexene partition coefficients. Clerici’' studied n-hexane
oxidation on TS-1 with H,0O, in different solvents (water,
methanol, acetonitrile, t-butanol, and r-butanol/water) and
reported that initial n-hexane oxidation rates and n-hexane
partition coefficients showed opposite dependences on sol-
vent identity.

The contrasting effects of solvent identity on the rates of
alkane oxidation’' and alkene epo><idati0n,70’72’73 relative to
their respective reactant partition coefficients, highlight the
complex and oftentimes convoluted effects of solvent mole-
cules on catalysis. Solvent molecules interact with reactants
and products to influence the thermodynamics of their parti-
tioning between liquid and solid phases and the dynamics of
their transport within zeolite channels. Solvent molecules
also coordinate with active sites or with adsorbed intermedi-
ates bound at such sites to influence the dynamics of cata-
Iytic reactions. Although the mechanistic origins of the
solvent effects in epoxidation catalysis continue to be inves-
tigated, the demonstration that TS-1 can catalyze epoxidation
in aqueous H,O, provides evidence that Lewis acid centers
are protected from inhibition by bulk water when they are
confined within hydrophobic voids. This appears to be a gen-
eral feature of catalysis by hydrophobic Lewis acid zeolites
in liquid water, as we discuss next in the context of sugar
isomerization.

Sugar isomerization on hydrophobic Ti- and Sn-zeolites
in water

The isomerization of glucose to fructose is a reaction that
enables the production of high fructose corn syrup, currently
the largest immbolized biocatalytic process worldwide,”* and
is a critical step in the conversion of lignocellulosic biomass
to valuable chemical intermediates. Homogeneous base cata-
lysts can be used to catalyze aldose—ketose isomerization
reactions on an industrial scale, yet they also mediate unde-
sired sugar degradation side reactions and require subsequent
product separation and purification steps.74 Although certain
enzymes (e.g., phosphoglucose isomerase) contain basic
amino acid residues that catalyze glucose isomerization via
enediol intermediates,”>”’® industrially-used metalloenzymes
(e.g., D-xylose isomerase XI)™* contain two Lewis acidic
divalent metal ions (e.g., Mg2+, Mn?>") that mediate the ring
opening of glucose and the subsequent intramolecular
hydride shift from C-2 to C-1 positions on the glucose back-
bone in isomerization steps.””’® Lewis-acid mediated path-
ways obviate the selectivity problems associated with the
formation of enolate species in homogeneous media, but
isomerase metalloenzymes operate optimally within narrow
pH (~7-9) and temperature (~333-353 K) ranges and with
feeds containing low impurity concentrations.”* Therefore, a
water-tolerant heterogeneous Lewis acid catalyst would
avoid base-catalyzed degradation side-reactions and also ena-
ble glucose isomerization at temperatures higher than 353 K,
which are more favorable thermodynamically for fructose
production but are incompatible with enzyme catalysts.

Pure-silica zeolite frameworks containing Ti and Sn cen-
ters behave as solid Lewis acids, including the hydrophobic
TS-1 materials used for oxidation catalysis in aqueous
media.**%%%3%* Lewis acid zeolites with the MFI topology
(e.g., TS-1), however, do not catalyze glucose isomeriza-
tion?® because their active centers are located within pores
(~0.55 nm diameter) too small to accommodate glucose
reactants (~0.85 nm diameter’”). Ti-Beta and Sn-Beta
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Table 2. Turnover Rates for Glucose Isomerization to Fruc-
tose (373 K) in H,O Solvent, and the Ratio of H,O-to-N,
Uptakes on Lewis Acid Zeolites and TiO,-SiO,

Isomerization turnover rate Vaas (H0)/

Catalyst (mol [(mol metal)-s] ') Vaas (N2)
Sn-Beta-F 0.0278£0.0050 0.044
Ti-Beta-F 0.0011=0.0001 0.011
Ti-Beta-OH n.d.? 0.35
TiO,-Si0, n.d.* 0.30

“n.d. not detected.

zeolites contain pores (~0.70 nm diameter) of similar size to
glucose and also behave as Lewis acids that catalyze the
Baeyer—Villiger oxidation and Meerwein—Ponndorf—Verley
(MPV) reduction of carbonyl compounds in organic
media.®*®? Indeed, the isomerization of glucose to fructose
occurs on hydrophobic Ti-Beta-F and Sn-Beta-F zeolites in
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Figure 6. Mass (solid lines) and heat (dashed lines)
flow changes during simultaneous TGA/DSC
of calcined (a) Sn-Beta-F and (b) Ti-Beta-OH
samples after contacting with a 1% (w/w)
aqueous glucose solution.
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water,”® via a Lewis-acid catalyzed intramolecular hydride
shift mechanism analogous to that which prevails on metal-
loenzym<3s.83’84 The polarity of channels in zeolite Beta
should, by extension of its effects on hydrocarbon oxidation,
influence glucose isomerization catalysis via the partitioning
of glucose reactant and water solvent molecules.

Sn-Beta-F contains hydrophobic voids with framework Sn
centers that isomerize glucose (Table 2),%°>7 indicating that
sugar molecules are able to adsorb and react within hydro-
phobic channels even though bulk water is excluded from
them (Figure 4). We probed these adsorption properties by
contacting aqueous solutions of glucose (1% and 0.25% (w/
w)) with Sn-Beta-F at ambient temperature, after which the
solids were recovered and analyzed by simultaneous TGA/
DSC and by 3C and 'H MAS NMR spectroscopies. Ther-
mogravimetric analysis of the Sn-Beta-F sample contacted
with a 1% (w/w) aqueous glucose solution showed a mass
loss of ~3.4 wt% that was entirely exothermic (Figure 6a),
reflecting solely the combustion of glucose (exothermic)
with undetectable desorption of water (endothermic). Addi-
tionally, a ~3.5-fold difference in adsorbed glucose was
detected in '*C MAS NMR spectra (Figure 7a) of Sn-Beta-F
samples exposed to 1% and 0.25% (w/w) aqueous glucose
solutions, while the corresponding "H NMR spectra (Figure
7b) showed similar amounts of adsorbed H,O located pre-
dominantly at external crystal silanol groups. The vapor-
phase H,O adsorption isotherm on Sn-Beta-F (Figure 4) and
the TGA/DSC and NMR spectroscopic analyses of glucose
adsorbed onto Sn-Beta-F from the aqueous-phase (Figures 6
and 7) provide evidence that glucose can adsorb and diffuse
within hydrophobic zeolite channels in the absence of a con-
densed intrazeolitic water phase (Scheme 4). These adsorp-
tion and diffusion phenomena are mediated by the solvation
of hexose sugars by van der Waals interactions with zeolitic
framework oxygen atoms (AH.,s ~ —130 KkJ mol !
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Figure 7. '3C MAS NMR spectra of Sn-Beta-F after
contacting with (a) 1% (w/w) and (b) 0.25%
(w/w) aqueous glucose solutions; corre-
sponding 'H MAS NMR spectra are shown in
(c) and (d), respectively.
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Scheme 4. (a) The adsorption of glucose from aqueous
solutions into hydrophobic zeolite channels
(e.g., Sn-Beta-F) occurs without the adsorp-
tion of water, but into hydrophilic zeolite
channels (e.g., Ti-Beta-OH) occurs with
concomitant water adsorption (Figures 6
and 7); (b) glucose isomerization to fructose
in aqueous media occurs at Lewis acid
centers confined within hydrophobic voids,
but not at those confined within hydrophilic
voids (Table 2).
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estimated by theory for fructose in MFI®), which replace
the hydrogen bonding interactions between sugar and water
molecules in hydration shells present in bulk solution.

The defective channel environments of Ti-Beta-OH are
much more hydrophilic than the essentially defect-free chan-
nels of Sn-Beta-F and Ti-Beta-F, and thus adsorb much
larger quantities of water (Figure 3, Table 1). Thermogravi-
metric analysis of the Ti-Beta-OH sample after the adsorp-
tion glucose from a 1% (w/w) aqueous glucose solution
showed an endothermic mass loss of ~7.9 wt% below 573 K
and an exothermic mass loss of ~2.0 wt% above 573 K
(Figure 6b). This endothermic mass loss below 573 K, which
is absent on Sn-Beta-F (Figure 6a), reflects the desorption of
physisorbed water. The amount of adsorbed water on Ti-
Beta-OH (H,O:glucose ~40) far exceed those required solely
for the hydration of glucose in bulk solution (H,O:glucose
~10)%, indicating that a large fraction of the adsorbed H,O
resides within microporous spaces that did not contain
glucose.

Glucose isomerized to fructose on both Sn-Beta-F and Ti-
Beta-F, but glucose conversion remained below detection
limits (<0.1%) on Ti-Beta-OH and TiO,-SiO, (Table 2)
under equivalent reaction conditions (1:50 total metal:glu-
cose, 353 K, 15 min) and even at much longer reaction times
(>1 h). These data indicate that framework Lewis acidic Ti
and Sn centers are able to catalyze glucose isomerization in
aqueous media when they are confined in hydrophobic chan-
nels of Beta zeolite, but not when located within hydrophilic
void spaces or at hydrophilic surfaces of TiO,-SiO,. The
hydrophobic channels of Ti-Beta-F and Sn-Beta-F screen
bulk water from filling microporous voids (Scheme 4), in
turn, preventing inhibition of Lewis acidic framework Ti and
Sn centers during sugar isomerization. These findings are
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analogous to the ability of Lewis acidic framework Ti cen-
ters to catalyze oxidations in aqueous H,O, when located in
hydrophobic channels of TS-1, but not at hydrophilic surfa-
ces of TiO»-Si0,.**

The role of hydrophobic zeolite channels to exclude liquid
water from contacting active sites is also reminiscent of the
role of hydrophobic amino acid residues (e.g., aromatic
substituents on tryptophan and phenylalanine residues in
D-xylose isomerase) to exclude water from metalloenzyme
active site pockets during glucose isomerization.”” Mechanis-
tic studies with p-glucose isomerase have shown that the
equilibration of unlabeled glucose—fructose mixtures in D,O
occurs without deuterium incorporation into the products.®’
Furthermore, the isomerization of glucose with deuterium la-
beled on C-1 and C-2 carbon atoms forms fructose with deu-
terium atoms located at C-1-S and C-1-R positions,
respectively.®” These two observations provide evidence that
water solvent molecules do not scramble the hydride shared
between glucose C-1 and C-2 atoms during isomerization
and do not catalyze the mutarotation of the fructose products
formed.”” We suggest that the hydrophobic pockets of bio-
logical metalloenzymes, which exclude water molecules dur-
ing glucose ring-opening and isomerization, also play a
critical role to prevent inhibition of the divalent Lewis acidic
metal cations that mediate these steps, similar to the effects
of hydrophobic void environments that confine and protect
Lewis acid sites in synthetic zeolites.

Summary

The synthesis of pure-silica zeolite structures using fluo-
ride anions in synthesis mixtures has opened the pathway to
the creation of numerous molecular sieves with low defect
densities and hydrophobic properties. In amorphous and
crystalline forms of pure silica, only defect-free surfaces
comprised of nonpolar Si—O—Si bonds are truly hydropho-
bic, but such surfaces are inert catalytically. Heteroatoms
incorporated into zeolite frameworks behave as catalytic
active sites, but are hydrophilic and can bind molecular
water. These active sites can be located within surrounding
void environments that are essentially defect-free and hydro-
phobic, which prevents the condensation of bulk water
within intracrystalline void spaces, or environments that are
highly-defective and hydrophilic, which enables the adsorp-
tion of much larger quantities of water. Thus, tuning parame-
ters that control the genesis of hydrophilic sites (e.g., F~ to
OH  ratio, heteroatom content) during the synthesis of
silica-based molecular sieves, in turn, enables tuning the po-
larity of zeolite voids.

The hydrophobic properties of molecular sieves can be
probed by vapor-phase water adsorption isotherms and by
glucose adsorption from the aqueous phase. These methods
demonstrate that zeolites with very low defect density syn-
thesized in fluoride media adsorb significantly fewer water
molecules (by an order-of-magnitude) than those with higher
defect density synthesized in hydroxide media. Hydrophobic
channels screen out bulk water but still adsorb organic reac-
tants (e.g., glucose) that are normally solvated by waters of
hydration in solution, because framework oxygen atoms sol-
vate confined molecules by van der Waals interactions.
Moreover, these hydrophobic void spaces confine and protect
Lewis acid sites, which deactivate rapidly in the presence of
liquid water, and enable them to catalyze hydrocarbon oxida-
tion and sugar isomerization reactions in aqueous media.
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These findings suggest that hydrophobic zeolites provide a
useful synthetic platform to prepare site-isolated, water-toler-
ant solid Lewis acid catalystsz’4 with the potential to catalyze
reactions in aqueous media, for which hydrophilic solids or
homogeneous complexes containing Lewis acid centers are
not functional.
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