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ABSTRACT: The catalytic behavior of Brensted acid sites in
three acidic zeolite materials (one MWW and two MFI
zeolites) containing dual meso-/microporosity was studied
using ethanol dehydration and monomolecular conversion of
propane and isobutane as probe reactions. The meso-/micro-
porous MWW zeolite, MCM-36 or pillared MWW, consists of
a zeolitic layer structure, with independent microporosity and
mesoporosity within the layers and between the layers, respec-
tively. A meso-/microporous MFI (pillared MFI) zeolite also
contains a zeolitic layer structure, but with interconnected
micropore and mesopore systems. A different meso-/micro-
porous MFI zeolite, three-dimensionally ordered mesopor-
ous-imprinted (3DOm-i) MFI, contains nanometer-sized
spherical elements forming an opaline structure, with highly
interconnected meso- and micropores. The rate and apparent

MCM-22 (P)

activation energy of the catalytic probe reactions in zeolites possessing dual meso- and microporosity was comparable to
conventional microporous MCM-22 (MWW) and MFI materials. This similarity in kinetic behavior between materials possessing
dual meso-/microporosity and their microporous analogues when assessed under conditions of strict kinetic control implies that the
catalytic behavior of Brensted acid sites in materials with dual meso-/microporosity is preferentially dominated by the microporous
environment possibly because it provides a better fit for adsorption of small alkane or alcohol reactant molecules.

KEYWORDS: meso-/microporous zeolite, hierarchical materials, shape selectivity, monomolecular alkane conversion, ethanol

dehydration, propane activation, isobutane activation, base titration

1. INTRODUCTION

Crystalline microporous zeolites are widely used as hetero-
geneous catalysts in petrochemical and fine chemical synthesis
mainly because of their high surface area, high adsorption
capacity, and well-defined micropores that are responsible for
shape selectivity.' ® In certain cases, however, the catalytic appli-
cations of zeolites are limited by mass transport in the micro-
porous network when reactions of bulky molecules are con-
cerned.”” The relatively small sizes of micropores (<2 nm) im-
pose restricted access and slow transport to/from the active sites,
which renders low utilization of the zeolite active volume.®”*°
Inclusion of mesopores into microporous zeolites has been
explored to create meso-/microporous zeolites with improved
pore accessibility and molecular transport to overcome such
mass transport limitations. In recent years, meso-/microporous
zeolites have been obtained by exfoliation'" or pillaring of layered
zeolites,"> ™ '* by growth of zeolites in templates,">"® by desilica-
tion'” or dealumination®® processes, and by synthesizing very
thin zeolite nanosheets.”'
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Recently, three meso-/microporous zeolites (pillared MWW,
pillared MFI, and three-dimensionally ordered mesoporous-
imprinted (3DOm-i MFI) were synthesized and were investigated
for textural properties of the zeolite membrane, adsorption, and
catalytic applications.'#'®>%3

Pillared MWW, derived from a layered precursor, MCM-
22(P), is the first pillared zeolite material with microporous
layers and mesoporous interlayer spaces.'” For synthesis of
pillared MWW, layers of MCM-22(P) are expanded by use of a
surfactant, and then intercalated by silica species which convert
into inorganic pillars upon condensation and hold the layers
apart creating interlayer mesopores.'*** ¢ We have previously
reported a mild swelling of MCM-22(P) under room tempera-
ture conditions, which results in preservation of the MWW layer
structure and composition."*
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Using a similar pillaring procedure to that of swollen MCM-
22(P), Ryoo and co-workers pillared multilamellar MFI nano-
sheets”” that were created through coherent assembly of the
zeolite layer and the structure directing agent, a diquaternary
ammonium surfactant with relatively long hydrocarbon chains.”*
The silica pillars retain the interlamellar spaces of the multi-
lamellar MFI upon removal of the surfactant by calcination.

A templating approach was used to synthesize meso-/micro-
porous MFI zeolite with imprinted 3DOm-i features.'® Highly
ordered mesoporous carbon (3DOm Carbon)*® with intercon-
nected pore space served as the template. The 3DOm carbon
was synthesized by replication of colloidal crystals composed of
size-tunable silica nanoparticles.””*° 3DOm-i MFI zeolites with
a wide range of meso-porosities (mesopore size from ~5 nm
to ~13 nm) were synthesized through confined growth within
3DOm carbon.*

Pillared MWW, pillared MFI, and 3DOm-i MFI zeolites are
highly crystalline materials possessing dual meso- and micro-
porosity features so that these materials are potentially capable
to improving zeolite pore accessibility and mass transport in
catalytic applications.

In the present work, we assess the accessibility and catalytic
properties of acidic hydroxyl groups in meso-/microporous
pillared MWW, pillared MFI, and 3DOm-i MFI zeolites. The
location of Bronsted acid sites in zeolite micropores has catalytic
consequences for the selectivity and rates of chemical reactions® ™ ®
and confinement effects also play a dominant role in the adsorp-
tion of hydrocarbons in zeolite environments.**”>° Therefore,
the kinetic and thermodynamic parameters in the meso-/micro-
porous zeolites may differ significantly from that of conventional
microporous materials. Emerging reports on meso-/micro-
porous zeolites have shown enhanced catalytic behavior for meso-/
microporous zeolites in comparison with conventional micro-
porous materials.'”*' However, it remains unclear whether this
enhanced catalytic behavior arises because of enhanced transport
characteristics of these materials or because of higher intrinsic
rate or equilibrium parameters. In our study, we rigorously
eliminate transport artifacts and specifically aim to answer the
question: Under conditions of strict kinetic control, are Bronsted
acid sites in materials possessing dual meso-/microporosity more
or less reactive than Brensted acid sites circumscribed in a
microporous zeolite environment? The number of Bronsted acid
sites contained within each catalyst was assessed in chemical
titration studies using dimethyl ether (DME), pyridine, and
2,6-di-tert-butylpyridine (DTBP) as probe molecules. The cata-
Iytic behavior of the meso-/microporous zeolites was evaluated
by ethanol dehydration reactions and monomolecular activation
of propane and isobutane. Ethanol dehydration reactions have
been suggested as a useful probe to evaluate catalytic conse-
quences of acid site environment of zeolite catalysts.***” Mono-
molecular alkane reactions are useful probes of the catalytic
behavior of Bronsted acid sites in zeolites because they form
relatively unreactive grimary products of cracking and dehydro-
genation events.”® ** The rate parameters for alkane activation
were interpreted using thermochemical cycles that define the
contributions of enthalpy and entropy to chemical reactions
catalyzed by Bronsted acids.”> For comparison to zeolites con-
sisting exclusively of microporous features, the rate and selec-
tivity of Bronsted acid sites for ethanol, propane, and isobutane
reactions were investigated for MCM-22 (conventional MWW)
and ZSM-5 (conventional MFI) under the same experimen-
tal conditions. For simplicity in nomenclature, MCM-22 and

ZSM-S are designated as MWW and MF]I, respectively, in the
remainder of this paper.

2. EXPERIMENTAL SECTION

2.1. Preparation of Catalysts. Synthesis of MWW and
Pillared MWW Zeolites. MWW and pillared MWW were derived
from the same precursor, MCM-22(P). The hydrothermal
synthesis of MCM-22(P) was carried out by using the method
described by Corma et al.""** One portion of the crystalline
product MCM-22 (P) was dried and calcined to produce MWW.
The other portion of MCM-22(P) was swollen according to the
method developed by Maheshwari et al,"* followed by pillaring
of the swollen materials using the procedure reported by Barth
et al.*® The resulting solid was treated using the same conditions
as those for MWW to produce pillared MWW.

Synthesis of Pillared MFI and 3DOm-i MFI Zeolites. A multi-
lamellar MFI was synthesized using the method reported by
Ryoo and co-workers.”" Pillaring of multilamellar MFI was done
as reported by Na et al.”’ to produce pillared MFL. 3DOm-i MFI
was synthesized using the method reported by Lee et al.>" After
steam assisted crystallization, the 3DOm carbon templates
containing the synthesized 3DOm-i MFI zeolite was heated at
0.0167 K's~ " under a flow of dry N, to 823 K and kept at this
temperature for 10 h to decompose the structure directing agent.
Conventional ZSM-S zeolite, designated as MFI, was purchased
from Zeolyst (CBV 8014), and was used as a microporous MFI
sample for comparison. Details on the synthesis of MWW- and
MFI-type zeolites are described in section S1 of the Supporting
Information.

lon-Exchange of Zeolite Catalysts. The as-synthesized
MWW, pillared MWW, pillared MF], and 3DOm-i MFI residing
in 3DOm carbon were ion-exchanged four times using 1 M
aqueous NH,NO; (weight ratio of zeolite to NH,NOj3 solu-
tion = 1:10) at 353 K for 12 h, and subsequently, filtered by
vacuum, washed with deionized water three times, and dried at
343 K overnight. No ion-exchange process was applied to the
conventional MFI since it was purchased in the NH, " form. All
zeolite samples in their NH, " form were treated in dry air (1.67
cm® s~ ', ultrapure, Minneapolis Oxygen) by increasing the
temperature from ambient to 773 at 0.167 K's~ ' and holding
for 4 h to thermally decompose NH, " to NH; and H'. The
3DOm-i MFI sample was kept at 773 K for 16 h to ensure
complete removal of the 3DOm carbon template. The resultant
proton-form zeolites were pelleted, crushed, and sieved to retain
particle sizes between 180 and 425 um (40—80 mesh). All
catalytic reactions were carried out after converting zeolites into
the proton-form.

2.2. Catalyst Characterization. Textural Property Investiga-
tion. N, adsorption/desorption measurements were carried out
at 77 K on an Autosorb-1 analyzer (Quantachrome Instruments).
Prior to the measurement, samples were evacuated overnight at
573 Kand 1 mmHg pressure. Siand Al contents were determined
by inductively coupled plasma optical emission spectroscopy
(ICP-OES, Galbraith Laboratories). >’Al MAS NMR spectra
were recorded at 130.34 MHz using 4 mm rotors at 14 kHz
spinning speed, a dwell time of 0.5 us, a selective 77/18 pulse of
0.3 us, and a recycle delay of 0.1 s at a field of 11.7 T (BRUKER
Avance 500). An aqueous solution of aluminum sulfate
(0.1 M) was used as the external reference (0 ppm). Scanning
electron microscopy (SEM), powder X-ray diffraction (XRD),
and small-angle X-ray diffraction (SAXD) measurements were
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(e) Pillared MFI

(f) 3DOm-i MFI

Figure 1. Schematic illustration of zeolite structures: (a) MCM-22 (P), (b) MWW, (c) Pillared MWW, (d) MFJ, (e) Pillared MF], and (f) 3DOm-i MFI
catalysts. MCM-22 (P), MWW, and Pillared MWW viewed parallel to the microporous layer; MFI and Pillared MFI viewed along the c-axis direction;
3DOm-i MFI viewed along unspecified direction. Silica pillars are highlighted in yellow in pillared MWW and pillared MFI zeolites. Structure directing
agents are shown in white for MCM-22 (P). Each sphere in 3DOm-i MFI represents one individual spherical element.

also employed to investigate the textural properties of the zeolite
catalysts. Details on these characterizations are included in
section S2.1 of the Supporting Information.

Assessment of the Number of Brensted Acid Sites. The
number of Bronsted acid sites in each zeolite sample was deter-
mined by chemical titration using DME by following a reported
procedure.***’ Details on the DME titration experiment can be
referred to section S2.2 of the Supporting Information.

2.3. Catalytic Probe Reactions. Ethanol Dehydration Reac-
tions. The experimental set up described for DME chemical
titration studies was used for studying ethanol dehydration
reactions on zeolite samples. Catalyst samples (0.01S g—0.100
g) diluted with acid-washed quartz particles (0.5 g—0.8 g,
160—630 um, European Commission) were treated in He
(0.0083 cm® s~ ', ultrapure, Minneapolis oxygen) at 773 K
(0.0167 K's™ ") for 3 h prior to cooling in He flow to the reaction
temperature. Steady-state ethanol dehydration reactions were
carried out under atmospheric pressure, in a temperature range
of 363—413 K, and under conditions of differential conversion
(<2.0%). C,Hs;OH (=99.5%, Sigma-Aldrich) reactants were
introduced into flowing gas streams as a liquid using a syringe
pump (Cole Parmer 74900 series). Liquid ethanol (2.85 x
1077—2.4 x 10 ° mol s~ ') was vaporized at 383 K into a gas
flow which contained He (0.55—9.4 cm®s™ ' at normal tempera-
ture and pressure, NTP, condition) and Ar (0.0137—0.0297 cm®
s~ ' at NTP condition, Minneapolis oxygen) as internal standard;
transfer lines were maintained at temperatures greater than 343 K
by resistive heating to prevent any condensation. The partial
pressure of ethanol and the product diethyl ether (DEE) was
always kept below their respective vapor pressures at ambient
temperature to prevent condensation. A gas chromatograph
(Agilent HP-5890 GC, Series II) equipped with a methyl-
siloxane capillary column (HP-1, 50.0 m X 320 ym x 0.52 ym)
connected to a flame ionization detector and a packed column

(SUPELCO HAYESEP R 80/100 mesh packed column, 12 ft)
connected to a thermal conductivity detector was used to
calibrate and separate the reactants and products.

Monomolecular Conversion of Propane and Isobutane.
Steady-state propane and isobutane conversion was measured
on proton-form zeolite catalysts under differential conversion
(0.1—2.0%). Propane (99.99% purity, Praxair Distribution Inc.,
0.0053—0.0883 cm® s~ ') or isobutane (0.0053—0.0883 cm®s ™'
at NTP condition, chemically pure, MATHESON TRI-GAS)
diluted in Ar and He was sent via heated transfer lines held at 343
K to the reactor and the effluent to the GC for analysis as
described above. Reactant flows were varied (10 °—10"* mol
alkane g~ ' s~ ') to probe primary and secondary pathways and
any contributions from bimolecular or secondary reactions. The
absence of bimolecular pathways and secondary reactions was
confirmed by the equimolar ratios of cracking products (1.0 &
0.1) measured for C;Hg (C,H,/CH,) and for i-C4H,q (C3He/
CH,) reactants, which did not depend on space velocity, and by
the absence of hydrocarbons larger than the respective alkane
reactants. Activation energies and pre-exponential factors for
monomolecular activation of propane or isobutane were ob-
tained from rate constants measured as a function of tempera-
ture. Rates and selectivity measured after 24 h on stream for
propane and after about 10 h on stream for isobutane were
similar (within 5%) to those at the start of each experiment on all
catalyst samples, indicating that deactivation did not influence
rate measurements. Transport corruptions of measured rates
because of the external diffusion and internal diffusion limitations
were ruled out using Mears criteria and the Thiele modulus and
effectiveness factor, respectively. A detailed analysis of the
external and internal diffusion limitations is shown in section
S.3 and S 4, respectively, of the Supporting Information.

Base Titration during Ethanol Dehydration Reaction. The
experimental set up and reaction conditions for base titration of
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Table 1. Structural and Porosity Characteristics of MWW and MFI Zeolite Catalysts

Bronsted acid

Bronsted acid

zeolite Si/Al ratio® sites” (mmol/ g) sites® (mmol/g)
MWW 15 1.02 0.55
pillared MWW 20 0.78 0.32
MFI 43 0.38 0.41
pillared MFI 71 0.23 0.22
3DOm-i MFI 64 0.25 0.20

cumulative micropore mesopore
Alge? (%) pore vol‘(cc/g) vol/ (cc/g) size® (nm)
0.20 0.13
0.38 0.12 1.8
0.20 0.13
16% 031 0.11/ 2.8
18% 0.28 0.12 6.0

“Determined from elemental analysis (ICP-OES, Galbraith Laboratories). ” Calculated based on Si/Al ratio in each sample. ¢ Determined by dimethyl
ether titration. ¢ Extra-framework Al content (Algr) determined from *’Al MAS NMR spectra. ¢ Cumulative pore volume and micropore volume of
pillared MFI determined using Saito-Foley method. / Micropore volume determined by t-plot method. ¢ Mesopore size calculated from the adsorption

branch by the BJH model.

acid sites during ethanol dehydration reactions were the same as
those described for ethanol dehydration reactions except that the
reaction temperature was fixed at 415 K and a liquid mixture of
organic base pyridine (Aldrich, 99.9% purity) or 2,6-di-tert-
butylpyridine (DTBP, Alfa, 98% purity) with ethanol was used
in the reaction. Liquid mixtures of ethanol with pyridine or
DTBP were prepared using 10 mL of ethanol and 10—20 u#L of
organic base. The dehydration rate was measured at constant
intervals as titrant was continuously added until it reached a
plateau indicating that acid sites accessible to the titrant became
saturated with the organic base. The loss in dehydration rate after
saturation by the titrant given by the difference between the
initial and the residual rates was used to calculate the number of
active sites accessed by the base titrant. The uptake of DTBP
titrant by the catalyst was measured from its concentration in
the effluent, recorded by gas chromatography, using the same
chromatographic protocols as for ethanol dehydration. The
uptake of the titrant (per Brensted acid site) was compared with
the loss in rate of ethanol dehydration (per Brensted acid site) to
assess whether pore blockage/accessibility of Bronsted acid sites
was a major contributing factor to the observed loss in the rate of
ethanol dehydration.

3. RESULTS AND DISCUSSION

3.1. Structures of Zeolite Catalysts. Figure 1 shows the
schematic structures of MWW, pillared MWW, MFI, pillared
MF], and 3DOm-i MFI zeolites used in the study. MWW and
pillared MWW are derived from the same precursor, MCM-22
(P), which possesses a unique layered structure, as shown
in Figure la. Within the layers, MCM-22 (P) contains two-
dimensional sinusoidal, 10-membered ring (10 MR) channels
(diameters 4.1 x 5.1 A) running parallel to the layer's basal plane.
Perpendicular to the layers, MCM-22 (P) contains hourglass
shaped pores with 12 MR openings at the entrance and 6 MR
channels at the central constrictions.** The topotactic connec-
tion of the layers of MCM-22 (P) upon calcination creates zeolite
MWW, forming an independent two-dimensional pore system
between the layers while the pore system within the layers keeps
intact. As shown in Figure 1b, the pore system between the layers
of MWW consists of larger supercages (12 MR channels with
dimensions 7.1 X 7.1 x 18.1 A) formed by connection of hour-
glass shaped pores in MCM-22 (P), which can be accessed
by slightly distorted elliptical 10 MR windows (4.0 x 5.5 A)
between layers, but not by the 10 MR channels within the layers
because of the 6 MR constriction.*® Prior to calcination, the
layers of MCM-22 (P) can be pillared with SiO, to keep the
interlayer separation, while the void space created between layers

10

produces a mesopore system.*’ As shown in Figure lc, the
pillared MWW contains the 10 MR channels and hourglass
shaped pores within the intact layers and mesopores between
layers, while the 6 MR channel constricts the traffic between
mesopores and the 10 MR pore system within layers. MFI zeolite
consists of two interconnected 10 MR pore systems: one is a
straight channel running along the b-axis direction (5.3 x 5.6 A);
and the other is a zigzag channel running parallel to the g-axis
(5.1 x 5.5 A). Figure 1d shows the structure of MFI zeolite
viewed along the c-axis direction. The pillared MFI contains
mesopores created by the SiO, pillars running between layers,
parallel to the zigzag channels and perpendicular to the straight
channel within the layers,”” as shown in Figure le. In contrast
with pillared MWW, molecular traffic is allowed between meso-
pores and the 10 MR pore system within the layers since the
MFI layers are penetrated by the straight 10 MR channels. The
structure of 3DOm-i MFI, as shown in Figure 1f, consists of
spherical elements forming an opaline structure, in which each
element is connected with the 12 other adjacent elements.'®>"
The mesoporous space created between the ordered spherical
elements in 3DOm-i MF1 is highly connected and communicates
with the micropores present in each spherical element.

3.2. Properties of Zeolite Catalysts. The cumulative pore
volume, micropore volume, and mesopore size of the zeolite
catalysts were estimated from the N, adsorption/desorption iso-
therms (shown in SS of Supporting Information). The meso-/
microporous zeolites have larger cumulative pore volumes than
those of microporous zeolites. The data reported in Table 1 show
that the cumulative pore volume of pillared MWW is higher than
that of MWW by a factor of 2, and that the cumulative pore
volume of pillared MFI and 3DOm-i is higher than that of MFI
by a factor of 1.5. The creation of mesopores in the meso-/
microporous zeolites, however, does not result in a loss of
micropore volume. As shown in Table 1, the meso-/mico-porous
zeolites only show a slight decrease (~10%) in the micropore
volume compared to their microporous zeolite analogues.
The mesopore sizes of pillared MWW, pillared MFI, and
3DOm-i MFI, calculated from the adsorption branch of N,
adsorption/desorption isotherms by the Barret—Joyner—
Halenda (BJH) model are 1.8 nm, 2.5 nm, and 6.0 nm,
respectively. Table 1 also shows the Si/Al ratio in the zeolites
measured by ICP analysis. The meso-/microporous zeolite
samples used in this study have mainly tetrahedrally coordinated
aluminum, which generates a Bronsted acid site, as shown by >’Al
MAS NMR data reported in the Supporting Information for
pillared MFI and 3DOm-i MFJ, and in the report by Maheshwari
et al.** for pillared MWW. The number of Bronsted acid sites in
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Table 2. Rate Constants (kpe.;) of DEE Production at 383 K, Measured Activation Energy (E,,..,) and Entropy of DEE Synthesis

over MWW and MFI Zeolite Catalysts

pore structure

zeolite pore shape pore size
MWW 10 MR 41x5SA
10 MR 41x351A
supercage 7.1 x 182 A
side pocket 7.1d°x 9.0 Ah?
pillared MWW 10 MR 41xS1A
supercage 7.1 x 182 A
side pocket 7.1d x 9.0AR!
mesopore’ 1.8 nm
MFI 10 MR 5.1 xS5SA
10 MR 53 x S.6A
pillared MFI 10 MR 51 xS55A
10 MR 53X S6A
mesopore’ 2.8 nm
3DOm-i MFI 10 MR S1x5SA
10 MR 53 X S.6A
mesopore’ 6 nm

“Errors are £3 k] mol . ” Errors are 4 J mol ' K.  d represents “diameter”. ‘ h represents “height”.

N, adsorption branch by the BJH model.

kfneils (XIOS) Emeasu Asmeasb
(mol (mol H") s 1) (kJ mol %) (Jmol ' K™Y)
12.2 97 =72
11.7 89 —95
4.6 97 —78
4.5 94 -85
3.2 91 —95

”.© The mesopore size was determined from the

each zeolite catalyst was determined via DME titration experi-
ments assuming that the active Bronsted acid sites participate in
reactions of DME with H" to form surface methyl groups,
CH;0CH; + 2[SiO(H)AI] = 2[SiO(CH,;)Al] + H,O. All MFI
zeolites used in this study adsorbed 0.5 £ 0.05 DME/AI upon
exposure to DME at 438 K (Table 1), as expected from
stoichiometric methylation of active hydroxyl groups***” imply-
ing that the concentration of Brensted acid sites is nearly
identical to the concentration of Al in the three zeolite samples.
The MWW and pillared MWW adsorbed 0.25 & 0.05 DME/A],
which suggests that there is a considerable amount of nonframe-
work Al in the synthesized MWW and pillared MWW zeolite
samples.

3.3. Ethanol Dehydration. Ethanol dehydration has been
proposed as a model catalytic reaction to assess the dimensions of
the microporous environment of the active acidic hydroxyl
group.****>! The ethanol dehydration reaction involves the adsorp-
tion of ethanol on the Brensted acid site and the consequent
transformation of ethanol into ethylene via a unimolecular reac-
tion or to DEE via a bimolecular reaction.>> Ethanol dehydration
is predominantly a bimolecular reaction at low temperature while
the unimolecular reaction path prevails at high temperature since
the formation of ethanol dimeric species is energetically more
favorable than the formation of ethanol monomers.”” The
increase in dimensions of the zeolite channels and cavities should,
for given conditions, favor the bimolecular reaction because it
allows the accommodation of ethanol dimers.*®

In the present study, no ethylene was observed in the effluent
stream over all MWW or MFI zeolites, indicating that the ethanol
dehydration reaction over all these catalysts occurs throu%h a
bimolecular pathway consistent with reports in the literature.”**’
The pore topology and dimensions of the MWW and MFI
zeolites are listed in Table 2. The formation of DEE on MFI
is consistent with reports by De las Pozas et al.>® and by Chiang
et al.¥’” because MFI has 10 MR pore systems and preferentially

1

T(K
435 420 405 390 375 360

| P . S IR A |

100

Rate Constant
(/ 10° mol DEE (mol H')'s™)

1
23 24 25 26 27 28
AT (10° K')

Figure 2. Measured rate constants of DEE production over MWW and
MFI zeolite catalysts.

catalyzes bimolecular ethanol dehydration reactions. The pro-
duction of ethylene was observed only on HEU*® and MOR***7%*
materials that possess Bronsted acid sties in 8-MR channels.
The microporous MWW has 10 MR pores, supercages, and side
pockets whose sizes are larger than those of 10 MR channels in
MEFIL The pillared MWW, pillared MFI, and 3DOm-i MFI
zeolites contain even larger mesopores. Therefore, it is easy to
rationalize that only DEE is produced in meso-/microporous
zeolites.

The Arrhenius plots (the natural logarithm of regressed rate
constants versus the inverse temperature) of ethanol dehydration
rates over MWW and MFI zeolite catalysts are shown in Figure 2.
The plots are parallel to each other which indicates that all zeolite
samples have similar activation energies for ethanol dehydration.
Table 2 lists the activation energy (AEcas), entropies (ASpeas),
and rate constants at 383 K (kpe.s) for DEE formation over
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3
=
T

Rate Constant

(/ 10™ mol (mol H')'s™ bar™)

T(K)
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Figure 3. Arrhenius plots of monomolecular conversion of propane over MWW and MFI zeolite catalysts: (a) cracking (b) dehydrogenation, and
(c) temperature dependence of monomolecular propane cracking-to-dehydrogenation (Cr/De) rate ratios on MWW and MFI zeolites.

Table 3. Monomolecular Propane Cracking and Dehydrogenation Rate Constants (k,,s) and Cracking-to-Dehydrogenation
(Cr/De) Rate Ratio at 773 K and Measured Activation Energies (Eqc.s) and Entropies (AS,,..,) on MWW and MFI Zeolites

Kumeas (x10%) (mol (mol H™) ' s bar ')

zeolite cracking dehyd
MWW 5.8 4.8
pillared MWW 39 3.1
MFI 3.8 3.5
pillared MFI 3.0 1.7
3DOm-i MFI 1.9 12

Epeas (] mol ) ASpess Jmol ' KY)

Cr/De ratio cracking” dehyd" cracking® dehyd?
1.2 160 202 —89 —36
1.3 159 180 —93 —67
1.1 164 200 —86 —40
1.7 155 183 —100 —69
1.6 160 186 —97 —66

“Errors are +7 kJ mol . ° Errors are 48 kJ mol . © Errors are 49 J mol ' K™ *. “Errors are +11 J mol ' K .

MWW and MFI zeolites. The site time yield of DEE differs
among the zeolites by up to a factor of 4. Measured activation
energies (89—97kJ mol ") and entropies (within a range of —95
to —72J mol ' K ') are comparable among all zeolites. These
results imply that Bronsted acid sites in materials possessing dual
meso-/microporosity have similar catalytic rates compared to
conventional zeolites possessing only micropores when mea-
sured under strict kinetic control.

3.4. Monomolecular Conversion of Propane and lIso-
butane. The accepted pathways for monomolecular reactions
of alkanes on zeolites are as follows: an adsorbed alkane onto a
Bronsted acid site is protonated to form a penta-coordinated
carbonium jon. The carbonium ion may undergo cracking to
yield an alkane and an alkoxide species, regenerating the acid site,
or it may dehydrogenate to yield H, and an alkoxide species; the
alkoxide species subsequently desorbs to form an alkene and
regenerate the Bronsted acid site.***5% The measured activation
energies (AEc.) and entropies (AS,,.) for the reaction are
given by the Temkin's equations:>”

AEint = AEmeas - AHads
ASint = ASmeas - ASads

where AE,,, and AS;,, are the intrinsic activation energy and
intrinsic activation entropy, AH,4, and AS, 4, are the adsorption
enthalpy and adsorption entropy, respectively. These rate param-
eters probe the specific structural properties and concomitant
effects of spatial confinement in zeolite catalysis. Since the small
alkane molecules can diffuse in all pores of the microporous
and meso-/microporous zeolite materials, no diffusion limitations
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affect the reaction rates of the Bronsted acid sites present in these
materials, as evaluated by the Mears criteria and reported in
sections S.3 and S.4 of Supporting Information. Therefore, the
rate and selectivity of alkane conversion for all catalysts tested is
related to the intrinsic catalytic behavior of these materials in the
absence of pore diffusion limitations.

The Arrhenius plots of the monomolecular conversion of
propane (cracking and dehydrogenation) over the zeolite cata-
lysts are shown in Figure 3, panels a and b, respectively. For
both the meso-/microporous and microporous MWW and MFI
zeolites, the Arrhenius plots of cracking and dehydrogenation
reactions were parallel, which indicates that all zeolites have simi-
lar activation energies for cracking or dehydrogenation reactions.
Figure 3c compares the temperature dependence of propane
cracking-to-dehydrogenation rate ratios for the MFI and MWW
zeolites studied. The selectivity to cracking or dehydrogenation
showed no obvious dependence on the zeolite porosity or types.
Table 3 shows rate constants for propane cracking and de-
hydrogenation and cracking-to-dehydrogenation rate ratios at
773 K on the zeolite catalysts, together with activation energies
and entropies calculated from the temperature dependence of
these rate constants. Monomolecular rate constants of cracking
or dehydrogenation reactions differ among these zeolites (by up
to factors of 4) and even among MWW- or MFI- type samples
with different porosities (by up to factors of 3). This observation
is consistent with a larger variation (a factor of ) in data reported
for MFI samples of different provenance® and data reported for
different zeolites.”® Measured activation energies for dehydro-
genation were consistently higher than for cracking (by 21—42 kJ
mol ') on all zeolite catalysts, consistent with activation energies
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Figure 4. Arrhenius plots of monomolecular conversion of isobutane over MWW and MFI zeolite catalysts: (a) cracking, (b) dehydrogenation, and
(c) temperature dependence of monomolecular isobutane cracking-to-dehydrogenation (Cr/De) rate ratios on MWW and MFI zeolites.

Table 4. Monomolecular Isobutane Cracking and Dehydrogenation Rate Constants (kpe,s) and Cracking-to-Dehydrogenation
(Cr/De) Rate Ratio at 748 K and Measured Activation Energies (Ec.s) and Entropies (AS,,..;) on Zeolites

Kpmeas (x10%) (mol (mol HT) ™' s~ " bar )

zeolite cracking dehyd
MWW 33 29
pillared MWW 42 42
MFI 2.2 2.3
pillared MFI 1.7 LS
3DOm-i MFI 0.9 13

“Errors are +7 k] mol . ° Errors are &9 kJ mol . ¢ Errors are £9 J mol '

Emeas (k_] mOI_l) ASmeas O 1'1‘101_1 K_l)

Cr/De ratio cracking” dehyd” cracking" dehyd*
1.1 186 161 —41 —61
1.0 191 162 —24 —41
0.9 194 178 —8 —28
1.1 182 160 —43 —74
0.7 189 150 —28 —88

K ' “Errors are +13 J mol ' K .

for C3Hg conversion on zeolites MFI, FER, and MOR reported
by Gounder et al.** Measured activation entropies are also higher
for dehydrogenation than for cracking, consistent with later
transition states for dehydrogenation, in which the H—H bond is
nearly formed at the transition state,” as discussed by Gounder et al.
for C3Hg conversion on zeolites MFI, FER, and MOR zeolites. ™
Figure 4 panels a and b show Arrhenius plots for cracking and
dehydrogenation reaction pathways of isobutane activation over
MWW and MFI zeolites. Similar to propane activation, for both
MWW and MFI zeolites, Arrhenius plots for isobutane cracking
and dehydrogenation reactions are parallel, implying that all
zeolites studied have similar activation energies for cracking and
dehydrogenation reactions. The temperature dependence of
isobutane cracking-to-dehydrogenation rate ratios on MWW
and MFI zeolites is compared in Figure 4c. The selectivity to
cracking or dehydrogenation showed no obvious dependence on
zeolite porosity or types. The increase in isobutane cracking-
to-dehydrogenation rate ratios with increasing temperature
contrasts with ratios that decreased with temperature for propane
as noted above. Table 4 shows rate constants for isobutane
cracking and dehydrogenation and cracking-to-dehydrogenation
rate ratios at 748 K on MWW and MFI zeolites, together with
activation energies and entropies for both reaction pathways
calculated from the temperature dependence of these rate
constants. Monomolecular rate constants differ among these
zeolites (by up to factors of ~4) and among the same type of
MWW or MFI samples with different porosities (by up to factors
of ~2). Measured activation energies for dehydrogenation were
consistently lower than for cracking (by 16—39 k] mol™ ") on all
samples, a trend opposite to that obtained from the propane
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reaction results. The larger activation barriers for cracking than
for dehydrogenation of isobutane on all of studied zeolite
catalysts is consistent with previous reports of isobutane reac-
tions on MOR, MFI, and USY zeolites®® ®* and with theoretical
estimates on 20 T-atom MFI clusters.”® The higher activation
energy for cracking than for dehydrogenation of isobutane is
attributed to the abstraction of hydrogen from isobutane result-
ing in a tertiary carbenium ion while a less stable secondary
carbenium ion is formed upon C—C bond scission in iso-
butane.%’ Alternatively, the proton affinity of a C—H bond is
higher than that of a C—C bond and hence, it is energetically less
demanding to form a three-center-two-electron bond such as
[C—H—H] " versusa [C—H—C]" forisobutane.®® Entropy and
charge are driving forces for this reaction so that it is expected
that the higher charge on the transition state correspondingly
requires higher entropy and a looser transition state because the
higher charge on the transition state implies greater separation of
the positively charged activated complex from the negatively
charged lattice oxygen atoms.”” The entropy values in meso-/
microporous zeolites for isobutane reactions are consistently
higher for cracking than for dehydrogenation in consistence with
higher charge and looser transition state for cracking than for
dehydrogenation.

Table S compares the intrinsic activation energies and en-
tropies for monomolecular propane cracking and dehydrogena-
tion on MWW, pillared MWW, and MFI zeolite catalysts, which
were calculated from the measured rate constants (Table 3),
using Temkin's equations and previously reported adsorption
enthalpies and entropies for propane adsorption.”>** It should
be mentioned that the propane adsorption enthalpy/entropy of
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Table 5. Adsorption and Intrinsic Kinetic Parameters of Propane Monomolecular Cracking and Dehydrogenation Reactions over

MWW and MFI Zeolite Samples

AH, g, (k] mol ")

AS,4; (J mol ' K1)

AE,, (] mol ") ASipe (J mol ' KY)

zeolite cracking dehyd cracking
MWW —49° —49° —113°
pillared MWW —49° —49° —116*
MEFI —4s" —4s" —102°
pillared MFI
3DOm-i MFI

“ Adsorption data reported in ref 25. ” Adsorption data reported in ref 34.

dehyd cracking dehyd cracking dehyd
—113* 209 251 24 77
—116" 208 229 23 49
-102° 209 245 16 62
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Figure 5. Pyridine or DTBP base titration of acid sites on (a) MWW and (b) MFI zeolite catalysts during ethanol dehydration reactions.

pillared MWW in Table 5 was reported for the pillared MWW
material prepared under high temperature swelling conditions.”*
The energetics of propane adsorption on the pillared MWW
synthesized using high temperature swelling conditions were
identical to those measured for MWW zeolites at low alkane
partial pressure conditions, that is, conditions below a coverage
of one alkane molecule per active site.”> This result led the
authors to conclude that the adsorption of alkanes occurs
predominately in the 10 MR channel systems considering that
the pillared MWW material contains intact 10 MR channels after
swelling and pillaring procedures.*’ The pillared MWW in the
present study synthesized using the procedure reported by
Maheshwari et al.'* has shown better structural preservation than
pillared MWW prepared under high temperature swelling condi-
tions, and thus the adsorption properties between MWW and
pillared MWW are expected to be very similar. Consequently,
we use the reported propane adsorption enthalpy/entropy of
pillared MWW to evaluate the intrinsic kinetic parameters of
propane activation over pillared MWW synthesized in the
present work. The intrinsic activation barriers (208—209 kJ
mol ") for monomolecular C3Hg cracking, shown in Figure 5,
are similar on MWW, pillared MWW, and MFI, in agreement
with previous data for C3Hg cracking on MFI, FER, and MOR
zeolites (187—200 kJ mol ™ ').*"** Their magnitude and insen-
sitivity to zeolite structure also agree with previous reports for
C;Hg cracking on different zeolites MFI, MOR, BEA, and
FAU**®® and for the cracking of larger C3—C,o n-alkanes on
MFL*"*7% Intrinsic activation energies for monomolecular
propane dehydrogenation were also similar on MWW, pillared
MWW, and MFI zeolite catalysts (229—251 kJ mol ). No
alkane adsorption data for pillared MFI and 3DOm-i MFI are
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available in the literature so that intrinsic activation energies and
entropies of these two materials cannot be calculated and
compared with the microporous MFI zeolite. However, the
similarity in kinetic behaviors of reactions over pillared MFI,
3DOm-i MF], and the microporous MFI might imply similar
adsorption properties of small alkanes and alcohol molecules on
all MFI zeolites studied based on previous reports in the
literature that have shown that the intrinsic activation energy
for alkane activation is independent of zeolite structure when
comparing reactions of alkanes across different zeolites. 3534368

The kinetic parameters assessed for propane and isobutane
monomolecular reactions consistently show very similar kinetic
behavior between zeolites possessing dual meso-/microporosity
and microporous zeolites, although these materials have distinct
pore structures. The similarity in kinetic behavior of reactions in
the present study is in agreement with the results of propane
activation over meso-/microporous SAPO and microporous
SAPQ catalysts reported by Danilina et al.>* The apparent rate
constant reflects the product of the intrinsic rate constant and the
equilibrium constant for adsorption. Adsorption of saturated
hydrocarbons in zeolites is primarily due to van der Waals inter-
actions with the walls of the zeolite pore, and these interactions
decrease with increasing circumference of the zeolite pore.>**>”*
Given that adsorption is a strong function of zeolite pore size or
shape, Danilina et al. concluded that the catalytically active sites of
the meso-/microporous SAPO are most probably located in the
micropores of the sample.*” On the basis of the same reasoning,
we surmise that mesopores in pillared MWW, pillared MFI,
and 3DOm-i MFI have much weaker adsorption interactions
for alkanes that would result in a much lower rate for alkane
activation.
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Table 6. Comparison of Residual Ethanol Dehydration Rates
on MWW and MFI Zeolite Catalysts and DTBP Uptake on
Pillared MWW, Pillared MFI, and 3DOm-i MFI Zeolites
after Saturation of the Organic Base Titrant Considering a
Stoichiometry of One Organic Base Per Bronsted Acid Site

DTBP” uptake

after titration

rate loss” after
DTBP titration

rate loss” after

pyridine titration

zeolite saturation (%) saturation (%) saturation (%)
MWW 100 8
Pillared MWW 100 67 60
MFI 100 0
3DOm-i MFI 100 14 13
Pillared MFI 100 30 29

“Rate loss was calculated by the following equation: [1 — (residual rate/
initial rate)] x 100%. " DTBP uptake was determined by moles of
adsorbed DTBP over moles of Bronsted acid sites in each catalyst bed
assessed using DME titration experiments.

Therefore, the comparable rates of propane and isobutane
monomolecular reactions and of ethanol reactions for meso-/
microporous and conventional microporous zeolites suggest that
the Bronsted acid sites in materials with dual meso-/micro-
porosity are predominantly located in the micropores. However,
the presence of significant mesoporosity in the studied meso-/
microporous zeolite materials as inferred from N, physisorption
measurements raises the question: Are active Bronsted acid sites
rarely encapsulated in a mesoporous environment? We believe
that this is not the case and that a more plausible scenario might
be that the active sites in meso-/microporous zeolites are cir-
cumscribed in both microporous and mesoporous environments,
but under reaction conditions the microporous environment
dominates the adsorption properties for small alkane and alcohol
reactants because of a better fit of these molecules compared to
that in the mesoporous environment as discussed below.

3.5. Base Titration during Ethanol Reaction. To investigate
further the surroundings of active sites in the meso-/microporous
MWW and MFI zeolites, a series of titration experiments with
pyridine or DTBP organic base were conducted during ethanol
dehydration reactions. Figure Sa,b shows ethanol dehydration
rates as a function of cumulative titrant addition on the MWW-
and MFI-type zeolites, respectively. Titration with pyridine or
DTBP over all zeolites initially resulted in a linear decrease in
dehydration rates with increasing addition of the titrant, con-
sistent with stochiometric titration of the active sites along the
catalyst bed. At saturation, pyridine suppressed ethanol dehydra-
tion rates completely over MWW and MFI zeolites, while DTBP
titration maintained different residual rates over the zeolites with
different pore structures. The complete loss in dehydration rate
upon pyridine titration suggests that less sterically hindered
pyridine molecules are transported through the zeolite channels
and can access all active Bronsted acid sites in these materials
consistent with reports in the literature.”””* The residual ethanol
dehydration rates of zeolites after DTBP titration saturation,
however, suggests that the bulky DTBP molecules have limited
accessibility to Bronsted acid sites located in micropores in
MWW- or MFIL-type zeolites.”*”> The loss in ethanol dehydra-
tion rates reflects the degree of accessibility of bulky DTBP
molecules to Brensted acid sites in zeolites with different pore
structures, and hence, the number of active sites accessible from
the mesoporous environment. The calculation shown in Table 6
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indicates that 8% and 67% Brensted acid sites in MWW and
pillared MWW, and 0%, 14%, and 30% of Brensted acid sites in
MFI, 3DOm-i MF], and pillared MF]J, respectively, are accessible
to DTBP, a molecule that can only be transported via the
mesoporous environment in these materials. The possibility of
rate loss for ethanol dehydration reactions being caused by pore
blockage by the bulky DTBP molecules is excluded as the DTBP
uptake on zeolites monitored during titration shows 60%, 29%,
and 13% Brensted acid sites are occupied by the organic base in
pillared MWW, pillared MFI, and 3DOm-i MF]I, respectively,
consistent with the values assessed from the loss in ethanol
dehydration rates (Table 6).

The base titration results confirm that some portion of
Bronsted acid sites is accessible from the mesoporous environ-
ment in meso-/microporous MWW or MFI zeolites and the
presence of mesopores increases the accessibility of bulky reac-
tant molecules to the active sites in catalytic reactions. However,
when the reaction involves reactant molecules such as ethanol,
propane, and isobutane and kinetic studies are conducted in the
absence of diffusion limitations as in the present study, the
Bronsted acid sites in micro/meso-porous zeolites behave nearly
identically to those surrounded only by a microporous envir-
onment. Therefore, we conclude that zeolites with dual meso-/
microporosity empower the active acid sites with dual catalytic
implications: the microporous environment predominates
catalytic behavior of acid sites for reactions conducted with-
out space constraints while the mesoporous environment
may provide enhanced accessibility for reactions of larger
molecules.

4. CONCLUSIONS

Three catalytically active meso-/microporous zeolite mate-
rials, pillared MWW, pillared MFI, and 3DOm-i MFI, were syn-
thesized through the creation of mesopores between the micro-
porous zeolite layers by pillaring or by imprinting ordered
mesoporosity within single zeolite crystals. Although different
pore structures and porosities are present in MWW- and MFI-
type zeolite materials, the catalytic behavior of Brensted acid sites
in pillared MWW, pillared MFI, and 3DOm-i MFI measured
under strict kinetic control is similar to that of their microporous
zeolite analogues. The ethanol dehydration reaction shows that
meso-/microporous MWW and MFI zeolites have comparable
dehydration rates to conventional MWW and MFI zeolites.
Monomolecular propane and isobutane reactions measured
under differential conversion show that all zeolites studied have
consistent cracking and dehydrogenation activation energies,
which suggests that Brensted acid sites behave similarly in
conventional zeolites and in the meso-/microporous zeolite.
Organic base titration studies during ethanol dehydration show
that a fraction of Bronsted acid sites in pillared MWW, pillared
MFI, and 3DOm-i MFI can be accessed through the mesopores
since the uptake of DTBP titrant by the catalyst is consistent with
the decrease in ethanol dehydration rates. On the basis of these
results, we conclude that some Bronsted acid sites in zeolites
containing dual meso-/microporosities are circumscribed by
both microporous and mesoporous environments and that the
catalytic behavior of these Brensted acid sites is primarily
dominated by the micropores and remains largely unaffected
by the presence of mesopores when assessed in rigorous kinetic
measurements in the absence of transport restrictions using
probe C3;—C, alkane and alcohol reactants.
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