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a b s t r a c t

Four kinds of large port zeolites BEA, FAU, LTL and MOR, were used as catalysts in the dehydration of a
large molecule, epiandrosterone, to elucidate the effect of their pore structure on its conversion and the
selectivity for 5�-androst-2-en-17-one (�2-olefin). Silane masking of the zeolite acid sites, measurement
of their epiandrosterone uptake, and theoretical calculations to find the energy-minimized conformation
vailable online 7 April 2009

eywords:
eolite
piandrosterone
ehydration

in zeolite pores revealed the roles of pore structure and acid sites in the dehydration. LTL and MOR zeolites
showed poor conversion and low selectivity for �2-olefin because of the close packing in their linear
pores. BEA and FAU zeolites with three-dimensionally connected pores exhibited high conversion. Since
the supercages of FAU zeolite provided enough space to allow tilted conformation of epiandrosterone
with high preference for the formation of �2-olefin, FAU zeolites with a sufficient number of acid sites

conve
onformation
dsorption simulation

demonstrated both high

. Introduction

Catalysts have been occasionally used in organic reactions of
ulky materials [1–6], although their catalytic function is not
ufficiently understood and they have typically been considered
ndispensable materials for the reactions. Little systematic research
as been conducted on the interaction between catalysts and large
ulky organic reactants. Recently, several papers reported the appli-
ation of zeolites with specific pore structures to organic synthesis
n order to enhance the selectivity for desired products by suppress-
ng the formation of undesired intermediates [1–6]. These trials
ave been continued because of the difficulty in separating the
esired products from their bulky isomers with their very similar
tructures. They have only a small difference such as the position
f double bonds and the coordination direction of substituents.
herefore, a highly selective catalyst for a certain isomer of bulky
aterials will be very useful for an organic reaction which produces
any isomers.
Zeolites have micropores smaller than 1 nm, but they are active

or the dehydration reaction of cholesterol [2]. Careful control of

he reaction conditions induces a high selectivity for the desired
roduct. Zeolites are also used in the selective photoreduction of
lefinic steroids such as testosterone acetate, cholesterone, and
ndrostenedione [3]. Transition metal-loaded zeolites show high

∗ Corresponding author. Tel.: +82 62 530 1876; fax: +82 62 530 1899.
E-mail address: gseo@chonnam.ac.kr (G. Seo).
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oi:10.1016/j.molcata.2009.03.037
rsion and selectivity in the dehydration of epiandrosterone.
© 2009 Elsevier B.V. All rights reserved.

selectivity for the hydrogenation of 17�-hydroxy-androst-4-en-
3-one due to their pore structures [4]. Selective cyclization of a
variety of epoxy polyene terpenes [5] and farnesal [6] induce stereo-
controlled products as nanaimoal in zeolite NaY. Although several
papers in the literature reported the high feasibility of zeolites as
catalysts for bulky organic reactions [2–6], the contribution of their
external surface to the selectivity has not been systematically inves-
tigated.

The dehydration product of epiandrosterone, 5�-androsten-
17-one, has two isomers of 5�-androst-2-en-17-one (�2-olefin)
and 5�-androst-3-en-17-one (�3-olefin) with different positions
of their double bonds. However, only �2-olefin has been effec-
tively used in the preparation of muscular relaxants [7,8] and
aminosteroids [9]. Furthermore, the separation of �2-olefin from
�3-olefin using conventional methods is very difficult, so that the
selectivity of catalysts for �2-olefin is very important in determin-
ing their feasibility.

Several methods for the dehydration of epiandrosterone have
been reported, as shown in Scheme 1 [10–16]. The hydroxyl group
combined to the 3-C atom of epiandrosterone reacts with p-
toluenesulfonyl chloride or methane sulfonyl chloride to produce
tosylate esters, which can be easily converted to olefins through
the elimination reaction over LiBr [10] or base materials such as

collidine [11] and lutidine [12]. The so-called Burgess’ reagent,
the salt of methoxycarbonyl sulfamoyl triethyl ammonium hydrox-
ide, is very active in producing the dehydrated intermediates
from epiandrosterone. �2-Olefin is selectively obtained by heat-
ing the intermediates at 90 ◦C [13]. The supported acids prepared

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:gseo@chonnam.ac.kr
dx.doi.org/10.1016/j.molcata.2009.03.037
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Scheme 1. Several methods for

y impregnating sulfuric acid or copper sulfate on silica gel with
diameter of 0.063–0.2 mm were active in the dehydration of

piandrosterone [14–16]. These supported acids produce cationic
ntermediates and the continuous removal of the produced water
y refluxing completes the dehydration reaction.

The homogeneous catalytic reactions using p-toluenesulfonic
hloride and Burgess’ reagent described above achieve high lev-
ls of selectivity for �2-olefin, but the additional purification of
roducts removing these reagents is essential to obtain �2-olefin
ith sufficient purity to be useful for pharmaceutical production.

he equilibrium compositions of �2- and �3-olefin isomers in the
ehydration of epiandrosterone are very close because of the small
ifference in their Gibbs free energies.

However, the selectivity for �2-olefin differs widely accord-
ng to the catalysts. In our previous work [17], sulfonic
cid-incorporated MCM-41 mesoporous materials exhibit an
xceptional high selectivity for �2-olefin of above 95%, even though
he conversion varies from 63 to 99% according to the number of
cid sites loaded on them. The tilted orientation of epiandrosterone
n their surface reduces the steric hindrance at the adsorption of
piandrosterone on the acid sites and prevents the close approach
f hydrogen atoms combined with 2-C atoms to proton accep-
ors located on the surface, resulting in the high preference for

2-olefin production. On the contrary, the MOR zeolite used as a
eference catalyst induces poor selectivity due to the close packing
f epiandrosterone in its linear micropores. The very small tolerance
n the space between epiandrosterone and the pore wall causes sim-
lar probabilities to hydrogen atoms combined to 2-C and 4-C atoms
eacting with the proton acceptors located on the surface, thereby
nducing similar selectivity for both �2- and �3-olefins.

Large port zeolites with pore entrances composed of 12 mem-
ered oxygen atoms (12 MR) allow the transfer of epiandrosterone

nto their micropores, but the diffusion rate and adsorption state
f epiandrosterone in their micropores differ according to their
ore structures. MOR zeolite has one-dimensional, linear pores
0.7 nm × 0.65 nm), BEA zeolite has three-dimensionally connected,

inusoidal pores (0.76 nm × 0.64 nm), FAU zeolite has supercages
onnected through 12 MR pore entrances (7.4 Å), and LTL zeolite also
as 12 MR linear pores (7.1 Å) with periodically repeated large void
paces (aperture of 12.6 Å). Since their pore shapes and sizes influ-
nce the diffusion and conformation of epiandrosterone in their
ehydration of epiandrosterone.

pores, the conversion of epiandrosterone and the selectivity for
�2-olefin over these zeolites are strongly dependent on their pore
structures.

Our previous work on the mesoporous materials incorporated
with sulfonic acid groups were not suitable for the investigation
of the steric effect of catalysts. In this study, we used five kinds of
zeolite with different pore sizes and shapes as catalysts to investi-
gate the effect of zeolite pore structure on their catalystic activity
and selectivity in the dehydration of epiandrosterone. Although
MFI zeolite has 10 MR pore entrances (5.3 Å), which are too small
to allow the diffusion of epiandrosterone, it was used to verify
the contribution of the external surface to its activity by silane
masking. The conversion and selectivity for �2-olefin in the dehy-
dration were measured over the zeolites. Their epiandrosterone
uptake was also examined in order to investigate the diffusion rate
of epiandrosterone in zeolite pores. In addition, the conformation
of epiandrosterone in zeolite micropores was simulated by theo-
retical calculations to reveal clearly the limitation exerted by pore
structure on the adsorption of large molecules. The variation of the
conversion and selectivity in the dehydration over the zeolites is
discussed relating to their pore structure and acidity.

2. Experimental

2.1. Preparation of catalysts

Five kinds of zeolite BEA, FAU, LTL, MOR and MFI, were used
as catalysts in the dehydration of epiandrosterone. The Si/Al molar
ratios of the zeolites were varied in order to investigate the effect of
acidity on the conversion and selectivity in the dehydration. Their
Si/Al ratios and sources are listed in Table 1. All H-form zeolites used,
except LTL zeolite, were commercial products. The numbers in their
names after the framework codes represent their Si/Al ratios.

LTL zeolite was hydrothermally synthesized following the pro-
cedure described in the literature [18]. A synthetic mixture of LTL
zeolite was prepared using sodium aluminate (NaAlO2, 31% Na2O,

34% Al2O3, Kanto), potassium hydroxide (93%, Daejung), sodium
hydroxide (98%, Daejung) and colloidal silica (Ludox, 40% SiO2,
Aldrich). The composition of the mixture was 5.4 K2O:5.7 Na2O:1
Al2O3:30 SiO2:500 H2O. After aging for 24 h at ambient temper-
ature, the mixture was hydrothermally reacted in an autoclave
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Table 1
List of sources and properties of zeolites used in the study.

Catalyst Pore diameter (Å) Si/Al molar ratio SBET (m2/g) Amount of ammonia desorbed (mmol/g) Source

MFI(25) 5.1 × 5.5,
5.3 × 5.6

25 425 0.26 Zeolyst Co.
MFI(75) 75 410 0.11 PQ Corp.

MOR(10) 6.5 × 7.0,
2.6 × 5.7

10 400 0.59 Tosoh Corp.
MOR(100) 100 420 0.10 Tosoh Corp.

BEA(13) 6.6 × 6.7,
5.6 × 5.6

13 880 0.38 PQ Corp.
BEA(100) 100 550 0.10 Seneca Co.

LTL(15) 7.1 × 7.1 15 280 1.18 Synthesized

FAU(2.6) 7.4 × 7.4 2.6 550 1.08 JRC-22a

FAU(6.7) 6.7 600 0.13 Tosoh Corp.
FAU(15) 15 780 0.26 Zeolyst Co.
FAU(30) 30 720 0.18 Zeolyst Co.
FAU(40) 40 780 0.08 Zeolyst Co.
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a Japanese reference catalyst.

nder autogenous pressure at 170 ◦C for 24 h. Zeolite cake obtained
hrough washing and filtering was calcined at 550 ◦C for 8 h. H-form
TL zeolite was obtained by calcining ammonium ion-exchanged
TL zeolite using 0.25N ammonium nitrate at 550 ◦C for 8 h.

BEA(100), FAU(6.7) and MOR(100) zeolites were treated with
imethyl dichlorosilane (DMS, Aldrich) and t-butyl chlorodiphenyl
ilane (DPS, Aldrich) to mask the zeolite acid sites. The molecu-
ar diameters of DMS, and DPS, determined using ChemDraw were
.5 Å × 2.0 Å and 9.1 Å × 6.5 Å, respectively, indicating that DMS but
ot DPS can diffuse into the micropores of the large port zeolites.
wo grams of each zeolite sample was added to 100 ml anhydrous
cetone (99.5%, Daejung) and stirred for 30 min to remove the water
19]. After filtering the zeolite slurry, the filtered zeolite was sus-
ended in 50 ml n-hexadecane (99%, Aldrich). One gram of DPS
as added dropwise to the slurry followed by heating at 150 ◦C.

he mixture was cooled to 50–60 ◦C and washed with a mixture
f n-hexane (95%, Aldrich) and dichloromethane (99.8%, Aldrich).
PS-treated zeolites [DPS-MFI(75), etc.] were obtained by drying in
acuum. For the DMS treatment, the zeolite samples were exposed
o DMS vapor in a closed jacket chamber at 70–80 ◦C for 1 h. After
MS vapor was evacuated, the DMS-treated zeolites were dried at
0–80 ◦C [DMS-MOR(100), etc.].

A sulfuric acid catalyst impregnated on silica was also prepared.
ater contained in the silica gel (0.063–0.2 mm, Merck) was con-

inuously removed using a Dean-Stack apparatus by refluxing its
lurry suspended in toluene (99.5%, Daejung). After removing the
ater, toluene was replaced with methanol (99.8%, Aldrich). At

mbient temperature, sulfuric acid (95%, Aldrich) was added to the
ilica slurry up to 3 wt%. The sulfuric acid catalyst, H2SO4/SiO2, was
btained by evaporating methanol and was stored by sealing to
revent water contamination.

.2. Characterization of the catalysts

.2.1. X-ray diffraction (XRD)
XRD patterns of the catalysts were recorded on an X-ray diffrac-

ometer (D/MAX-1200, Rigaku) at 40 kV and 40 mV.

.2.2. Nitrogen adsorption
Adsorption isotherms of nitrogen were obtained using a vol-
metric adsorption measuring apparatus (Mirae SI nanoPorosity-
G). A zeolite sample of 0.1 g was charged in a sample tube and
vacuated at 250 ◦C for 2 h. The surface areas of the zeolites were
alculated by applying the Brunauer–Emmett–Teller (BET) equa-
ion from the nitrogen adsorption isotherms measured at 77 K.
0.00 Zeolyst Co.

– Prepared

2.2.3. Temperature-programmed-desorption (TPD) of ammonia
The TPD profiles of ammonia from the zeolites were recorded

on a homemade TPD apparatus. A zeolite sample (0.1 g) charged in
a quartz tube with an outer diameter of 9.5 mm was activated in a
helium flow of 100 ml/min at 550 ◦C for 1 h. The zeolite sample was
saturated with pulses of ammonia (99.999%, Korea gas) followed by
purging with helium flow at 150 ◦C for 1 h. The TPD profiles were
recorded as the sample temperatures were increased to 800 ◦C at
a rate of 10 ◦C/min. Desorbed ammonia was monitored by a mass
spectrometer (Balzers, QMS 200).

2.3. Dehydration of epiandrosterone

Epiandrosterone was dehydrated over the zeolites following the
procedure described in our previous paper [17]. Epiandrosterone
was purchased from Tokyo Kasei Inc. Two grams of epiandros-
terone (6.9 mmol) was dissolved in toluene (99.5%, Daejung) and
reacted over a 2 g of catalyst in a three-neck flask. Water pro-
duced during the dehydration was continuously removed by a
Dean-Stack apparatus. Products were analyzed an HPLC (Agi-
lent 1200) with an Inertsil ODS3 150 mm × 4.6 mm column. The
conversion of epiandrosterone was defined as the mole percent
of its consumption. The selectivity for �2-olefin was defined
as the mole percent of �2-olefin produced per epiandrosterone
consumed.

2.4. Uptake of epiandrosterone

Equal amounts (250 mg) of epiandrosterone and an internal
standard (1S,2S,4R)-1-methyl-2-(phenyl-thio)-4-(prop-1-en-2-yl)
cyclohexanol (MPTPH), were dissolved in 50 ml of methylene
chloride. Since the kinetic diameter of MPTPH estimated using
ChemDraw was 0.9 nm and its diameter was clearly larger than the
pore entrances of the zeolites used in this study, MPTPH could not
be adsorbed into zeolite pores.

After adding 1.0 g of zeolite to 10 ml of the epiandrosterone
solution, the slurry containing zeolite was stirred by a magnetic
stirrer in a constant water bath of 25 ◦C. Samples collected at a
preset interval were filtered with a microfilter and dried with
nitrogen flow followed by dilution with 1.5 ml CDCl3 (Aldrich).
NMR spectra were recorded on an NMR spectrometer (Varian 300)

and the uptake of epiandrosterone on zeolite was calculated from
the change in the ratio of the peak at 3.6 ppm to the peak at
4.75 ppm. The former was attributed to the proton of the 3-C
atom of epiandrosterone, while the latter to the protons of methy-
lene of MPTPH. The internal standard method showed a good
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eproducibility in determining the uptake of epiandrosterone on
he zeolites.

.5. Theoretical calculation

The unit cell structures of FAU, MOR and BEA zeolites were con-
tructed based on the results of X-ray crystallographic study [20].
hey were three-dimensionally expanded to 1 × 1 × 1, 1 × 1 × 4
nd 2 × 2 × 1 to build models of dehydrated H-form zeolites
f FAU(6.7) (H25Si167Al25O384), MOR(95) (H2Si190Al2O384) and
EA(122) (H2Si244Al2O512), respectively. Aluminum atoms were
andomly distributed on the tetrahedral sites composing the frame-
ork of each model obeyed the Loewenstein’s rule. Extraframework
rotons, which compensated for the negative charges of the frame-
ork, were initially positioned around the aluminum atoms.

The charge equilibration method using QEq-charged1.1 was
pplied to determine the net atomic charges of hydrogen, silicon,
luminum and oxygen atoms [21]. After constructing the model
tructures, we selected energy-minimized structures based on their
nergy calculated using the conjugate gradient algorithm and the
uchart1.02-Universal1.01 force field [22,23]. The parameters relat-

ng to the interaction between the framework and the adsorbed
piandrosterone were derived from both force fields by the geo-
etric combination rule.
In order to determine the conformation of epiandrosterone in

he zeolite pores, we used Monte Carlo simulation. The struc-
ures of the host zeolites were assumed to be rigid during the
piandrosterone adsorption. Although some redistribution of pro-
ons can occur during adsorption, the migration of protons was
ot considered. Only one epiandrosterone molecule moved inside
he zeolite pores to maximize their stabilization energy. The
eriodic boundary conditions were applied in all three dimen-
ions during simulation and the Metropolis scheme was used.
he average conformations of epiandrosterone were obtained
rom the calculation results after 3 × 106 iterations. The cutoff
istance for a short-range Lennard–Jones summation was 15 ´̊A
nd that for Ewald summation was the half of the unit cell
ength.

Since the zeolite frameworks were assumed to be rigid, only
he non-bond interaction energy between the framework and
piandrosterone was calculated to obtain its optimized conforma-
ion in the pores of the FAU(6.7), MOR(95) and BEA(122) zeolites.
he total interaction energy was the sum of the long-range Coulom-
ic term and the short-range van der Waals (vdW) term. The vdW
nteraction parameters, D0 and �0, are summarized in Table 2.
fter carrying out the adsorption simulation of epiandrosterone,

he energies of the whole zeolite structures containing epiandros-
erone molecules were minimized again to obtain more reliable

able 2
ennard–Jones potential energy parameters used for the adsorption simulationa.

tom type D0 (kcal/mol) �0 (Å)

i zb 0.0469 4.2000
l zb 0.0292 4.2400
zb 0.1648 3.3000

0.0440 2.8860
0.1050 3.8510
0.0600 3.5000

a The Buchart1.02-Universal1.01 force field which was developed to describe the
nergetics of zeolites–organic molecule systems was employed. The Burchart force
eld treated the zeolite framework and the Universal force field treated the intra-
nd intermolecular interactions. The parameters for the framework–molecule inter-
ctions are derived from parameters from both force fields, combining through the
eometric combination rule.
b Si z, Al z and O z represented silicon, aluminum and oxygen atoms in the zeolite

ramework, respectively.
Fig. 1. N2 adsorption isotherms of representative zeolites.

conformations of epiandrosterone in the zeolite pores. Green lines
were employed to denote the interaction between the protons of
zeolites and the oxygen atoms of epiandrosterone.

3. Results and discussion

Micropores of the zeolites caused Langmuir-type adsorption
isotherms of nitrogen, as shown in Fig. 1. The slight increase in the
nitrogen adsorption on BEA(13) zeolite at higher P/P0 was attributed
to its small particles composed of mesopores in its aggregates
[24]. BEA(13) and FAU(15) zeolites had slightly large amounts of
nitrogen adsorption because of their larger void volumes. MFI(25)
and MOR(10) zeolites commonly showed similar intersections at
P/P0 = 0, about 100 cm3/g, indicating their similar surface areas. The
low intersection on LTL(15) zeolite caused its small surface area.

The TPD profiles of ammonia from the zeolites varied consid-
erably with their topologies and Si/Al molar ratios, as shown in
Fig. 2. The temperature of a desorption peak maximum (Tm) cor-
responded to the acid strength and the peak area to the number
of acid sites. The Tm of MOR(10) zeolite was about 500 ◦C, indicat-
ing its highest acid strength among the tested zeolites, whereas
BEA(13) zeolite exhibited a Tm of 280 ◦C due to its weak acidity.
MFI(25) and LTL(15) zeolites had acid sites with medium strength.
FAU zeolites with different Si/Al molar ratios presented different
areas of desorption peaks, while the temperatures at the maxima of
their desorption peaks were almost the same. To summarize these
results, the acid strength of the zeolites increased in the following
order: BEA < LTL ≈ FAU = MFI < MOR. The number of acid sites was
strongly dependent on their Si/Al molar ratio.

The Si/Al molar ratios, BET surface areas and desorbed amounts
of ammonia of the zeolites used in this study are listed in Table 1.
The increased Si/Al molar ratio of the zeolites decreased the amount
of ammonia desorbed, whereas this relationship was not quantita-

tively valid throughout all the zeolites with different topologies.
FAU(6.7) zeolite had an unexpectedly small number of acid sites,
despite its high aluminum content. This difference was attributed
to the presence of extraframework aluminum that was not involved
in the formation of acid sites [25]. Although all the zeolites except
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ig. 2. TPD profiles of ammonia from representative zeolites. TPD profiles from four
inds of FAU zeolites are also shown to exhibit the effect of their Si/Al molar ratio
n the number of acid sites.

TL(15) had large BET surface areas above 400 m2/g, BEA and FAU
eolites showed large BET surface areas of approximately 800 m2/g

s expected from their nitrogen adsorption isotherms.

Due to its molecular diameter of about 5 Å, epiandrosterone
an enter into the pores of 12 MR zeolites and can be dehy-
rated over their acid sites. Fig. 3 shows the dehydration over
OR(100), BEA(100) and FAU(6.7) zeolites. A supported acid,

ig. 3. Dehydration of epiandrosterone over representative zeolites at 110 ◦C
epiandrosterone/catalyst = 0.5 g/0.5 g, solvent; toluene).
ysis A: Chemical 308 (2009) 134–141

H2SO4/SiO2 was also used to reveal the effect of pore structure
on the dehydration. H2SO4/SiO2 and BEA(100) zeolite showed high
conversion, while the conversion on MOR(100) zeolite was very
low. FAU(6.7) zeolite had a slightly low conversion compared to
BEA(100) zeolite. The selectivity for �2-olefin varied according
to the catalysts. FAU(6.7) zeolite maintained a high selectivity
around 95% throughout the dehydration reaction, while BEA(100)
and MOR(100) zeolites showed low selectivities of about 60%. The
supported catalyst with macropores exhibited medium selectiv-
ity, with very high conversion on it. The high conversions over
H2SO4/SiO2 and BEA(100) zeolite simply demonstrated the depen-
dence of the conversion on the diffusion rate of epiandrosterone.
MOR(100) zeolite with the strongest acidity showed the lowest con-
version among these catalysts. Therefore, the large difference in the
conversion of BEA(100) zeolite from MOR(100) zeolite indicated the
absence of any coincident relationship between the conversion and
acidity of these zeolites.

The catalytic contribution of the external or internal surface of
zeolites can be elucidated by changing their particle size as reported
in many literatures [5,6,26,27]. However, it was very difficult obtain
several kinds of zeolites with similar particle sizes and particle
shapes. Therefore, we employed the silination on the zeolites using
two kinds of silanes with considerably different molecular sizes
(DPS and DMS) to compare the effect of the external surface on
their catalytic activity. The modification of zeolites with DPS and
DMS silanes is helpful to confirm the progress of the dehydration
in their micropores. Table 3 lists the catalytic performance of silane-
modified zeolites. Since the conversion of epiandrosterone and the
selectivity for �2-olefin over the zeolites approached equilibrium
after 3 h, as shown in Fig. 3, the conversion and selectivity obtained
at 3 h were used to compare their catalytic performance. The reac-
tion time was shortened to 2 h on BEA zeolites due to the very rapid
reaction over them.

The DMS-modified MOR(100) and BEA(100) zeolites, regardless
of their topology, showed negligible conversions, indicating that
the small molecular size of the DMS allowed it to mask completely
their acid sites, even in the micropores. However, DPS-modified
BEA(100) and FAU(6.7) zeolites maintained their catalytic activity,
indicating that the acid sites located in the micropores of DPS-
BEA(100) and DPS-FAU(6.7) zeolites were still active, because DPS
only masks the acid sites located on the external surface. Even
though the masking of acid sites located on the external surface
caused the decrease in the total number of acid sites, the con-
version over FAU(6.7) increased with the silination by DPS. The
silination on the external surface of MOR zeolites with low Si/Al
molar ratios suppresses the carbon deposit on it and prevents the

blocking of pore mouth, resulting in the increase of the conversion
in the liquid-phase degradation of polyethylene [28]. The silination
might increase the activity of the FAU(6.7) catalyst by suppressing
the carbon deposit on their external surface and extend its catalyst
life.

Table 3
Dehydration of epiandrosterone over silane-modified zeolites.

Catalyst Conversion (%) Selectivity (%)

MFI(75) 28 74
DPS-MFI(75) 05 –
MOR(100) 10 65
DMS-MOR(100) 00 –
DPS-MOR(100) 05 –
BEA(100) 99 70
DMS-BEA(100) 05 –
DPS-BEA(100) 85 75
FAU(6.7) 80 95
DPS-FAU(6.7) 91 96

Reaction condition: Epiandrosterone/catalyst = 0.5 g/0.5 g, solvent; toluene.
Reaction was carried out for 3 h, but for 2 h over BEA(100).
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Table 4
Dehydration of epiandrosterone over zeolites with different Si/Al molar ratios.

Catalyst Conversion (%) Selectivity (%)

MFI(25) 31 78
MFI(75) 28 74
MOR(10) 3.5 60
MOR(100) 10 65
BEA(13) 92 65
BEA(100) 99 70
LTL(15) 0 0
FAU(2.6) 21 95
FAU(6.7) 80 95
FAU(15) 81 93
FAU(30) 77 92
FAU(40) 37 95
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regardless of their Si/Al molar ratio, also indicated the importance
of pore structure on the selectivity in the dehydration. The tilted ori-
entation of epiandrosterone on the sulfonic acid sites incorporated
on the MCM-41 mesoporous material caused a high selectivity due
to the suppressed the close approach of the hydrogen atom com-

Fig. 5. Simulated conformation of epiandrosterone in MOR(95) zeolite. The hydro-
AU(180) 5 95

eaction condition: Epiandrosterone/catalyst = 0.5 g/0.5 g, solvent; toluene.
eaction was carried out for 3 h, but 2 h over BEA(13) and BEA(100).

Since MOR(100) zeolite itself showed poor catalytic activity,
he low conversion on DPS-MOR(100) zeolite was not due to the
PS modification. The reduction of the conversion on MFI(75) zeo-

ite induced by the DPS modification indicated that the acid sites
ocated on its external surface also participated in the dehydration,
ecause its 10 MR-sized micropores did not allow the diffusion of
piandrosterone into its micropres. Therefore, the very low con-
ersion on DMS-BEA(100) zeolite and the retained high conversion
n DPS-BEA(100) zeolite strongly indicated that the dehydration of
piandrosterone mainly occurred in the 12 MR-sized micropores of
EA zeolite

Table 4 lists the conversion and selectivity obtained over all
he zeolites used in this study. The conversions over the zeolites
iffered considerably according to their topology. MFI and MOR
eolites showed low conversions, while BEA zeolites showed high
onversions of about 90%, even at 2 h. No dehydration occurred over
TL(15) zeolite, whereas the conversion over FAU zeolites varied
idely according to their Si/Al molar ratio. The selectivity for �2-

lefin over the zeolites also varied according to their topologies.
FI, MOR and BEA zeolites showed a medium selectivity of about

0–70%, regardless of the conversion level over them, whereas
he selectivities over FAU zeolites were consistently above 90%,
lthough the conversion over them varied from 5 to 80%.

These results suggested that the pore structure and acidity of
he zeolites combined to determine the conversion and selectivity
n the dehydration. The low conversion over FAU(40) and FAU(180)
eolites with high Si/Al molar ratio was responsible for the low
cid site concentration. However, the high conversions over BEA(13)
nd BEA(100) zeolites emphasized the effect of the pore structure,
ecause BEA(100) zeolite only had few weak acid sites. MOR(10)
eolite with numerous strong acid sites and LTL(15) zeolite with
umerous weak acid sites commonly showed very low conversion,
trongly suggesting the importance of pore structure in determin-
ng the conversion in the dehydration. The conversion was primarily
ependent on the pore structure of the zeolites, and the strong acid
ites were not essential for the dehydration.

In order to verify the effect of pore structure on the dehydra-
ion reaction over the zeolites, the epiandrosterone uptake on them
as examined (Fig. 4). The uptake rates of epiandrosterone on

he zeolites varied considerably according to their pore structures,
lthough their pore entrances were commonly composed of 12 MR.
he zeolites with FAU and BEA topologies showed rapid diffusion
f epiandrosterone into their pores, resulting in high uptake rates,
hereas the uptake rate on MOR(10) zeolite was very slow. The
xcessively small uptake amount on LTL(15) zeolite suggested the
rohibited diffusion of epiandrosterone into its pores. Thus, a zeo-

ite pore structure that allows the rapid diffusion of epiandrosterone
s indispensable for its high conversion.
Fig. 4. Uptake of epiandrosterone on representative zeolites at 25 ◦C.

The consistently high selectivity for �2-olefin over FAU zeolites,
gen atoms of epiandrosterone that can produce �2-olefin and �3-olefin are
represented by the yellow and green colors of cylinder forms, respectively. The
hydrogen atom of hydroxyl group is represented by the white color of cylinder
form. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)
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ined to the 2-C atom to the proton acceptors located on the surface
17]. Therefore, the preferable adsorption states of epiandrosterone
n the micropores of the zeolites determined the selectivity for �2-
lefin.

The simulated adsorption states of epiandrosterone on
OR(95), BEA(122) and FAU(6.7) zeolites differed considerably

ccording to their pore structure, as shown in Figs. 5–7. A linear
piandrosterone molecule was closely packed in the linear pore of
OR(95) zeolites (Fig. 5). Since the molecules preferred the paral-

eled conformation to the linear pore, they exhibited no preference
or the selective dehydration. The low probability for the approach
f hydroxyl groups of epiandrosterone molecules to the surface pro-
ons may have been responsible for the very low conversion on

OR(95) zeolite.
Even though the micropores of BEA zeolite were composed of

2 MR, as were those of MOR zeolites, the intersected spaces of the
ores of the former were much larger than those of the latter. As
hown in Fig. 6, the epiandrosterone molecules had margins in the
ores of BEA zeolite. The close approach of the hydroxyl group to
he proton on the surface was also allowed. However, the distance

etween the molecule and the pore wall remained insufficient to
onform for the tilted adsorption of epiandrosterone to reduce the
teric hindrance induced by the adsorption of it. On the contrary,
he supercages of FAU zeolite provided sufficient space for the

ig. 6. Simulated conformation of epiandrosterone in BEA(122) zeolite. Details of
rawing were the same in Fig. 5.
Fig. 7. Simulated conformation of epiandrosterone in FAU(6.7) zeolite. Details of
drawing were the same in Fig. 5.

adsorption of epiandrosterone by tilting-induced minimization of
steric hindrance, as shown in Fig. 7. An epiandrosterone molecule
can be adsorbed with the preferred orientation, thereby minimizing
the steric hindrance.

The close packing of epiandrosterone in MOR zeolite resulted in
low conversion and poor selectivity for �2-olefin because of the
slow diffusion and low probability for the specific orientation with
small steric hindrance. The sinusoidal and three-dimensionally
interconnected pores of BEA zeolite allowed the rapid diffusion of
the epiandrosterone molecules, but their conformation in the pores
was not free due to the small margins between the molecule and
the wall. However, the supercages of FAU zeolite were very large
for an epiandrosterone molecule, thus permitting its various ori-
entations. The sufficient supercage space allowed the adsorption of
epiandrosterone with tilted conformation that had the lowest steric
hindrance, thus achieving an exceptional selectivity for �2-olefin.

4. Conclusions

The masking of acid sites located on the external surface of the
zeolites and the epiandrosterone uptake on them confirmed the
dehydration of epiandrosterone in 12 MR micropores of MOR, BEA

and FAU zeolites. Since the conversion of epiandrosterone was pri-
marily limited by its diffusion rate, the zeolite pore structures were
very important in determining the conversion of the dehydration. In
addition, the zeolite pore structures also affected the selectivity for
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2-olefin in the dehydration, because they limited the conforma-
ion of epiandrosterone in micropores. The number of acid sites of
he zeolites, as deduced from their Si/Al molar ratio, became impor-
ant to determine the conversion when the mass transfer limitation
as not severe. The close packing of the epiandrosterone molecule

n MOR zeolite caused an extremely low conversion with poor selec-
ivity due to both the extremely slow diffusion in the pores and the
bsence of any choice in the adsorption conformation. On the con-
rary, FAU zeolite with large supercages provided enough space for
he epiandrosterone molecule to minimize the steric hindrance by
ilting its end part, thereby affording high selectivity for �2-olefin.
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