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Abstract

Molecular simulations are used to provide insight into published catalytic reactivity data for zeolites that exhibit a cage effect, the seled
preferential conversion of short-chain rather than long-chainn-alkanes. This paper demonstrates that understanding cage effects for ERI-,
and FER-type zeolites requires consideration of four components: (1) adsorption thermodynamics, (2) adsorption kinetics, (3) conver
exterior surface of the catalysts, and (4) coke-induced modifications to the pore texture. By breaking down the Gibbs free energy of
into its enthalpic and entropic contributions, we can further elucidate the influence of the zeolite topology on the adsorption ofn-alkanes with
different hydrocarbon chain lengths. This analysis indicates that zeolite topologies with cages accessible through windows<0.47 nm wide are
particularly prone to exhibiting a cage effect, because they impose a high thermodynamic penalty on the adsorption of molecules that a
to fit comfortably in a single cage. This improved understanding of the cage effect could facilitate its renewed use in commercial practic
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

For the fourth time in a century[1], ethanol has become
gasoline additive in the United States. The addition of etha
displaces the most volatile compounds in the gasoline po
meet front-end volatility specifications. Previous attempts
compensating for a similar shift in composition[1] coincided
with the commercialization of the Selectoforming process[2].
This light-naphtha reforming process selectively hydrocra
short-chainn-pentane andn-hexane, removing them from th
gasoline pool to yield liquid petroleum gas (LPG). The ov
all effect on the gasoline pool is one of reduced volatility a
increased octane number[3–5]. The resulting high-octane gas
line is compatible with high-compression engines and their c
comitant advantage of increased mileage. In principle, th
improved-mileage automobiles afforded an adequate resp
to the high gasoline prices of the 1970s[2]. At the time of
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writing, ethanol has been reintroduced in the gasoline pool,
gasoline prices are back on the increase, so the Selectofor
process could be of renewed value, especially where an as
ated market exists for LPG.

Undoubtedly, the resurrection of a process that uses a
lite to selectively hydrocrack the short-chainn-alkanes would
benefit from a better understanding of its unusual select
[6]. Usually catalysts selectively convert the long-chain rat
than the short-chainn-alkanes[6–21]. When catalysts exhibit
ing the inverse selectivity were first discovered, this selecti
was dubbed a “cage effect”[22–29]; later, it was termed “sec
ondary shape selectivity”[30,31]. In this paper we revert to th
earlier nomenclature.

Naturally, a cage effect represents the effect of a spe
aspect of a zeolite topology (cage) on the reactant slate
definition, this is an instance of reactant shape selectivity. C
sical shape selectivity theory[32–35]focuses on the effect of
zeolite topology on the barriers to adsorption (reactant shap
lectivity), reaction (transition state shape selectivity), and d
orption (product shape selectivity). In line with the classi
concept of reactant shape selectivity, traditional explanat
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for the cage effect have focused exclusively on the effect of
olite topology on the barrier to adsorption[22–31]. In this paper
we show that the difference in Gibbs free energy level betw
gas and adsorbed phase (viz. the Gibbs free energy of ad
tion) is at least as important as the ease of transition from
phase to adsorbed phase. Note that when we discuss Gibb
energy of adsorption, “lower” is synonymous with “more ne
ative,” and a lower Gibbs free energy of adsorption transl
into a higher reactivity.

Most studies on the effect of the Gibbs free energy of
sorption on zeolite catalysis discuss its effect on activity[6–19,
21,36], not on selectivity. These studies have clearly es
lished that reactivity increases with increasingn-alkane chain
length, mainly because the Gibbs free energy of adsorption
creases linearly withn-alkane chain length, and—by the sam
token—the adsorption constant increases exponentially[6–19,
21,37–40]. At pressures above then-alkane saturation pressur
this steady decrease in Gibbs free energy of adsorption wit
creasingn-alkane chain length can inverse, resulting in the p
erential adsorption and conversion of the shorter-chain ins
of the longer-chainn-alkane[41–48]. High pressure can induc
this selectivity inversion because it enhances the importanc
intermolecular interactions at the expense of molecule–wal
teractions. When the intermolecular interactions dominate
Gibbs free energy of adsorption, short-chainn-alkanes can ex
hibit a lower Gibbs free energy of adsorption than long-ch
n-alkanes, because the former can pack more efficiently
more conformations, with more mobility) and therefore lo
less entropy on adsorption[42–48]. This pressure-induced s
lectivity inversion is beyond the scope of this paper. For
purposes of this paper, we define a cage effect as the prefe
for converting the short-chain instead of long-chainn-alkanes
as a result of molecule–wall interactions, that is, as a form o
actant shape selectivity that occurs irrespective of pressure
loading.

Since its inception, a cage effect has been intimately lin
to a window effect[49]. A window effect refers to the propor
tionality between the diffusion rate and the commensurate
of the shape of the adsorbent and the shape of the adsorba[13,
49–55]. Such a phenomenon was already known as “inc
mensurate diffusion” in physics[56], but was renamed “reso
nance diffusion” in catalysis[51]. In catalysis the existence o
incommensurate diffusion remains controversial, highlight
the experimental difficulties in obtaining consistent diffus
rates[54,57–62]. In this paper we show that incommensur
diffusion in ERI-type zeolites is a prerequisite to understand
these zeolites’ remarkable reactant shape selectivity inn-alkane
hydroconversion.

As part of a systematic study of shape selectivity, we b
on earlier work[15] in attempting to combine the impact of
topology on the adsorption kinetics with that on adsorption th
modynamics to obtain a more complete understanding of s
selectivity[63,64]. This leads to a definition for reactant sha
selectivity as the preferential conversion of (i) the reactant
combines the highest diffusion rate with the lowest (i.e., m
negative) Gibbs free energy of adsorption when the reactio
diffusion-limited and (ii) the reactant with the lowest Gibbs fr
-
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energy of adsorption when a reaction is not diffusion-limit
Analyses of cage effects in ERI-, AFX-, and FER-type zeo
provide illustrative examples of the application of this no
concept. Because the Gibbs free energy of adsorption pla
major role in inducing a cage effect, an analysis of the
sorption properties of many topologies affords categoriza
according to the propensity of these topologies to induce a
effect.

2. Molecular simulation methods

Because natural ERI-type zeolites are strong human
cinogens[65], we emphasize that all simulations were done
silico, so that all zeolites were safely contained in virtual
ality. It is possible that synthetic ERI-type zeolites (made
described previously[66]) are less fibrous and thus safer th
their natural counterparts[65]. However, it seems a safer choi
to replace the ERI-type zeolites with synthetic CHA-type z
lites in experimental studies. CHA-type zeolites do not com
asbestos-like fibrous crystals, are available in a wider rang
chemical compositions[67–70]than ERI-type zeolites, and ye
exhibit catalytic and adsorption properties that closely para
those of ERI-type zeolites[59,71–73].

At the molecular level, detailed information about the a
sorbed hydrocarbons is needed to study the driving fo
behind shape selectivity. We obtain this information us
computer simulations based on the configurational-bias M
Carlo (CBMC) technique. The CBMC technique enables e
cient calculation of the thermodynamic properties and ads
tion isotherms of hydrocarbons in nanoporous silica struct
[47,74,75]. In the CBMC scheme, the molecules are gro
bead-by-bead, biasing the growth toward energetically m
favorable conformations and thus avoiding overlaps with
zeolite. This results in a sampling scheme that is orders of m
nitude more efficient than traditional Monte Carlo schem
in which entire molecules are inserted at once, generati
high percentage of unlikely or impossible configurations in
process. Because of its efficiency, the CBMC scheme allow
to obtain information about hydrocarbons as large as pen
icosane (C25).

Our CBMC simulations model uses single interaction c
ters (united atoms) to represent the CH3, CH2, CH, and C
groups in the linear and branched alkanes. The bonded i
actions include bond-bending and torsion potentials. Disper
interactions with the oxygen atoms of the silica structure are
sumed to dominate the silica–alkane interactions. The zeol
modeled as a rigid crystal[76] consisting exclusively of SiO2,
so as to make the calculation of alkane–zeolite interaction
ficient using special interpolation techniques[77,78]. The sizes
of the molecules and the energy parameters have been cho
faithfully reproduce the experimentally determined isothe
(particularly the inflection points) on MFI-type zeolites ove
wide range of pressures and temperatures[74,75]. The resultant
force field reproduces the Henry coefficients, enthalpies
entropies of adsorption, and maximum loading extremely w
[74,75]. The same force field also reproduces these param
remarkably well for nanoporous silica topologies other than
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MFI type [74,75]. More details about the simulation meth
and the force fields have been provided elsewhere[74,75].

Gibbs free energies and enthalpies of condensation at 6
were extrapolated fromn-alkane vapor pressures (assum
that the pressure equals the fugacity), and enthalpies of va
ization that were determined experimentally in the tempera
range 509–559 K[79]. Gibbs free energy and enthalpy ena
calculation of the entropy of condensation.

Acid site densities of the AFX-, FER-, and MFI-type ze
lites discussed were calculated from previously reported
silicon-to-aluminium ratios[16,30,31], assuming that each alu
minium is part of the zeolite framework and generates
acid site. Apparent (or observed) reaction rate constank′
(m3

gas/(m3
adss)) were calculated from the conversionX (1) us-

ing

(1)− ln(1− X) = k′ 3.6cA0M

ρWHSV
.

In this equation, 3.6 (s kg/(h g)) is a factor that puts the uni
on a consistent basis,cA0 (mol/m3

gas) is the initial n-alkane
concentration in the gas phase,M (g/mol) is then-alkane mole-
cular weight,ρ (kgads/m3

ads) is the zeolite framework densit
and WHSV (kggas/(kgadsh)) is the weight hourly space velo
ity of the n-alkane feed. It is convenient to define an appa
contact timeτ ′ (s m3

ads/m3
gas) asτ ′ ≡ 3.6cA0M/(ρ WHSV).

In the Henry regime and in the absence of diffusion lim
tions, the relationship betweenobserved reaction rate constan
k′ and theintrinsic reaction rate constantk (1/s) is[16,17](see
Appendix A),

(2)k′ = ρKHRT k.

In this equation,KH (mol/(kgadsPa)) is the Henry coefficien
R (= 8.3144 Pa m3gas/(mol K)) is the gas constant, andT (K) is
the temperature.

When the reaction is severely diffusion-limited, the relati
ship between observed reaction rate constantk′ and the intrinsic
reaction rate constantk is (seeAppendix B)

(3)k′ = ρKHRT
1

δ

√
kD.

In this equation,δ (m) is the crystal radius of an ERI- or AFX
type crystal or half the length of a FER-type channel, andD

(m2/s) is the Fick diffusion coefficient.
Henry coefficient and Gibbs free energy of adsorpti

�Gads(J/mol), are related as[75]

(4)�Gads= −RT
{
1+ ln(ρKHRT )

}
.

Previously[64,80]we approximated the Gibbs free energy w
the Helmholtz free energy. Equation(4) is exact.

3. Results and discussion

3.1. Diffusion and adsorption combine to yield a cage effect
for ERI-type zeolites

For most zeolites and amorphous catalysts studied, th
activity of n-alkanes increases with increasingn-alkane length,
K

r-
e

k

t

,

e-

Fig. 1. The change inn-alkane hydroconversion activity withn-alkane chain
length on Pt-loaded ERI-type zeolites at 670–700 K (F, 1) (data adapted
from Chen and Garwood[23,25], experimental conditions described inTa-
ble 1) is the inverse of that observed on Pt-loaded FAU-type zeolite
513 K (!) (data obtained by Debrabandere and Froment at conditions i
range of 500 kPa� total pressure� 7000 kPa; 20 gcat h/mol � space time
� 200 gcath/mol; 30 mol/mol � H2/n-alkane� 400 mol/mol [18]). To guide
the eye, least squares regression lines were added for ERI- and FAU-typ
lites: 100×k′/k′

n-C11
= 1203e−0.23CN and= 0.42e+0.51CN (CN (1),n-alkane

carbon number), respectively.

because their Gibbs free energy of adsorption decreases lin
with their chain length and, by the same token, their adsorp
constant increases exponentially with increasing chain le
(Fig. 1) [10–19,37–39]. ERI-type zeolites afforded the first e
ample of the inverse order in reactivity, because in ERI-t
zeolites then-alkane reactivity decreases monotonically w
increasingn-alkane length fromn-decane (n-C10) to n-hexa-
decane (n-C16) (Fig. 1) [23–25,28]. The historic explanation fo
this phenomenon is that the reactivity decreases due to a s
decrease of the diffusion rate withn-alkane length[23–28].
However, this explanation is at variance with the simulta
ously reported marked increase in diffusion rate with increa
n-alkane length fromn-C10 to n-C12 [23–25,28,50]. Recent
molecular simulations corroborate this increase in diffusion
and highlight the need to consider the effect of both diffus
and adsorption constants on reactant shape selectivity[59,72,
73]. Determining how to combine diffusion and adsorption c
stants requires a closer look at then-alkane hydroconversio
kinetics.

It has been suggested that then-alkane hydroconversion o
ERI-type zeolites is first-order inn-alkane and diffusion-limited
at the conditions under discussion[23]. Consistent with first-
order kinetics, the conversion is independent of the partial p
sure of the individualn-alkanes (Table 4) [23–25]. First-order
kinetics implies that the reaction rate is directly proportiona
the n-alkane partial pressure, because then-alkane loading of
the zeolite pores is extremely low[7,13,15]. Molecular simu-
lations on the adsorption ofn-tridecane (n-C13, taken as rep
resentative for then-C10–n-C16 reactant slate) corroborate th
ERI-type zeolites indeed require a significantly highern-alkane
pressure than, say, FER-type zeolites before they fill up
these relatively longn-alkanes (Fig. 2). The reason for this high
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Table 1
Published apparentn-alkane hydroconversion rate constantk′ (m3

gas/(m3
adss))

obtained by processing various mixed feeds on ERI-type zeolites at two
peraturesT (K), hydrogen pressurespH2 (kPa), hydrocarbon pressurespHC
(kPa), and hydrogen-to-hydrocarbon ratios, H2/HC (mol/mol) (data adapted
from Chen and Garwood[23,25]). The feed composition is described by mo
n-alkane of the totaln-alkane fraction. Apparent rate constants were norm
ized relative to that ofn-C11

Data source

[25] [23] [23]

T (K) 672 672 733
pH2 (kPa) 13297 13297 1336
pHC (kPa) 492 492 44
H2/HC 27 27 30

(mol/mol)

mol% Rel.k′ mol% Rel.k′ mol% Rel.k′
n-C10 1.5 22.6 100
n-C11 12.1 100 19.4 100
n-C12 33.4 71 36.5 70 18.8 78
n-C13 32.5 74 32.8 68
n-C14 13.2 51 8.1 47 16.2 59
n-C15 5.2 37 3.2 40
n-C16 2.1 14.3 34

Fig. 2.n-C13 adsorption isotherms at 670 K on ERI- (Q), AFX- (") and FER-
type (2) illustrate how a lower Gibbs free energy of adsorption (decrease
the order of ERI> AFX > FER) in the Henry regime corresponds to a high
required filling pressure.

resistance to absorbing these relatively longn-alkanes is tha
they do not fit inside a single ERI-type cage, so that they
ways have to squeeze through an ERI-type window[59,72,73]
(Fig. 3). ERI-type windows are so narrow that they exert
pulsive van der Waals interactions that increase the Gibbs
energy of adsorption[59,72,73]. The pores of the FER-typ
zeolites are wide enough not to exert these repulsive van
Waals interactions, and they fill up at significantly lower pr
sures (Fig. 2).

At sufficiently low loading, the diffusion rate through th
ERI-type pores is not a function of loading[62,81]. Further-
more, the intrinsic rate constant,k (1/s), is not a strong func
tion of n-alkane length[19,20]. In this case the first-orde
diffusion-limited disappearance ofn-alkane will be propor-
tional to the product of the Henry constant,KH (mol/(kg Pa)),
-

n

-

e

er

and the square root of the diffusion constant,D (m2/s), that
is, to KH

√
D [7] (see Eq. (3) andAppendix B). Fig. 4 illus-

trates that the decrease inKH
√

D with n-alkane length repro
duces the monotonic decrease in reactivity withn-alkane length
significantly better than eitherKH or D in isolation. It has
been argued that the diffusion constant decreases monoton
with n-alkane length[57,58]. Combined with the simulate
KH, this would result in a decidedly nonmonotonic variati
in KH

√
D with n-alkane length, which would be at varian

with the monotonic decrease in activity withn-alkane length
reported in catalytic experiments (Fig. 4). Although combina-
tion of simulatedKH and simulatedD into KH

√
D reproduces

the monotonic decrease in activity withn-alkane length, the fi
is not perfect; the decrease inKH

√
D with n-alkane length

is faster than that of the published reaction rate-constank′.
A likely reason for this discrepancy is that the monotonic
crease inKH

√
D with chain length at the interior surface

partially offset by a monotonic increase inKH with chain length
at the exterior crystal surface. BothKH andD at the interior
surface are extremely low[58,59], so that adsorption and rea
tion at the exterior surface of the ERI-type zeolites are lik
to make a significant contribution to overall hydroconvers
activity.

3.2. Adsorption yields a cage effect for AFX-type zeolites

Similar to ERI-type zeolites, AFX-type zeolites prefere
tially convert the shorter-chainn-alkane instead of the longe
chainn-alkane when converting a mixture of short-chain a
long-chainn-alkanes[30]. The preference of both of these ze
lites for converting short-chain instead of long-chainn-alkanes
is no surprise, because both topologies consist of narrow
dows providing access to large cages (Fig. 3) [70]. Molecular
simulations show thatn-C6 fits comfortably in an AFX-type
cage and is adsorbed to an appreciable extent under rea

Table 2
Conversion ofn-hexane (n-C6) andn-hexadecane (n-C16) obtained by process
ing either a pure or a mixed feed on AFX-type zeolites atT = 605 K, hydro-
gen pressurepH2 (kPa), hydrocarbon pressurepHC (kPa), and hydrogen-to
hydrocarbon ratios, H2/HC (mol/mol) (data adapted from Santilli and Zon
[30]). The loading,L (mmol/g) was obtained from molecular simulations
AFX-type silica, at reaction temperature and pressure, the acid site de
[H+] (mmol/g), was calculated from the bulk aluminium-to-silicon ratio of t
catalyst assuming that all aluminium is associated with an acid site. Th
parent residence time,τ ′ (s m3

ads/m3
gas), was calculated using formula Eq.(1),

with framework densityρ = 1463.7 kgads/m3
ads

Pure
n-C6

Pure
n-C16

n-C6 andn-C16

n-C6 part n-C16 part

T (K) 605 605 605
pH2 (kPa) 8116 8203 8047
pHC (kPa) 158 71 157 70
WHSV (kgads/(kggash)) 1.32 1.55 1.32 1.55
τ ′ (s m3

ads/m3
gas) 6.4 6.5 6.4 6.5

H2/HC (mol/mol) 51 115 36
L (mmol/g) 0.31 3.01× 10−6 0.30 1.50× 10−6

[H+] (mmol/g) 2 2 2
Conversion (1) 50 74 62 <1
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(a)

(b)

(c)

Fig. 3. Artist’s impression of selectedn-alkanes adsorbed in (a) the ERI-; (b) the AFX-; (c) the FER-type topology. At infinite dilution adsorption ofn-alkanes
longer thann-C5 remains confined to the larger, 0.48× 0.54 nm across FER-type channels[94].
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Fig. 4. (a) Variation of simulated diffusion coefficientD (m2/s) (F) and
of simulated Henry coefficientKH (mol/(kg K)) (") with n-alkane car-
bon number (1) (data adapted from Dubbeldam and Smit[59]); (b) vari-
ation of reported relative reaction rate constantsk′ (m3

gas/(m3
adss)) (1)

(data adapted from Chen and Garwood[23,25]) and of simulatedKH
√

D

(mol m/(kg Pa s1/2)) (F) with n-alkane carbon number. Both thek′ and
the KH

√
D values were normalized to the values forn-C11. Least squares

regression lines are: 100× k′/k′
n-C11

= 1203e−0.23CN and 100(KH
√

D)/

(KHn-C11

√
Dn-C11) = 1.8e−2.0CN, with CN (1) then-alkane carbon number

conditions (Table 2). In marked contrast,n-C16 does not fit in-
side a single cage, so that part of its hydrocarbon chain h
protrude through an AFX-type window. As a result of the diff
ence in fit, the adsorbed-phasen-C6 concentration approache
the saturation loading, whereas then-C16 loading is in the
Henry regime at reaction conditions (Table 2). Whenn-C6 and
n-C16 are fed as a mixture, the huge excess ofn-C6 in the ad-
sorbed phase will simply block the access ofn-C16 to any acid
site at the interior crystal surface. Judging by the barrier to
fusion,n-C6 diffuses more rapidly thann-C16, further favoring
the conversion ofn-C6 instead ofn-C16 if the n-C16 conversion
is diffusion-limited. As with ERI-type zeolites,n-C16 conver-
sion at exterior zeolite surfaces probably supplementsn-C16
conversion at the interior AFX-type zeolite surface. Butn-C16
adsorbing at the exterior surface is unlikely to compete w
fully adsorbingn-C6 [82], and so the presence ofn-C6 effec-
tively impedesn-C16 adsorption and hydroconversion at bo
interior and exterior surfaces.
to

-

In contrast to then-alkane conversion experiments on ER
type zeolites[23], the n-alkane conversion experiments wi
the AFX-type zeolites do not clearly show whether or not th
latter zeolites are diffusion-limited. Our analysis predicts t
AFX-type zeolites will exhibit a cage effect even in the abse
of diffusion limitations.

3.3. What singles out topologies likely to exhibit a cage effect?

So far we have shown that a cage effect occurs when-
alkanes too long to fit inside a single cage experience repu
van der Waals interactions at the windows connecting the ca
These repulsive van der Waals interactions increase the G
free energy of adsorption of such a long molecule relative
that of a short molecule and thereby stymie its adsorption
conversion. One way to assess whether the windows of a
ticular topology exert repulsive van der Waals interactions i
evaluate the Gibbs free energy of adsorption of a long mole
like n-pentacosane (n-C25) as a function of window size. Th
Gibbs free energy consists of an enthalpy component an
entropy component. The enthalpy indicates whether the fo
between adsorbent and adsorbate are attractive or repulsiv
entropy reflects the loss in mobility on adsorption. A clo
look at the changes of both enthalpy and entropy with wind
size provides some insight. The change in enthalpy with w
dow size approaches a Lennard-Jones potential. The FER
TON-type windows are at the bottom of the potential well, t
is, where increasingly more repulsive van der Waals inte
tions start to outweigh the attractive van der Waals interact
(Fig. 5a). The slightly smaller EUO- and MTT-type window
are the first topologies on the upward branch of the Lenn
Jones potential that is dominated by repulsive interactions.
change in adsorption entropy with window size approache
exponential decay, but becomes erratic when the window
becomes so small that repulsive interactions dominate (Fig. 5b).
The resultant change in Gibbs free energy of adsorption
decreasing window size resembles another Lennard-Jone
tential (Fig. 5c). Initially, the Gibbs free energy decreases w
decreasing window size, because the decrease in adso
enthalpy outweighs the decrease in adsorption entropy.
MTW- and GON-type windows are at the bottom of the cur
representing the point where the increasingly lower mob
(decreasing entropy) starts to outweigh the increasingly m
attractive van der Waals interactions (decreasing enthalpy
the EUO- and MTT-type windows, the Gibbs free energy
creases dramatically, because the van der Waals interac
have switched from attractive to repulsive, so that now incre
ing enthalpy and decreasing entropy cooperatively increas
Gibbs free energy with decreasing pore size.

Although an analysis of the effect of window size on adso
tion thermodynamics is insightful, clearly cage size also ne
to be taken into consideration. The cage size determines
number of windows through which the adsorbedn-C25 has to
squeeze. One can evaluate the combined effect of the win
and cage size on the adsorption properties by studying ad
tion enthalpy as a function of adsorption entropy. Natura
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Fig. 5. Variation with window size of (a) simulated adsorption enthalpy
�Hadsn-C25 (kJ/mol), (b) adsorption entropy�Sadsn-C25 (kJ/mol), and (c)
Gibbs free energy of adsorption ofn-pentacosane,�Gadsn-C25 (kJ/mol),
at 605 K. The Lennard-Jones potential obtained by plotting enthalpy as
function of window size indicates a switch from predominantly attractive
(2) to predominantly repulsive (") van der Waals interactions at around
the 0.48 nm pore diameter of MTT-type zeolites. The lines to guide the
eye in Fig. 5 represent Lennard-Jones-like fits of the data for topolo-
gies with small cages: (a)�H = 520× [(0.44/d)12 − (0.44/d)3.5] − 79;
(b) �S = −421×(0.44/d)3.5−83; (c)�G = 750×[(0.47/d)5−(0.47/d)3.5]
− 8.0. Clearly window size poorly characterizes the adsorption properties
of pores with sizeable cages such as TSC-, FAU-, LTA-, BEA-, STF-, and
SFF-type zeolites, for these do not fit well with the suggested correlations.

Fig. 6. Evaluation of the simulated adsorption enthalpy,�Hadsn-C25 (kJ/mol),
as a function of the product of the temperature (T = 605 K) and the sim-
ulated adsorption entropy,T �Sadsn-C25 (kJ/mol) of n-pentacosane af
fords discrimination between topologies with attractive (2), slightly re-
pulsive (Q), and strongly repulsive (") van der Waals interactions. Th
enthalpy and entropy forn-pentacosane condensation were extrapola
from experimental data reported by Chickos[79]. For 97%, the enthalpy
(kJ/mol) and temperature× entropy (kJ/mol) of topologies with attrac
tive van der Waals interactions obey the relationshipT �Sadsn-C25 =
−3.6×10−3(�Hadsn-C25)

2−0.62�Hadsn-C25 −89.6 (curved line in figure).
Interestingly, this second-order relationship is in stark contrast with the us
reported linear (compensation) relation between�HadsandT �Sads[21,40].

a consideration of the complete pore topology yields more
bust correlations than one limited only to window size.

With decreasing pore size (from “condensation” to FE
attractive van der Waals interactions simultaneously cons
and stabilize adsorbedn-C25 (Fig. 6; Table 3); that is, they
decrease the adsorption entropy and enthalpy, respect
Clearly, the pores have a greater impact on the adsorption
tropy than on the adsorption enthalpy, because the adsor
entropy is proportional to the square of the adsorption enth
and so decreases more rapidly (as represented by the cu
Fig. 6).

When the pores contain windows narrow enough to e
repulsive van der Waals interactions onn-C25, the quadratic
relationship between adsorption entropy and enthalpy br
down and the Gibbs free energy of adsorption increases (Fig. 6;
Table 3). Repulsive van der Waals interactions at narrow w
dows destabilize adsorbedn-C25 but constrainn-C25 just as
effectively as attractive van der Waals interactions; that
they raise the adsorption enthalpy without affecting the ads
tion entropy. Thus, one could distinguish between (i) attr
tive, (ii) weakly repulsive, and (iii) strongly repulsive van d
Waals interactions. The distinction between weakly repul
and strongly repulsive van der Waals interactions is that o
the latter raise the enthalpy sufficiently to result in a posi
Gibbs free energy of adsorption (Table 3). Each of these thre
types of van der Waals interactions has a different propensi
induce a cage effect.

Topologies with attractive van der Waals interactions sho
not exhibit a cage effect, because the adsorption constan
creases exponentially withn-alkane length (Fig. 7a), whereas
the diffusion constant tends to decrease only quadratically
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rp-
or
Table 3
Crystallographic window diameters, mind and maxd (nm), as listed in[70], equivalent circular diameter,dcircle (nm), and simulated Gibbs free energy of adso
tion of n-pentacosane,�Gadsn-C25, simulated adsorption enthalpy,�Hadsn-C25, and simulated entropy,�Sadsn-C25, at 605 K. The thermodynamic values f
adsorption in infinitely large pores (d = ∞ nm) at 605 K are derived from the experimental values for condensation as reported by Chickos[79]

Van der Waals
interactions type

Structure
type

Min d

(nm)
Max d

(nm)
dcircle
(nm)

�Gadsn-C25
(kJ/mol)

�Hadsn-C25
(kJ/mol)

�Sadsn-C25
(J/mol K)

Attractive – ∞ ∞ ∞ −8.1 −60 −86
TSC 0.42 0.42 0.42 −43.1 −99 −92
FAU 0.74 0.74 0.74 −50.9 −113 −102
DON 0.81 0.82 0.81 −71.9 −121 −82
MAZ 0.74 0.74 0.74 −78.7 −171 −153
BEA 0.67 0.56 0.61 −90.1 −173 −138
MOR 0.65 0.70 0.67 −92.8 −186 −154
GON 0.54 0.68 0.61 −104.1 −194 −149
STF 0.54 0.57 0.55 −84.7 −205 −199
SFF 0.54 0.57 0.55 −83.4 −206 −203
OFF 0.67 0.68 0.67 −98.3 −207 −180
SFE 0.54 0.76 0.64 −97.0 −223 −209
MTW 0.56 0.60 0.58 −105.8 −243 −226
MFI 0.51 0.55 0.53 −87.1 −265 −295
AEL 0.40 0.65 0.51 −58.5 −284 −373
ZSM-48 0.53 0.56 0.54 −92.4 −292 −330
TON 0.46 0.57 0.51 −77.1 −309 −383
FER 0.42 0.54 0.48 −64.6 −310 −405

Weakly repulsive LTA 0.41 0.41 0.41 −13.1 −117 −171
EUO 0.41 0.54 0.47 −63.1 −234 −282
MTT 0.45 0.52 0.48 −3.8 −243 −396

Strongly repulsive AFX 0.34 0.36 0.35 64.7 −92.9 −261
AEI 0.38 0.38 0.38 123 −71.2 −321
CHA 0.38 0.38 0.38 119 −75.7 −322
ATN 0.40 0.40 0.40 230 −69.5 −495
ERI 0.36 0.51 0.43 55.9 −120 −291
STT 0.37 0.53 0.44 94.1 −110 −337
PON 0.44 0.46 0.45 184 −110 −486
LAU 0.40 0.53 0.46 58.3 −159 −359
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n-alkane length[6,83,84]. Accordingly, the variation in adsorp
tion constant is likely to dominate the conversion rate (bothKH

andKH
√

D), which favors conversion of the longern-alkanes.
Topologies with weakly repulsive van der Waals interacti

can exhibit a cage effect, because the adsorption constant
not vary as strongly withn-alkane length as with either attra
tive or strongly repulsive van der Waals interactions (Fig. 7b).
Accordingly, the variation in diffusion constant withn-alkane
length is likely to contribute significantly to the absence or pr
ence of a cage effect.

Topologies with strongly repulsive van der Waals inter
tions should exhibit a cage effect, because their adsorption
stant decreases (in a nonmonotonic fashion) significantly
n-alkane length (Fig. 7c). Even though strongly repulsive va
der Waals interactions appear to induce relatively large va
tions in diffusion constants[50,59,71–73], the likely net result
(KH

√
D) is that these topologies will tend to favor convers

of the shortern-alkanes.
Surprisingly, it has repeatedly been reported that a FER-

zeolite [29,31] (which, according to our analysis, should e
ert attractive van der Waals interactions) exhibits a cage ef
This is in direct contradiction to our analysis and merits clo
scrutiny to evaluate if and how the above analysis needs t
refined.
es

-

n-
h

-

e

t.
r
e

3.4. Adsorption, diffusion, and coke can combine to yield a
cage effect for a FER-type zeolite

Our analysis of zeolite topologies indicates that FER-t
zeolites exhibit attractive van der Waals interactions and
should not exhibit a cage effect. In agreement with our ass
ment, FER-type zeolites selectively remove long-chain ra
than short-chainn-alkanes from complex industrial feeds at h
droprocessing conditions[85,86].

Inconsistent with our assessment, FER-type zeolites ca
portedly exhibit a cage effect at the very conditions used
the selective hydroconversion of long-chainn-alkanes[29,85].
A possible cause of this surprising selectivity inversion co
be contamination with MOR-type zeolite[29]. Intergrowths be-
tween FER-type and MOR-type zeolites drastically reduce
pore size and diffusion rates in these FER-type zeolites[87–89].
Such a pore size reduction could very well cause the an
alous cage effect that these peculiar FER-type zeolite sam
exhibit at conditions under which other FER-type zeolites
move long-chain instead of short-chainn-alkanes.

A second report on a cage effect with FER-type zeolites u
conditions very different from those used in hydroprocess
[31]: Instead of using steady-state conditions (many hour
stream) in the presence of hydrogen at∼605 K [85], it uses
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Fig. 7. Variation of the simulated Gibbs free energy of adsorption,�Gads
(kJ/mol), at 605 K as a function of carbon number, CN (1), for (a) OFF- (F),
MFI- ("), TON- (Q), and FER- (2) type topologies with attractive van de
Waals interactions, for (b) EUO- (F), LTA- (2), and MTT- (") type topolo-
gies with moderately repulsive van der Waals interactions and for (c) ERI-F),
AFX- (2), and LAU- (Q) type zeolites with strongly repulsive van der Wa
interactions.

transient conditions in the absence of hydrogen at 773 K
these conditions, the activity of FER-type zeolites declines
nificantly due to pore blockage by consecutive reaction p
ucts[90]. Because the cage effect study does not include an
t
-
-
-

formation on the activity decline[31], we use comparative da
from an extensive kinetic study on MFI-type zeolites[16,17]
to gain a better perspective of the catalytic cracking condit
(Table 4).

The cage effect study (on FER)[31] and the kinetic study
(on MFI) [16,17] agree on the intrinsic cracking rate const
for n-C8, but not on that forn-C16 (Table 4). According to the
kinetic study[16,17], the intrinsic cracking rate ofn-C16 on
MFI-type zeolites is nearly twice that ofn-C8 (Fig. 8; Table 5).
At the conditions used by the cage effect study, such a crac
rate constant would correspond to 99.97%n-C16 conversion,
not to the reported 79% conversion (Table 4). This suggests tha
the cracking conditions forn-C16 used in the cage effect stud
are too severe (i.e., too long a contact time for the high
site density of the FER-type zeolite) to measure true kine
and that the observedn-C16 conversion is seriously restricte
through pore blockage by consecutive reaction products.
ally pore blockage favors conversion of the fastest-diffus
species.

Molecular simulations indicate thatn-C8 diffuses faster than
n-C16 (Table 4), so thatn-C8 will beat the trailingn-C16 to
adsorption at the acid sites. The decrease of the effective
diameter through coke make[91] is likely to enhance the com
petitive advantage of the more agilen-C8 over the more slug
gish n-C16. The net result is that moren-C8 than n-C16 is
converted by the time the feed has left a deactivated, clog
FER-type zeolite behind inside the reactor.

The coke-enhanced preference for converting the fastes
fusingn-alkane is probably only part of the reason for the de
terious effect ofn-C8 on n-C16 conversion on this FER-typ
zeolite. As with the cage effect reported for ERI- and AF
type zeolites, there is an adsorption aspect in addition to
diffusion aspect.

At low (hydroprocessing) temperatures, FER-type zeo
should not exhibit a cage effect, because the enthalpy
dominates the Gibbs free energy of adsorption, favoring
sorption of the longern-alkanes. At extremely high temper
tures, FER-type zeolites will exhibit a cage effect, because
entropy term dominates the Gibbs free energy of adsorp
favoring the adsorption of the smallern-alkanes (Fig. 9). At
intermediate temperatures, the enthalpy and entropy term
of similar magnitude, rendering the Gibbs free energy inv
ant to then-alkane chain length (Fig. 9). The catalytic cracking
experiments on the FER-type zeolite were performed in
intermediate temperature range, in which the Gibbs free
ergy of adsorption for MFI-type zeolites still decreases w
n-alkane chain length (Fig. 9) due to the higher (less neg
tive) adsorption entropy exhibited by MFI-type zeolites (Fig. 6;
Table 3). Accordingly, FER-type zeolites are indifferent to t
adsorption of eithern-C8 or n-C16, whereas MFI-type zeolite
maintain their strong preference forn-C16 at the catalytic crack
ing temperature (Figs. 8 and 9). When the impact of adsorptio
thermodynamics on the preferential adsorption of short-c
or long-chainn-alkanes is diminished, the impact of adsorpt
kinetics increases proportionally.

Clearly, molecular simulations can elucidate aspects of
cage effect reportedly exhibited by FER-type zeolites in
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a

onditions
Table 4
Conversion ofn-octane (n-C8) andn-hexadecane (n-C16) in the absence of added hydrogen, obtained by processing either a pure or a mixed feed atT = 773 K,
hydrocarbon pressurepHC (kPa), weight hourly space velocity, WHSV (kggas/(kgadsh)), apparent residence timeτ ′ (s m3

ads/m3
gas). From the experimental dat

reported by Lu et al.[31] apparent first-order rate constantsk′ (m3
gas/(m3

adss)) were calculated. Comparison of MFI data reported by Lu et al.[31] and MFI data
extrapolated from Wei et al.[6,16,17]suggests that the Lu conditions result in a significant coke make. For FER-type zeolites, the reactions at the Lu c
occur in the Henry domain, for the simulatedn-alkane loading,L (mmol/g) is much lower than the acid site densities, [H+] (mmol/g). Accordingly, intrinsic
rate constants,k (1/s), were calculated fromk′, the simulated Henry coefficientsKH (mol/(kgadsPa)) and framework densityρ (kgads/m3

ads). The simulated Fick

diffusion coefficients,D (m2/s), suggest that the reactions are not diffusion limited (Thiele modulusΦ < 2) at reasonable crystal sizes (δ < 5 µm)

Data source

[31] [31] Mixture [31] [16,17] [16,17] [31] [31] Mixture [31]

n-C8 n-C16 n-C8 n-C16 n-C8 n-C16 n-C8 n-C16 n-C8 n-C16

Topology MFI MFI MFI MFI MFI FER FER FER
ρ (kgads/m3

ads) 1796 1796 1796 1796 1796 1772 1772 1772
T (K) 773 773 773 773 773 773 773 773
WHSV (kg/(kg h)) 51 51 24 27 – – 51 51 24 27
pHC (kPa) 101 101 65.1 36.2 – – 101 101 65.1 36.2
τ ′ (s m3

ads/m3
gas) 0.08 0.17 0.11 – – 0.09 0.17 0.12

Conversion (1) 25.8 79 27 78.5 29.5a 99.97a 27.6 67.1 28.3 14.3
k′ (m3

gas/(m3
adss)) 3.5 9.3 2.7 13.4 3.9a 45.5a 3.8 6.5 2.9 1.3

L (mmol/g) – – – – – – 9.7× 10−4 7.2× 10−4 9.7× 10−4 2.1× 10−4

[H+] (mmol/g) <0.16 <0.16 <0.16 <0.16 0.17 0.17 1.9 1.9 1.9 1.9
KH (mol/(kg Pa)) 2.24× 10−7 1.53× 10−6 2.24× 10−7 1.53× 10−6 2.24× 10−7 1.53× 10−6 1.29× 10−8 1.02× 10−8 1.29× 10−8 1.02× 10−8

k (1/s) 1.36 0.52 1.06 0.76 1.50b 2.57b 25.6 56.1 19.5 11.4
D (m2/s) – – – – – – 3.1× 10−8 2.0× 10−8 – –

a Calculated from the intrinsic reaction rate constants of[16,17]with the experimental conditions of[31].
b Obtained through extrapolation to slightly higher temperatures than employed experimentally.
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Table 5
The apparent preexponential factor,k0KH0 (mol/(kg Pa s)), and apparent a
tivation energyEact app(kJ/mol) for the cracking ofn-alkanes with various
carbon numbers, CN (1), on MFI-type zeolites in the absence of added
drogen as reported by Wei et al.[6,16,17] as described bykKH = k0KH0
e(−Eact app/RT ) and depicted inFig. 8a; the corresponding preexponent
Henry coefficient,KH0 (mol/(kg Pa)) and adsorption enthalpy,�H (kJ/mol),
in KH = KH0e(−�H/RT ) as obtained through molecular simulations (Fig. 8b);
and the resultant intrinsic preexponential factork0 (1/s) and intrinsic activation
energyEact (kJ/mol) in k = k0e(−Eact/RT ) (Fig. 8c). In these correlationsR
is the gas constant (8.3144 J/(mol K)) andT (K) is the absolute temperature

CN
(1)

k0 KH0
(mol/(kg Pa s))

Eact app
(kJ/mol)

KH0
(mol/(kg Pa))

�H

(kJ/mol)
k0
(1/s)

Eact
(kJ/mol)

8 1.16E−01 80 5.33E−13 −84.1 2.18E+11 164
10 2.84E−02 65 4.08E−14 −102.8 6.97E+11 168
12 2.42E−03 44 4.17E−15 −120.9 5.80E+11 165
14 3.67E−05 15 3.90E−16 −139.0 9.40E+10 154
16 1.53E−06 −7 2.31E−17 −159.2 6.64E+10 152
18 9.61E−08 −27 1.51E−18 −178.9 6.38E+10 152
20 2.75E−08 −39 1.13E−19 −198.9 2.43E+11 160

alytic cracking. However, the intrusion of coke formation a
its effect on the adsorption and diffusion properties of the
sultant catalyst limits its utility. A more extensive kinetic stu
would be of benefit.

4. Conclusions

A cage effect can be defined as a form of reactant sh
selectivity observed when a zeolite preferentially conver
short-chain instead of a long-chainn-alkane at a low pressur
and loading. An analysis of the cage effects exhibited by E
type and AFX-type zeolites[22–28,30]shows that the adsorp
-

-

e
a

-

tion thermodynamics of then-alkanes is at least as importa
a constituent of the cage effect as then-alkane diffusion rate
This highlights a shortcoming in the traditional view of react
shape selectivity as the unambiguous effect of a zeolite to
ogy on the preferential conversion of the reactant that ads
most rapidly in diffusion-limited reactions. Such a definiti
needs to be complemented by the unambiguous effect of a
lite topology on the reactant that adsorbs the most. Simila
recent papers have reported that the traditional definitio
product shape selectivity as the preferential production of
product that desorbs most rapidly needs to be compleme
by the unambiguous effect of a zeolite topology on the prod
that desorbs the most[92,93].

An analysis of the effects of zeolite topology on the a
sorption properties ofn-alkanes affords categorization of th
topologies according to their propensity to exhibit a cage ef
at typical hydroprocessing conditions. Topologies most pr
to exhibiting a cage effect contain a high density of narr
constrictions (“windows”) that strongly repel longn-alkanes,
resulting in a positive Gibbs free energy of long-chainn-alkane
adsorption. Topologies least prone to exhibiting a cage e
contain spacious voids that attract longn-alkanes, resulting in a
negative Gibbs free energy of long-chainn-alkane adsorption.

In the absence of contamination[29], FER-type zeolites
should not exhibit a cage effect at typical hydroprocessing c
ditions, because they exhibit a negative Gibbs free energ
adsorption for long-chainn-alkanes. At temperatures high
than those typically used in hydroprocessing, FER-type z
lites change category from topologies with a negative Gi
free energy of adsorption for long-chainn-alkanes to those with
a positive Gibbs free energy of adsorption for long-chainn-al-
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Fig. 8. (a) Product of intrinsic reaction rate constant,k (1/s), and Henry coeffi-
cient,KH (mol/(kg Pa)) observed for crackingn-alkanes on MFI-type zeolites
at various reciprocal temperatures 1/T (1/K) in the absence of added hydro-
gen (adapted from Wei et al.[6,16,17]); (b) Henry coefficient,KH, in MFI-type
silica simulated forn-alkanes at these reciprocal temperatures, (c) intrinsic re-
action rate constants,k, as calculated from measuredkKH (a) and simulated
KH (b). In all figures the legend is as follows:n-C8 (1), n-C10 (Q), n-C12
(�), n-C14 (+), n-C16 (2), n-C18 (F), andn-C20 ("). The linear regression
parameters for the correlations inFig. 8are listed inTable 5.

(a)

(b)

Fig. 9. (a) Variation of Gibbs free energy of adsorption,�Gads (kJ/mol),
with carbon number (1) for FER-type zeolites and (b) for MFI-type zeol
at 600 (F), 775 ("), and 945 K (2).

kanes. At severe catalytic cracking conditions, this can re
in a cage effect[31], because it allows faster diffusing sho
chainn-alkanes to react, penetrate, and clog FER-type chan
before long-chainn-alkanes can do so. This improved und
standing of cage effects may contribute to the successfu
of this effect in commercial practice, and could be a first s
toward length-selective hydrocracking[6].
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Appendix A. Reaction kinetics in the Henry and Langmuir
regimes

Description of adsorption effects in catalysis usually uses
Langmuir–Hinshelwood–Hougen–Watson approach[7,12–17].
This approach assumes that catalytic activity is directly pro
tional to the fractional loading of the acid sites. The fractio
loading is then approximated with a Langmuir isotherm. If
rate of disappearance of reactant A with time,t (s), in the ad-
sorbed phase,cA ads (mol/m3

ads), follows first-order kinetics
then the following equation describes the reaction rate on a
olite pore volume basis:

(A.1)
dcA ads

dt
= −k′cA gas= −kcA ads= −kcs

KLcA gas

1+ KLcA gas
.

In this equation,k (1/s) is theintrinsic reaction rate constan
k′ (m3

gas/(m3
adss)) is theobserved first-order rate constant,cs

(mol/m3
ads) is the saturation concentration,KL (m3

gas/mol) is

the Langmuir constant, andcA gas (mol/m3
gas) is the reactan

gas-phase concentration. Usually the saturation loading o
acid sites is assumed to be directly proportional to that of
zeolite pores. It implies that the reaction rate is zero orde
A at extremely high A loading (KLcA gas � 1) and that the
reaction rate is first order in A at extremely low A loadi
(KLcA gas� 1).

Recent reviews of then-alkane adsorption isotherms of va
ious zeolites have shown that Langmuir isotherms desc
adsorption inadequately in the extremely low loading (Hen
regime[74,75]. Accordingly, the Henry regime calls for a d
scription of the kinetics of adsorption and reaction that u
Henry constants instead of the traditional Langmuir consta
In the Henry regime, gas-phase and adsorbed-phase conc
tions (cA gas andcA ads) are related through the Henry law a
through the ideal gas law. The Henry law states that the
sorbed phase loading of A,qA (mol/kg) is directly proportiona
to its partial pressure,pA (Pa),

(A.2)qA = KHpA .

In this equation,KH (mol/(kg Pa)) is the Henry constant. Mult
plication with the zeolite framework density,ρ (kg/m3

ads), turns
the loading,qA, into the adsorbed-phase concentrationcA ads.
The ideal gas law links pressure,pA, and gas-phase concentr
tion, cA gas. Thus, one can write

(A.3)cA ads= ρqA = ρKHRT cA gas.

In this equation,R (8.3144 J/(mol K)) is the gas constant an
T (K) is the absolute temperature. Provided that there is a l
excess of acid sites compared with adsorbed reactants,
stituting Eq.(A.3) into Eq. (A.1) links the observed and th
intrinsic rate constants in the absence of diffusion limitation

(A.4)
dcA gas

dt
= − k′

ρKHRT
cA gas= −kcA gas.

Equation(A.4) is the basis for Eq.(2). It implies that the ob-
served variation ink′ as a result of varying then-alkane length
is directly proportional to the variation in theKH value and the
intrinsic reactivity (k value) of the variousn-alkanes.
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Appendix B. Diffusion-limited reaction kinetics in the
Henry regime

When the reaction is diffusion-limited, a mass balan
across a film with thicknessx (m) in the adsorbed phase d
scribes that the flux of A into the film through diffusion equ
the consumption of A inside the film through reaction[7]:

(B.1)D
d2cA ads

dx2
= kcA ads.

In this equation,D (m2/s) is the diffusion coefficient. To facili
tate mathematical operations, it is convenient to define a Th
modulusΦ(1) as[7]

(B.2)Φ ≡ δ

√
k

D
.

WhenΦ > 2, the reaction rate is much faster than the diffus
rate, so that no reactant reaches the catalyst core (atx = δ m).
Assuming that the adsorbed-phase concentration at the
face, cA ads i (mol/m3), is in equilibrium with the gas phas
(cA ads= cA ads i = ρKHRT cA gas at x = 0 m) affords integra-
tion of differential Eq.(B.1), yielding[7]

(B.3)
dcA ads

dt
= k

Φ
cA ads= −1

δ

√
(kD)cA ads.

Using Eq.(A.3) to arrive at equations based on a gas-phase
centration yields

(B.4)
dcA gas

dt
= −1

δ

√
(kD)cA gas= k′

ρKHRT
cA gas.

Equation(B.4) is the basis for Eq.(3). It implies that the ob-
served rate constantk′ contains information about both adsor
tion and diffusion properties. The observed variation ink′ as a
result of varying then-alkane length is directly proportional t
theKH

√
D value of then-alkanes and also to differences in i

trinsic reactivity (k value) between then-alkanes. For longe
n-alkanes, differences in intrinsic reactivity (k) are minimal.
Fig. 8c illustrates this invariance of intrinsic reactivityk with
n-alkane length for the conversion in the absence of ad
hydrogen. A similar invariance was reported forn-alkane hy-
droconversion[18–20].
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