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Abstract

Based on a comparison between measured and simulated adsorption properties, we demonstrate that a decrease in the Gibb
of formation and adsorption—due to higher adsorption entropy—satisfactorily explains the selective production and adsorption o
compact, branched paraffins inn-hexadecane hydroconversion in molecular sieves with pore diameters of∼0.75 nm. Adsorption entropy
is important because the pores are saturated with reactant, and because the adsorbed phase is not at gas-phase chemical equ
explanation supplants the traditional kinetic explanation involving changes in the Gibbs free energy of formation of the relevant
states. Instead, we attribute the effect of molecular sieve structure on the branched paraffin yield to a redirection of the hydroiso
reactions away from the gas-phase chemical equilibrium distribution, commensurate with the Gibbs free energy of adsorption of th
inside the pores. These shape-selective changes to the reaction rates appear to be as ubiquitous as those originating from ster
imposed on intracrystalline diffusion and reaction rates. This would make adsorption-induced changes in the Gibbs free energy of
of reactants, intermediates, and products a missing cornerstone in traditional shape selectivity theory.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Molecular sieves with three-dimensional framework st
tures find many applications in catalysis [1–3]. In order
fully utilize the structural diversity afforded by the panop
of available molecular sieve structures [4] we need a
damental understanding of the link between structure
shape selectivity. Traditional theory says that the st
tures induce shape selective conversion by imposing s
constraints on the reaction (transition-state shape sele
ity) and on the diffusion rate (product and reactant sh
selectivity) [5–7]. However, this explanation alone is n
sufficient to understand shape selectivity [8–13]. A num
of additional parameters (such as inverse shape select
have been proposed [5,11–15], but these have remained
ject to debate [5,16–20].

In a recent attempt to come up with a more system
approach to shape selectivity we suggested that mole
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sieves impose a chemical equilibrium on adsorbed m
cules that is different from that in the gas phase [17,21–
In sieves with relatively small pores, and, therefore, pred
inantly molecule-wall interactions, the imposed chem
equilibrium could be successfully ascertained by simulat
at low loading [17,21]. However, for sieves with larger por
the effects of intermolecular interactions at higher load
may need to be considered [24]. One of the aims of
work is to investigate whether adsorbent-adsorbent inte
tions contribute to the selectivity. Irrespective of the spec
interactions involved, the Gibbs free energy of adsorp
quantifies how a molecular sieve structure and the othe
sorbed molecules alter the gas-phase Gibbs free ener
formation of a hydrocarbon.By definition, the Gibbs free
ergy of adsorption is the difference of the Gibbs free ene
formation in the gas phase and that in the adsorbed p
Naturally, adsorption can only yield a chemical equilibriu
different from that in the gas phase as long as the mol
lar exchange between the adsorbed phase and gas ph
sufficiently slow so as to prevent physical equilibration
eserved.

http://www.elsevier.com/locate/jcat
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Fig. 1. Molar ratio of 22DMB/n-C6 adsorbed (left, light gray bar
and of ratio DMB/n-C6catal produced (right, dark gray bar) byn-C16
hydroconversion at 70% C16 hydrocracking, 577 K, 3× 103 kPan-C16.
All catalysts were made equally active by adding nitrogen-contain
compound to the feed. Molar ratios were normalized relative to the ratio
AFI-type sieves. The pore diameter increases from the MTT-type zeoli
the amorphous aluminosilicate (ASA). Data adapted from Ref. [10].

tween the two phases [22,23]. This tends to be the ca
high loading [21–23,25,26].

Recent simulations indicate that molecular sieves s
the chemical equilibrium, favoring molecules whose sh
is commensurate with that of the pores [17,21]. That be
the case, the snug fit between adsorbate and adsorbe
sures that the molecules remain essentially trapped, and
they can only be detected by their consecutive reaction p
ucts, which fit less well, and so diffuse out [17,21,27,2
Interestingly, earlier work by Santilli and co-workers h
suggested that there are also molecular sieves that
preferentially adsorb and release the best fitting molecu
Thus AFI-type pores would yield predominantly the m
snugly fitting, branched paraffins inn-hexadecane (n-C16)
hydroconversion [8–10]. This phenomenon was refer
to as “inverse shape selectivity” [8–10]. In that instan
the thermodynamic preference for branched paraffins
quantified by physically equilibrating an equimolar gase
mixture of di-, mono, and nonbranched hexane (C6) iso-
mers on molecular sieves with various structures [8–
The relative preference of various structures for adsorb
branched paraffins appeared to translate into a prefer
for their formation in hydrocarbon hydroconversion (Fig.
[8–10,29].

Simulations (using molecular “docking”) were then e
ployed to try and understand, at the molecular level, why
selective adsorption of branched rather than linear para
would lead to their selective production. These simu
tions suggested that the variations in adsorption enth
related to pore size and could explain the experimental d
The 0.70–0.74-nm pores (as in AFI-type zeolites) wo
have optimal stabilizing Van der Waals interactions w
the branched paraffins, and, therefore, a minimal ads
tion enthalpy [10]. Inside smaller pores (like MTW-typ
zeolites) the adsorption enthalpy would increase, bec
t

s-
t

e

.

the walls would repulse branched paraffins. Inside la
pores (as in FAU-type zeolites), the stabilizing interact
would disappear, because these pores would be so
that adsorbate-adsorbent Van der Waals interactions be
negligible [10]. Assuming that this variation in adsorpti
enthalpy with pore size could be extrapolated to the varia
of the Gibbs free energy of the transition state for the
mation of branched molecules, the inverse shape selec
phenomenon was categorized as an example of trans
state selectivity [9,10]. This represents some of the ear
work to employ molecular simulations to explain, and ev
predict, the catalytic properties of molecular sieves base
their adsorption properties.

The molecular “docking” technique enabled an eval
tion of the adsorption enthalpy of paraffins at low load
by using a CVFF force field. It has since become app
ent that the CVFF force field is not particularly suited
simulating the forces exerted on branched paraffins [30].
example, the adsorption isotherms of isobutane by MFI-t
silica show a step at approximately half the loading, suc
step cannot be reproduced with this force field [30]. At
same time, the drastic improvement in computation capa
ities has made it possible to simulate entropy and load
effects [31–33]. Recent configurational-bias Monte Ca
(CBMC) simulations showed how differences in configu
tional adsorption entropy (packing efficiency) dominated
adsorption in∼0.55-nm MFI-type pores from ternary mix
tures of C6 isomers with various degrees of branching,
high loading [31–33].

The initial motivation of this work was to redo th
calculations of Santilli et al. [10] using modern simulati
techniques and using contemporary force fields. As we
demonstrate, these improved calculations did not yield
improvement in the prediction of the shape selectivity.
fact, our calculations predict that all large-pore zeoli
would give a similar product distribution, which is
disagreement with the experimental data. This suggests
the simulation results of Santilli et al. may have resul
from a cancellation of the errors in the force field and
limitation of the simulation method, which did not allo
simulations at conditions approaching the actual reac
conditions. More importantly, our results also suggest
the molecular interpretation of Santilli et al. that inver
shape selectivity can be related to a match of the siz
a branched molecule with the diameter of the channel
not be correct. Here, we will demonstrate that the molec
basis of inverse shape selectivity is related to entropic eff
inside the zeolite pores under conditions where the zeo
are (almost) fully saturated.

This paper focuses on molecular sieves with a p
diameter greater than 0.60 nm. Those with an AFI-t
structure receive the most attention, because the majori
the measured data happen to be available for this typ
sieve [8–10,29,34–38].
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2. Molecular simulation methods

To study the driving forces behind the adsorption se
tivity and the hydroconversionselectivity of various zeolit
one needs detailed information on a molecular level ab
adsorbed hydrocarbons. We obtain this information by
ing computer simulations based on the configurational-
Monte Carlo technique.

The configurational-bias Monte Carlo technique affo
a relatively efficient calculation of the thermodynamic pro
erties and adsorption isotherms of hydrocarbons in
croporous silica structures [16,17,21,31,33]. In the CB
scheme the molecules are grown atom by atom in such a
that the empty channels inside the zeolite are found. Thi
sults in a sampling scheme that is orders of magnitude m
efficient than traditional Monte Carlo schemes, where en
molecules are inserted at once, generating a high per
age of unlikely or impossible configurations in the proce
Because of its efficiency, the CBMC scheme allows us
obtain information about hydrocarbons as large as hex
cane (C16).

The CBMC simulations model uses single interact
centers (united atoms) to represent the CH3, CH2, and CH
groups in the linear and branched paraffins. The bon
interactions include bond-bending and torsion potent
Dispersive interactions with the oxygen atoms of the si
structure are assumed to dominate the silica–paraffin inte
tions. The zeolite is modeled as a rigid crystal [39] consis
exclusively of SiO2, so as to make the calculation of paraffi
zeolite interactions efficient. This allows the use of spe
interpolation techniques [40,41] to obtain the correct para
conformation at any given temperature. More details ab
the simulation method and the force fields are descr
elsewhere [31]. The sizes of the molecules and the en
parameters have been fitted to the adsorption enthalpie
the Henry coefficients of linear and monobranched pa
fins in aluminum-free MFI-type silicas [31]. The resulta
force field reproduces the Henry coefficients, the chan
in the free energy of formation (i.e., the free energy of
sorption), the adsorption enthalpies, and isotherms for li
and monobranched paraffins. The same force field als
produces these parameters remarkably well for micropo
silica topologies other than the MFI type [16,42].

To obtain thermodynamic properties of individual is
mers, a simulation in a system is used with a single m
cule (N) in an infinite zeolite (V) at a fixed temperature (
(so called “NVT ensemble”).

The NVT simulations consist of four different tri
moves:

(1) Displacement of a chain: a chain is selected at ran
and given a random displacement. The maximum
placement was taken such that 50% of the moves w
accepted.

(2) Rotation of a chain: a chain is selected at random
given a random rotation around the center of mass.
-

-

-

d

-

maximum rotation angle was selected such that 50%
the moves were accepted.

(3) Partial regrowth of the chain: a randomly selected
of a randomly selected alkane is regrown.

(4) Complete regrowth of the chain: a chain is selec
at random and is completely regrown at a rando
selected position. During this step data are collec
from which the Henry coefficient and the free ene
are determined.

The calculation of an adsorption isotherm of a mixt
of alkanes requires a simulation in the grand-canon
ensemble [31]. Such a simulation employs the same in
three steps as one in the NVT ensemble, but the fourth
is replaced by:

(4) Exchange with the reservoir: an alkane is rando
added or removed from the microporous silica struct

(5) Identity change: an attempt is made to change the iso
type of a randomly selected molecule.

The relative probabilities for attempting these moves
an NVT simulation were such that 10% of the total num
of moves was a displacement, 10% a rotation, 10% a
tial regrowth, and 70% a regrowth of the entire molecu
A simulation consists of 5× 106 Monte Carlo moves. In
the grand-canonical simulations the probabilities were 1
displacement, 15% rotation, 15% partial regrowth, 50
exchange, and 5% identity change. A typical simulation
quires some 107 Monte Carlo moves. The calculation of th
change in the free energy of formation, the Henry coe
cient, and the adsorption enthalpy at zero coverage req
two simulations in the NVT ensemble: one simulation o
single paraffin inside the micropores of silica structure
another simulation in the ideal gas situation [31].

The atomic coordinates for the silica structures identi
by a three-letter code were adapted from the compilat
published by the Structure Commission of the Internatio
Zeolite Association [4]. For SSZ-31 the coordinates desc
ing polymorph A were chosen [43].

Since the Helmholtz and Gibbs free energies converg
low loading, both relate to the Henry coefficient,KH (mol/
kg Pa) by [41]

(1)�G = −RT ln(KHDRT ).

In this formula�G (J/mol) is the free energy of adsorptio
D (kg/m3) is the framework density of a structure,R is
the gas constant (viz. 8.3144 J/mol K), and T (K) the
temperature. Measured adsorption data were recalcu
using formula (1) instead of a relationship with an arbitra
defined standard state (as was used in Refs. [35,37,44])

From the simulated adsorption enthalpy,�H (J/mol),
and the Gibbs free energy, the adsorption entropy,�S

(J/mol K) can be calculated using

(2)�G = �H − T �S.
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At extremely low loading and at 533 K, the difference
adsorption enthalpy between 2,2-dimethylbutane (22DM
and n-hexane (n-C6) δ�HCMBC was defined as the dif
ference between the adsorption enthalpies of the i
vidual components as determined by CBMC simulatio
�H22DMB (J/mol) and�Hn-C6 (J/mol), respectively,

(3)δ�HCBMC = �H22DMB − �Hn-C6.

Similarly, the difference in the Gibbs free energy
adsorption of 22DMB and that ofn-C6 δ�GCMBC (J/mol)
was determined from the Gibbs free energies of adsorp
of the individual components:

(4)δ�GCBMC = �G22DMB − �Gn-C6.

The measured differences in Gibbs free energy of adsorp
between 22DMB andn-C6, δ�Gads22-n (J/mol), were
calculated from the measured ratio between the loa
of these two compounds, [22DMB] and [n-C6] in (mg/g),
respectively,

(5)δ�Gads22-n = −RT ln
([22DMB]/[n-C6]

)
.

In this formulaT is the temperature at which the hexa
(C6) isomers were adsorbed (403 K). The same−RT ln([22
DMB]/[n-C6]) term was also used to calculate the Gib
free energy difference at 14 kPa,δ�G14 kPa22-n (J/mol), and
at 500 kPa,δ�G500 kPa 22-n (J/mol), from simulated binary
isotherms at 403 K with equal amounts of 22DMB andn-C6.
It was also used in Ref. [10] to try and relate the diff
ences in adsorption enthalpy between adsorbed 22DMB
n-C6 as obtained in a CVFF force field at 423 K,δ�HCVFF
(J/mol). An analogous formula was used to calculate the
ference in Gibbs free energy of adsorption from a simula
binary isotherm with equal amounts of 2,3-dimethylbuta
(23DMB) and n-C6 at 500 kPaδ�G500 kPa 23-n (J/mol).
A value assumed to be proportional to the difference
Gibbs free energy of formation,δ�Gcatal (J/mol), between
either dimethyltetradecanes (dM-C14) and tetramethyldode
canes (teM-C12) or DMB andn-C6 inside the various sieves
at 70% C16 hydrocracking and 577± 12 K [10] was calcu-
lated using

(6)δ�Gcatal= −RT ln(DMB/n-C6).

In this formula (DMB) and (n-C6) represent the concen
tration of DMB and n-C6 in the product slate fromn-
hexadecane (n-C16) hydroconversion. The DMB fractio
always consisted for more than 90% of 23DMB [10].

In our simulations we impose the temperature and
chemical potential (or fugacities) on the components. Ex
imentally, the adsorption isotherms are expressed in loa
versus partial pressure (instead of fugacity, as we do in
simulations). We have converted the fugacities into press
assuming ideal gas behavior, which is a reasonable app
mation under the conditions studied in this work. Of cour
the exact conversion can be made using the experim
equations of state.
-

l

3. Results and discussion

3.1. Adsorption at low loading

In trying to explain the measured adsorption phenom
by molecular simulations, Santilli et al. were hamstrung
the computational limitations of the early 1990s. Becaus
these limitations, it was expedient to assume that the lo
ing was sufficiently low for intermolecular interactions
be negligible [10], and that differences in adsorption
tropy between C6 isomers were negligible [10]. With thes
assumptions in place, a good correlation between the
ference in Gibbs free energy of adsorption determined f
the measured ternary isotherms and the difference in ad
tion enthalpy obtained in the CVFF force field,δ�HCVFF
(kJ/mol), was found [10]. This correlation suggests t
the explanation for both the preferential adsorption and
preferential production of branched paraffins lies in the v
ation in adsorption enthalpy with void size [10]. Since t
adsorbent-adsorbate Van der Waals interactions have a
jor effect on the adsorption enthalpy, these were assum
be the dominant force in both the adsorption and the cata
production of DMB [10].

The differences in adsorption enthalpy between 22D
andn-C6, δ�HCBMC (kJ/mol) simulated by CBMC at low
loading, do not match the enthalpy differences obtai
in the CVFF force field (Table 1). This probably reflec
the currently known limitations of the CVFF force fie
in handling branched paraffins [30]. Consistent with ear
validations [16,31–33,42], the adsorption enthalpies fr
the CBMC calculations agree well with the adsorpt
enthalpies measured using only a single componen
low loading (Table 2) [35,36,44–47]. The relatively lar
differences between simulated and measured adsor
enthalpy for FAU-type zeolites (Table 2) suggests tha
perfect FAU-type silica structure is not an ideal mo
for the experimentally used FAU-type zeolites that inclu
nonframework debris left inside their pores by steaming.
good match between simulated and measured adsor
enthalpy for sieves other than FAU-type zeolites indica
that perfect silica structures are a good representation o
other sieves.

Considering the good match between the CBMC-sim
lated and the measured adsorption enthalpies at low loa
it is surprising that the CBMC-simulated adsorption d
do not reproduce the measured preference for adsor
22DMB rather thann-C6 (Table 1). Most notably, the
CBMC simulations reproduce neither the lower Gibbs f
energy of adsorption nor the lower adsorption enthalpy
branched paraffins as compared to normal paraffins in A
type sieves (Table 1). Instead, the adsorption enthalpie
branched 22DMB and linearn-C6 are similar and decreas
steadily with pore size, until repulsive interactions w
the pore walls increase the adsorption enthalpy of 22D
relative to that ofn-C6 (Fig. 2). This is at approximatel
0.65 nm as represented by OFF-, CON-, and MOR-t
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Table 1
The difference in Gibbs free energy of adsorption between 22DMB andn-C6 (a) determined from a measured ternary isotherm of an equimolar mixtu
22DMB, 3MP, andn-C6 at 14 kPa C6, 403 K, δ�Gads 22-n (kJ/mol), (b) determined from a simulated binary isotherm with equal amounts of 22DMB
n-C6 at 14 kPa C6, 403 K,δ�G14 kPa 22-n (kJ/mol), and (c) determined at very low loading,δ�GCBMC (kJ/mol)

Structure Pore δ�Gads22-n δ�HCVFF δ�HCBMC δ�GCBMC δ�G14 kPa 22-n
type sizea 22DMB–n-C6 22DMB–n-C6 22DMB–n-C6 22DMB–n-C6 22DMB–n-C6
code (nm) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)

FAU 1.20 1.3 n.a.b 1.6 0.3 2.1
LTL 0.99 3.9 2.7 2.8 0.2 4.1
MAZ 0.75 n.a. n.a. 0.7 −1.3 −4.4
AFI 0.77 −5.0–−4.5 −5.1 1.1 −0.9 −4.7
MOR 0.64 −0.9 n.a. 5.1 5.4 0.9
BEA 0.64 3.5 n.a. 8.3 10.1 5.8
MTW 0.57 7.2 4.1 19.6 23.4 23.4
VFI 1.27 2.7 0.0 n.a. n.a. n.a.

δ�HCVFF (kJ/mol) andδ�HCBMC (kJ/mol) are the difference in adsorption enthalpy at very low loading determined by molecular “docking” in a
force field and by CBMC, respectively.

a Pore diameter from Ref. [10].
b n.a., not available.
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pore
silica (Fig. 2, Table 3). The repulsive interactions do not h
much of an effect on the adsorption entropy until the fit w
22DMB becomes really tight (as in MTW, VET, SFE, Fig.
Table 3). As a result, the Gibbs free energies of both 22D
andn-C6 decrease with pore size for as long as there ar
repulsive interactions (until GME-, AFI-, CFI-sized pore
Fig. 4, Table 3). Once the walls start to repulse 22DMB
OFF-, CON-, MOR-sized pores), the Gibbs free energy
adsorption of 22DMB increases significantly relative to t
of n-C6 (Fig. 4, Table 3). Thus, CBMC simulations sugg
that 22DMB has a Gibbs free energy of adsorption tha
either higher than or approximately equal to that ofn-C6.
As with the adsorption enthalpies, the CBMC-simula
Gibbs free energies calculated at low loading appear
to correlate with the Gibbs free energies of adsorp
determined from the measured ternary isotherms (Table

Table 2
Adsorption enthalpy forn-C6, 22DMB, and 23DMB at low loading a
obtained from CBMC simulations and from published measured data

Type Source �Hn-C6 �H22DMB �H23DMB

code (kJ/mol) (kJ/mol) (kJ/mol)

AFI Simulated −54 −53 −59
AFI Measured [35–37,46] −55–−64 n.a.a n.a.a

MOR Simulated −59 −54 −62
MOR Measured [37,44–47] −62–−69 −58b −59b

BEA Simulated −55 −47 −57
BEA Measured [44] −58b −50b −55b

MTW Simulated −70 n.a.c n.a.c

MTW Measured [37] −70–−75 n.a.c n.a.c

CON Simulated −58 n.a.c n.a.c

CON Measured [37] −60–−65 n.a.c n.a.c

FAU Simulated −33 −31
FAU Measured [44–46] −44–−50 −41b −42b

a The data in Ref. [38] were measured at too high a pressure to a
extrapolation to zero loading.

b Calculated with formula (1) from data provided in Ref. [44].
c Not available.
3.2. Adsorption at high loading

The incompatibility of simulated adsorption data at l
loading and the adsorption data obtained from tern
isotherms suggests that the latter might not be at
loading. To evaluate this important assumption of San
et al., the measured ternary adsorption isotherm of
equimolar mixture of 22DMB, 3MP, andn-C6 by AFI-
type silica at 403 K was simulated to investigate
loading under experimental conditions. In view of t
large variation in measured adsorption selectivity at h
to intermediate loading [10,34], it matches the measu
data quite reasonably (Fig. 5). The simulated isoth
indicates that the measured adsorption data at 14 kP6
were obtained at∼56% of the saturation loading (Fig. 5
At such a high loading entropic effects due to intermolec
interactions tend to dominate the Gibbs free energy [31–

Fig. 2. Difference in adsorption enthalpy between 22DMB andn-C6 as
calculated by CBMC. The structures are listed in order of increasing
size.
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Table 3
Thermodynamic data on various structures calculated by CBMC at low loading, 533 K: the Gibbs free energy of adsorption (�Gn-C6, �G22DMB, �G23DMB
(kJ/mol)), the adsorption enthalpy (�Hn-C6, �H22DMB, �H23DMB (kJ/mol)), and entropy (�Sn-C6, �S22DMB, �S23DMB (J/mol K)) for n-C6, for 22DMB
and 23DMB, respectively

Type Pore size �Gn-C6 �Hn-C6 �Sn-C6 �G22DMB �H22DMB �S22DMB �G23DMB �H23DMB �S23DMB

code (nm) (kJ/mol) (kJ/mol) (J/mol K) (kJ/mol) (kJ/mol) (J/mol K) (kJ/mol) (kJ/mol) (J/mol K)

FAU 1.20 −14.5 −33.1 −35.0 −14.2 −31.5 −32.4 –a – –
LTL 1.00 −16.1 −41.8 −48.1 −15.9 −38.9 −43.3 −20.5 −44.3 −44.7
MEI 0.95 −19.3 −45.9 −49.8 −18.6 −42.8 −45.5 −23.5 −48.0 −45.9
AET 0.83 −18.4 −42.9 −46.0 −19.7 −42.1 −42.0 −24.5 −47.3 −42.8
DON 0.82 −20.2 −44.4 −45.3 −21.3 −43.0 −40.7 – – –
AFR 0.77 −18.3 −46.5 −52.9 −20.3 −46.1 −48.3 – – –
MAZ 0.74 −18.5 −49.6 −58.5 −19.8 −48.9 −54.7 −25.3 −54.9 −55.5
CFI 0.74 −25.3 −55.8 −57.1 −25.7 −54.6 −54.3 – – –
AFI 0.73 −24.5 −54.0 −55.3 −25.4 −52.9 −51.6 −31.4 −59.4 −52.6
GME 0.70 −18.8 −49.0 −56.5 −19.6 −47.6 −52.5 – – –
OFF 0.68 −22.1 −56.1 −63.8 −19.1 −52.1 −62.0 – – –
CON 0.66 −22.2 −57.6 −66.3 −16.8 −51.9 −65.9 – – –
MOR 0.64 −23.2 −58.8 −66.7 −17.8 −53.7 −67.2 −24.9 −61.6 −68.9
SSZ-31 0.64 −26.2 −61.1 −65.5 −17.5 −52.7 −65.9 – – –
BEA 0.64 −24.3 −55.1 −57.8 −14.1 −46.8 −61.3 −23.8 −56.7 −61.7
SFE 0.64 −22.9 −59.9 −69.3 −11.2 −50.9 −74.6 – – –
VET 0.59 −25.9 −66.2 −75.5 −12.9 −56.6 −82.0 – – –
MTW 0.58 −27.2 −69.3 −78.9 −3.9 −49.7 −86.1 – – –

a Not determined.
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This would imply that simulations based on an assump
of low loading are largely irrelevant.

The importance of the intermolecular entropy effe
appears to scale with pore size. One can distinguish
basic categories:

The first category comprises sieve structures with po
no more than 0.6 nm across (such as TON-, MTT-t
zeolites). As discussed elsewhere [16], these sieves re
paraffins with proximate methyl groups so strongly t
they do not adsorb significant amounts at any pressure
strongly prefer linear paraffins to branched paraffins.

The second category comprises sieves with pores w
diameter in the 0.60–0.70-nm range (such as MOR-, MT

Fig. 3. Difference in adsorption entropy between 22DMB andn-C6 as
calculated by CBMC. The structures are listed in order of increasing
size.
e

SSZ-31-, and BEA-type zeolites). MOR-type zeolites aff
a particularly nice example (Fig. 6). At low loading, zeolit
adsorbent interactions dominate, and the isomer with
lowest adsorption enthalpy,n-C6, is preferred (Table 1
Fig. 2). At high loading, differences in packing efficien
change the preference toward branched isomers (Fig
because these isomers are shorter so that more of
can stack into a single file [24,48] while retaining a larg
number of conformations than the straightened-out lin
isomers (Fig. 7).

The third category comprises tubular 0.70–0.75-nm p
structures (AFI-, CFI-, MAZ-, and AFR-type sieves). The
have no preference for 22DMB orn-C6 at low loading

Fig. 4. Difference in Gibbs free energy of adsorption between 22D
and n-C6 as calculated by CBMC. The structures are listed in orde
increasing pore size.



94 M. Schenk et al. / Journal of Catalysis 214 (2003) 88–99
Fig. 5. Comparison of simulated adsorption isotherm of an equimolar mix-
ture of 22DMB (–2–), 3MP (–"–), andn-C6 (–Q–) with the experimental
values of 22DMB (1), 3MP (!), andn-C6 (P).

Fig. 6. Loading,L (mmol/g) of MOR-type silica in equilibrium with
an equimolar mixture of 22DMB (2) and n-C6 (") at pressurep (kPa)
and 403 K.
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(Fig. 4), but prefer to adsorb the shortest, most branc
isomer at high loading (Fig. 5). A publication that sugges
that AFI’s preference for 22DMB would already show
at low loading [37] discusses experiments that were don
too high a pressure and too low a temperature (10−3 kPa,
303–333 K, as compared to	 10−3 kPa, 403 K, Fig. 5) to
actually approach low loading.

The fourth category comprises sieves with pores in
0.80 nm range (DON- and AET-type sieves). As with
previous two categories, these sieves adsorb C6 mostly in
a single file, but the void volume is now so large th
it allows n-C6 to adsorb in many different configuration
from curled-up to stretched nearly perpendicular to the p
axis (Fig. 7). This allows the number of conformations a
the effective length ofn-C6 to converge toward that o
22DMB. The preference of adsorbing 22DMB rather th
n-C6 decreases accordingly (cf.δ�G14 kPa22-n in Table 1).
The fifth category comprises sieves with pores in
order of 1.0 nm and larger (e.g., FAU-, LTL-, MEI-, VF
type sieves). These pores accommodate more than a s
file of molecules, so that differences in the enthalpy
condensation start to contribute, andn-C6 becomes preferre
over 22DMB because the former has the highest boi
point (Table 1).

Remarkably, the differences in Gibbs free energy
tween 22DMB andn-C6 calculated from simulated binar
isotherms at 14 kPa,δ�G14 kPa 22-n (kJ/mol), correlate quite
well with the differences in Gibbs free energy of adso
tion determined from measured ternary isotherms at 14
δ�G14 kPa 22-n (kJ/mol) (Table 1). MTW-type zeolite is th
exception. Reasons for the discrepancy between the s
lated and the experimental data on the MTW-type zeo
include exterior surface effects and a high sensitivity of
modeling parameters to tightly fitting molecules [16]. T
of
er range
re
rd
Fig. 7. The top four tubes represent typical conformations of linear and branched C6 isomers adsorbed in AFI (left) and DON (right). In the smaller pore
AFI, the effective size difference between linear and branched isomers is maximized. In the wider pore of DON, the linear isomer can adapt a widof
conformations, diminishing the entropy effect caused by packing. The bottom tube depicts schematically the experimental conditions, when the pos are fully
loaded. Under these conditions entropy effects caused by alkane-alkane interactions become important, driving the isomerization reaction towathe most
compact isomer.
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close similarity of data obtained from measured and s
ulated isotherms indicates that the relative preferenc
structures for adsorbing the shorter 22DMB rather than
longern-C6 predominantly reflects a difference in adso
tion entropy (packing efficiency) peculiar to adsorption i
one-dimensional pore. As this type of adsorption entrop
a result of intermolecular interactions, it does not beco
apparent until relatively high loading. It now remains to
sorted out how the adsorption entropy found at high load
can affect shape selectivity.

3.3. Catalysis: paraffin hydroconversion mechanism

Before addressing how structures can affect the pa
fin hydroconversion selectivity of both complex industr
feeds [29] andn-C16, [9,10] it is useful to discuss the curre
model for paraffin hydroconversion. The hydroconversio
linear paraffins consists of a series of consecutive hy
isomerization reactions that steadily increase the degre
branching. Although all hydroisomerization reactions str
toward chemical equilibrium, equilibrium is never achiev
due to an increasing chance of irreversible hydrocrac
reactions with increasing degree of branching [26]. Wh
long paraffins liken-C16 hydrocrack early in the chain o
hydroisomerization reactions they yieldn-C6 when they hy-
drocrack late, they yield DMB [49,50]. Therefore, the ra
between the initially formed DMB andn-C6 is a measure fo
the extent to whichn-C16 hydroisomerizes before it hydro
cracks, and, thereby, for the rate of the hydroisomeriza
reactions relative to that of the hydrocracking reactio
In practice, measuring the ratio between initially form
DMB andn-C6 is impeded by consecutive hydroisomeriz
tion reactions that drive the initially produced C6 fraction
toward its intracrystalline chemical equilibrium [24]. Exte
sive consecutive hydroisomerization reactions are likel
the∼99%n-C16 hydroconversion at which Santilli et al. re
port their data.

3.4. Catalysis: impact of C16 adsorption thermodynamics

Santilli et al. attributed the variation of the branchi
hydroisomerization rate with zeolite structure (Fig. 1) to
variation in the stabilization of the transition state for for
ing branched C16 paraffins [9,10]. Such a kinetic explanatio
for differences in hydroisomerization rate was favored,
cause it was assumed that the paraffins inside molec
sieves would all approach the same (gas phase) equilib
[9,10]. In addition, the computational techniques availa
in the early 1990s did not allow Santilli et al. to perform t
calculations for the systems of interest (long-chain hyd
carbons), under the conditions of interest (high pressure
make the computations feasible they had to assume tha
behavior of the short-chain paraffins at infinite dilution
representative.

Nowadays, long-chain hydrocarbons under reaction c
ditions are amenable to molecular simulations, as il
f

r

Fig. 8. Loading,L (mmol/g), of AFI- (closed symbols) and DON-typ
silica (open symbols) in equilibrium with an equimolar mixture
2,5,8,11-teM-C12 (2) andn-C16 (") at pressureP (kPa) and 577 K. Reac
tion conditions of Santilli et al. [10] are 3× 103 kPa C16 at 577 K.

trated by the simulated binary isotherm of equal amou
of 2,5,8,11-tetramethyldodecane (a teM-C12) andn-C16 at
577 K (Fig. 8). It shows that AFI- and DON-type por
are fully saturated with reactant under reaction conditi
(3×103 kPa C16, 577 K [10]). Similar simulations show tha
also pores as large as the 1.2-nm-wide FAU-type superc
are fully saturated with reactant under these conditions.

When pores are at saturation loading, molecular excha
between gas phase and adsorbed phase will be too slo
bring the adsorbed phase to gas-phase chemical equilib
[22,23,25,26]. Instead, the adsorbed phase will exhibi
intracrystalline chemical equilibrium as defined by the
tracrystalline Gibbs free energies of formation of the vari
isomers [21,24]. The intracrystalline chemical equilibriu
tends to favor the formation of isomers with the lowest Gib
free energy of adsorption [21,24], because isomers of
same carbon number usually have a comparable Gibbs
energy of formation in the gas phase [51]. Therefore the l
est Gibbs free energy of adsorption tends to correspon
the lowest Gibbs free energy of formation in the adsor
phase [17,21,24].

The binary isotherms indicate that AFI- and DON-ty
zeolites equally prefer adsorbing and forming branc
rather than linear C16 under reaction conditions (577 K
3 × 103 kPa, Fig. 8).n-C16 is that much longer thann-C6
that it cannot curl up or reorient itself the wayn-C6 can
in DON-type pores, and thereby reduce its effective len
n-C16 inside DON-type pores remains stretched out, to
extent that its length approaches that ofn-C16 in a AFI-
type pore. With the disappearance of differences in effec
length of then-paraffin, also the difference in preferen
between DON- and AFI-type pores for branched rather t
linear paraffins vanishes when going from C6 to C16.

Our simulations clearly indicate that none of the k
assumptions underlying the mechanism of inverse shap
lectivity hold. The pores are not nearly empty, but satura
with reactant under reaction conditions. The hydroisom
ization reactions do not approach gas phase but adso
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phase chemical equilibrium. One cannot extrapolate the
modynamic stabilization of adsorbed branched C6 isomers
to that of adsorbed branched C16 isomers.

3.5. Catalysis: impact of C6 adsorption thermodynamics

An alternative mechanism can be formulated if o
assumes that the C6 hydrocracking products formed initiall
will continue to hydroisomerize as long as more slow
diffusing C16 molecules keep them trapped inside the po
As long as it remains trapped, C6 will hydroisomerize
toward the chemical equilibrium inside the pores. O
desorbed, C6 will fail to compete with C16 for readsorption
so that the C6 isomers will not continue to hydroisomerize
reach a gas-phase chemical equilibrium distribution (Fig

Although Santilli et al. assumed that C6 hydroisomer-
ization would be negligible [10], we would expect exte
sive C6 hydroisomerization, for the reaction temperat
is 577 K [10], which is significantly above the thresho
temperature for C6 hydroisomerization. Typically these r
actions are carried out at 520 K or higher [52,53].

Santilli et al. argued that the 9 times higher yield
23DMB as compared to 22DMB is far from gas-pha
chemical equilibrium and that, therefore, consecutive6
hydroisomerization was precluded [10]. We would arg
that the high 23DMB yield does not preclude consecu
C6 hydroisomerization, because 23DMB is kinetically
vored to 22DMB [54], and so is the first DMB to form
At the high hydrocarbon pressures used [10], 23DMB
also thermodynamically favored to 22DMB (Table 4). T
thermodynamic preference is in agreement with the ma
ity of the adsorption data [10,34]. The lower Gibbs fr
energy of formation and adsorption of 23DMB relates
a smaller loss of entropy upon adsorption, because
vicinal methyl groups in 23DMB allow for a larger num
ber of conformations than the geminal methyl groups
22DMB. Because of its entropic origin, the intracrystall
thermodynamic driver for 23DMB rather than 22DMB u
der the conditions of simulation (5× 102 kPa, 403 K) will
be even higher at the higher pressure and temperatur
der reaction conditions (3× 103 kPa hydrocarbon, 577 K
By contrast, gas-phase thermodynamics would drive tow
22DMB rather than 23DMB formation [51,54]. Thus, t
predominance of 23DMB in the DMB fraction is entire
consistent with hydroisomerization reactions of the C6 hy-
drocracking products toward the compound with the low
intracrystalline Gibbs free energy of formation.

The strongest support for the predominant influence
the intracrystalline chemical thermodynamics on the6
yield structure is that the simulated adsorption thermo
namics affords a quantitative link between the C6 adsorption
thermodynamics and the C6 yield structure inn-C16 hy-
droconversion (Table 4, Fig. 9). With the assumption t
for all catalysts the C6 hydroisomerization proceeds to
comparable percentage of their respective intracrysta
chemical equilibrium,δ�Gcatal (kJ/mol) should represen
the difference in free energy of formation between 22DM
or 23DMB andn-C6 inside the sieves. It turns out that the
is a linear relationship between this difference in Gibbs
energy of formation and the simulated differences in Gi
free energy of adsorption (either under adsorption condit
(14 kPa, 403 K) or under reaction conditions (3× 103 kPa,
577 K)). The deviation of the CFI-type zeolite sample fr
this Gibbs free energy correlation is probably related to
exceptionally high temperature required to achieve 70%
drocracking activity on the single CFI-type sample that
been evaluated [55,56]. If CFI is excluded, the variation
the differences in free energy of adsorption between D
andn-C6 explains 90% of the variation in the differences
the free energy of formation (i.e., the correlation coeffici
is 0.90). This linear correlation between the free energ
formation and of adsorption of DMB andn-C6 is illustrated
a C
Table 4
δ�Gcatal (kJ/mol) corresponds to the difference in Gibbs free energy of formation between teM-C12 and dM-C14 at 577 K [10], δ�Gads22-n (kJ/mol)
is the difference in Gibbs free energy of adsorption between 22DMB andn-C6 determined from a measured ternary isotherm, at 403 K and 14 kP6;
δ�G500 kPa 22-n (kJ/mol) and δ�G500 kPa 23-n (kJ/mol) are the differences in Gibbs free energy of adsorption between 22DMB or 23DMB andn-C6
determined from a simulated binary isotherm at 403 K and 500 kPa,δ�G3000 kPa 22-n andδ�G3000 kPa 23-n are the same but determined at 577 K, 3×103 kPa

Void Structure δ�Gcatal δ�Gads22-n δ�G500 kPa 22-n δ�G500 kPa 23-n δ�G3000 kPa 22-n δ�G3000 kPa 23-n

category code (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)

V 0.9–1.0 nm LTL 8.6 3.9 7.1 0.8 3.2 −1.8
V 0.9–1.0 nm MEI n.a.a n.a. 6.3 2.6 – –
V 0.9–1.0 nm FAU 10.0 1.3 4.0 −1.8 1.0 −3.2
IV ∼0.8 nm DON 7.6 n.a. 2.5 −4.2 −2.8 −8.1
IV ∼0.8 nm AET n.a. n.a. 0.3 −4.9 – –
III 0.70–0.75 nm MAZ −0.4 n.a. −8.4 −14.9 −6.3 −13.4
III 0.70–0.75 nm AFI 0.2 −4.8 −8.0 −16.0 −6.5 −14.2
III 0.70–0.75 nm CFI 5.3 n.a. −5.6 −17.3 – –
III 0.70–0.75 nm AFR n.a. n.a. −2.9 −8.1 – –
II 0.60–0.70 nm MOR 2.6 −0.9 −2.2 −10.6 0.2 −7.4
II 0.60–0.70 nm SSZ-31 4.9 n.a. 1.6 −9.8 4.6 −8.9
II 0.60–0.70 nm BEA 6.0 3.5 3.5 −6.4 6.5 −3.7
II 0.60–0.70 nm MTW 12.1 7.2 12.5 −1.7 19.3 3.5

a n.a., not available.
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Fig. 9. Experimental and simulated normalized DMB/n-C6 yield ratios
for various zeolite structures. The ratios were normalized with respe
the AFI-type zeolite. The calculated ratios were obtained from simul
adsorption isotherms of equimolar mixtures of 22DMB/n-C6 (left, light
gray bar) and 23DMB/n-C6 (middle, dark gray bar) under experiment
conditions (T = 577 K,P = 3000 kPa). The experimental ratios (right ba
were taken fromn-C16 hydroconversion experiments [10,55].

by a good match between the DMB/n-C6 yield and the sim-
ulated adsorption ratios in the traditional bell-shaped cu
in Fig. 9. The measured differences in free energy of ads
tion at 14 kPa follow pretty much the same correlation as
simulated values at saturation loading (Table 4). The g
correlation between the differences in the Gibbs free en
of adsorption and of formation of C6 isomers corroborate
the suggestion that the intracrystalline thermodynamic e
librium determines the direction of the hydroisomerizat
of the C6 isomers that are formed initially inn-C16 hydro-
conversion.

Previously, we have shown how pores selectively ads
and produce molecules to the extent that they have a s
commensurate with that of the pore [16,17,21]. When
shapes are more commensurate, Van der Waals interac
between the pore walls and the adsorbate decrease
adsorption enthalpy and, thereby, the Gibbs free energ
adsorption and formation. It has now been found that po
can also favor the adsorption and formation of molecu
because they are more compact, lose less entropy
adsorption, and, thereby, have a lower Gibbs free energ
adsorption and formation.

The shape-selective redirection of the hydroisomeriza
reactions commensurate with the adsorption-induced sh
the Gibbs free energy of formation of reactants and pr
ucts is a novel form of shape selectivity. This shape-selec
change in reaction kinetics is not a form of transition-st
shape selectivity, for it does not require an alteration of
Gibbs free energy of formation of any transition state.
light of the above analysis, the term inverse shape se
tivity loses much of its relevance. Inverse shape select
was defined as the selective acceleration of the formatio
bulky products, so as to contrast with regular shape se
e

s
e

tivity, which was defined as the selective deceleration of
formation of bulky products [9]. We would argue that t
compatibility between adsorbate and adsorbent defines
are bulky and what are compact molecules. DMB is m
bulky thenn-C6 in highly constrained MTW-type pores (re
flected by DMB’s higher adsorption enthalpy), whereas
inverse is true for AFI-like pores at high pressure (reflec
by DMB’s higher adsorption entropy). According to th
definition, the preference of MTW-zeolites for adsorb
and formingn-C6 rather than DMB and the inverse prefe
ence of AFI-like zeolites are both examples of regular—
inverse—shape selectivity.

4. Conclusions

Molecular simulations show that differences in the Gib
free energy of adsorption explain differences in para
hydroisomerization selectivity between catalysts. The
portant aspect of this work is that this selectivity can o
be explained if we consider the zeolite to be fully sa
rated with reacting molecules. These saturated pores
paraffins long enough to allow them to equilibrate tow
the intracrystalline chemical equilibrium distribution. Por
less than∼0.70 nm across equilibrate less toward branc
paraffins than larger pores, because they repulse bran
paraffins causing an increase in enthalpy of formation. T
increase offsets their higher entropy of formation as a
sult of their better stacking efficiency. Pores 0.70–0.75
across are optimal for forming branched rather than lin
paraffins, because they are large enough not to repuls
branched paraffins, and, thereby, maximize the effect of
better stacking efficiency of the shorter, branched paraf
In larger pores linear C6 paraffins can curl up, so that th
differences in stacking efficiency between branched and
ear paraffins disappear. This effect is markedly reduced
C16 paraffins. When pores approach 1.0 nm, condensa
effects start to add in, and further reduce the prefere
for lower boiling branched isomers instead of higher b
ing linear isomers. These entropy (stacking) effects o
occur at high loadings, in which adsorbate-adsorbate in
actions are important. This thermodynamic explanation
the high branched-paraffin yield inn-C16 hydroconversion
is more rigorous than earlier explanations invoking (inver
transition-state shape selectivity involving adsorbate–ze
interactions only.

The link between adsorption thermodynamics and
alytic activity is well established [12,57–63]. The lin
between the Gibbs free energy of adsorption and shap
lectivity has also been observed before [17,21], but only w
respect to a lower adsorption enthalpy when molecular
pore shapes are commensurate. To the best of our kn
edge, this is the first instance of shape-selective adsor
and production is due to higher (i.e., less negative) ads
tion entropy and a concomitantly lower Gibbs free ene
of formation in the adsorbed phase. It is probably not
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last instance, e.g., kinetic data on aromatics hydrocon
sion [64,65] also seem to indicate that adsorption entr
may play a significant role in the selectivity in these typ
of conversions. Clearly adsorption entropy not only affe
the activity [61–63], but also the selectivity of many zeoli
catalyzed conversions.
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