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Abstract

The Langmuir–Hinshelwood (LH) rate expression is often used to describe the kinetics of heterogeneously catalysed reactions using
zeolites. A factor�n

V ≡ (1−∑
i �i )

n in the LH expression allows for the reduction of the reaction rate with increased fractional occupancies
�i of the individual species involved in ann-molecular reaction on the catalyst surface. Most commonly in practice the multicomponent
Langmuir (MCL) approach is used for calculation of the fractional occupancies giving�V ≡ 1/(1+ ∑

i bipi) where thebi are the
Langmuir adsorption constants andpi are the partial pressures in the gas phase. The LH-MCL approach is, however, thermodynamically
consistent only when the saturation capacities of all the individual species in the mixture are identical to one another, or when the component
loadings are small. For mixtures containing molecules with different saturation capacities, the sorption loadings are significantly affected
by entropy effects, especially for high loadings within the zeolite catalyst. In the general case we need to determine the sorption loadings,
and occupancies, using the Ideal Adsorbed Solution Theory. Using the gas phase isomerization ofn-hexane with MFI zeolite catalyst
as an illustration we demonstrate the limitations of the LH-MCL kinetics for calculation of reactor conversions. More significantly, we
demonstrate how entropy effects can be exploited in simulated moving bed reactor configuration to obtain supra-equilibrium conversions
and improved reaction selectivities.
� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Zeolites are widely used in the processing industries to
catalyse a variety of reactions such as cracking, oxidation,
isomerization, and alkylation (Corma, 2003; Degnan and
Thomas, 2003; Marcilly, 2003). The reaction kinetics is usu-
ally described by the Langmuir–Hinshelwood (LH) formu-
lation (Aris, 1975). Consider the reversible isomerization
reaction A1�A2 taking place in a zeolite catalyst. If the
forward and backward reactions are both considered to be
first order in the partial pressurespi in the gas phase, the
LH reaction rate expression is

r = (
kf p1−kbp2

)
�V = (

kf p1−kbp2
) (
1−�1−�2

)
, (1)
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where the subscripts 1 and 2 refer to A1 and A2. The re-
action rate is proportional to the fractionalvacancy, �V on
the catalyst surface. The reaction rate decreases with in-
creasing loading on the catalyst surface. The forward and
backward reaction rate constantskf andkb have the units
Pa−1 s−1. Often in practice the multi-component Langmuir
(MCL) model is used to calculate the component loadings
and fractional occupancies�i :

�i ≡ �i

�i,sat
= bipi

1+ b1p1 + b2p2
; i = 1,2;

�V = 1− �1 − �2 = 1

1+ b1p1 + b2p2
, (2)

where�i are themolecular loadings,�i,satare the saturation
capacities and thebi are the Langmuir adsorption constants.
Combining Eqs. (1) and (2) yields the familiar form of the
LH-MCL reaction rate expression most commonly used
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in practice

r = kf p1 − kbp2

1+ b1p1 + b2p2
. (3)

For a bi-molecular reaction A1 + A2�A3, the
corresponding LH expression isr = (

kf p1p2 − kbp3
)
�2V

with �V = 1/ (1+ b1p1 + b2p2 + b3p3). Experimentalists
often obtain the parameterskf , kb, b1 and b2 by fit-
ting the kinetic measurements for a wide range of partial
pressurespi .
There is an important limitation of the LH-MCL expres-

sion (3) that is insufficiently recognized in the literature.
This limitation arises from the fact that the calculation of the
occupancies using Eq. (2) is valid only when the saturation
capacitiesqi,sat are equal for all species; this point has been
emphasized by Sircar (Rao and Sircar, 1999; Sircar, 1995;
Sircar and Rao, 1999). When the saturation capacities of the
constituent species are significantly different, subtleentropy
effects come into play in determining mixture loadings in
zeolites (Kapteijn et al., 2000; Krishna et al., 2002a,b).
The first major objective of the present communication is

to highlight the importance of entropy effects on reaction
rates and selectivities in zeolites. We stress the limitations
of the LH-MCL approach and put forward a case for a more
rigorous approach to the modelling of reaction kinetics, us-
ing the Ideal Adsorbed Solution Theory (IAST) for the esti-
mation of component occupancies and vacancy. The second
major objective is to show that a more rigorous LH-IAST
approach to reaction rates will unravel novel methods to im-
prove conversions and selectivities for equilibrium limited
reversible reactions, catalysed by zeolites.
Though the specific illustrations and examples in this pa-

per are restricted to zeolite catalysts in contact with gaseous
reactants and products, many of the concepts and ideas have
a more generic character.

2. Entropy effects during sorption in zeolites

Let us consider sorption of hexane isomers,n-hexane
(nC6), 3-methylpentane (3MP) and 2,2 dimethylbutane
(22DMB) in MFI zeolite, that consists of a set of straight
channels (0.53–0.56nm wide), intersecting with zig-zag
channels (0.51–0.55nm wide). configurational-bias Monte
Carlo (CBMC) simulations of the pure component sorption
isotherms of hexane isomers (Calero et al., 2001; Schenk
et al., 2001b) in MFI at 362K are shown inFig. 1. The
accuracy of the CBMC calculation techniques have been
verified in several publications (Calero et al., 2001; Dubbel-
dam et al., 2004; Schenk et al., 2001b; Vlugt et al., 1999)
in which comparisons are made with experimental data.
The linearnC6 molecule has a chain length that is com-
mensurate with the length of the zig-zag channels (see
Fig. 2a) and a maximum of 8 molecules per unit cell can be
accommodated. The configuration of di-branched 22DMB
is such that these bulky, yet compact, molecules can be
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Fig. 1. Pure component sorption isotherms fornC6, 3MP and 22DMB in
MFI at 362K. The symbols represent CBMC simulation data (Calero et
al., 2001; Krishna et al., 2002b, Schenk et al., 2001b). The continuous
lines are the DSL fits using the parameters as specified inTable 1.

located only at the intersections between the straight and
zig-zag channels (seeFig. 2b) and the saturation loading is
restricted to 4 molecules per unit cell; seeFig. 1. The mono-
branched 3MP also prefers to locate at the intersections
and only at pressures exceeding 10 kPa can these molecules
be pushed into the channel interiors. The saturation capac-
ity of 3MP is 6.3 molecules per unit cell, intermediate in
value between that ofnC6 and 22DMB. The sorption hi-
erarchy of the pure components in MFI isnC6 > 3MP >

22DMB.
We also note fromFig. 1 that the dual-site Langmuir

(DSL) isotherm (parameters specified inTable 1):

�0
i (p) ≡ �i,A + �i,B

= �i,sat,Abi,Ap

1+ bi,Ap
+ �i,sat,Bbi,Bp

1+ bi,Bp
(4)

provides a good description of the pure component isotherms
for all three hexane isomers.
Differences in the saturation capacities of the hexane iso-

mers have a dramatic influence on the component loadings
in mixtures. Consider sorption of a 50–50 binary mixture of
nC6 and 3MP in MFI. The CBMC simulations for this bi-
nary mixture are denoted by the symbols inFig. 3a. It is in-
teresting to note the maximum in the loading of 3MP when
the total mixture loading is precisely 4 molecules per unit
cell, when the intersections are all occupied; this occurs at
a total pressure of about 200Pa. When the pressure is raised
above 200Pa the loading of 3MP reduces virtually to zero.
The nC6 has a higher packing efficiency within the MFI
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nC6 siting 22DMB siting
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Fig. 2. (a) Schematic showing siting ofnC6 molecules within the MFI network. (b) Schematic showing preferential location of 22DMB at intersections
between straight and zig-zag channels of MFI network.

Table 1
DSL parameters for hexane isomers in MFI at 362K

Component Temperature [K] DSL parameters

Site A Site B
bi,A �i,sat,A bi,B �i,sat,B
[Pa−1] [molecules [Pa−1] [molecules

per unit cell] per unit cell]

nC6 362 6.32×10−2 4.0 1.7×10−3 4.0
3MP 362 4.75×10−2 4.0 2.27×10−5 2.3
2DMB 362 1.085×10−2 4.0 — —

The fits correspond to CBMC simulations (Calero et al., 2001; Krishna and Baur, 2003b, Schenk et al., 2001b).

matrix than the 3MP molecules. It is more efficient to
obtain higher loading by “replacing” the 3MP withnC6;
this configurational entropyeffect is the reason behind
the curious maxima in the 3MP loading in then binary
mixture.
An analogous behaviour is observed for sorption of a

50–50 mixture ofnC6 and 22DMB; seeFig. 3b. At a total
pressure of 200Pa, corresponding to a total mixture loading
of 4 molecules per unit cell, 22DMB exhibits a maximum
in the mixture loading. When the pressure is raised above
200Pa, the 22DMB loading is reduced to virtually zero be-
cause the di-branched isomer loses the entropic battle with
the linear isomer that has a higher packing efficiency. For
a 50–50 mixture of 3MP and 22DMB the entropic battle
is won by the mono-branched isomer and the di-branched
molecule exhibits a curious table-mountain maximum in the
loading; seeFig. 3c. For an equimolar ternary mixture of
nC6, 3MP and 22DMB both the branched isomers lose out
to the linear isomer when the total system pressure exceeds
about 500Pa, at which pressure all the intersection sites are
occupied. There is considerable amount of experimental ev-
idence to support the accuracy of the CBMC simulations

for estimating pure component and mixture loadings (Calero
et al., 2001; Dubbeldam et al., 2004; Schenk et al., 2001b;
Vlugt et al., 1999). These data also verify entropy effects
described here.
Calculations on the component loadings using the MCL

Eq. (2) are shown with dashed lines inFigs. 3a–d. Note
that in these MCL calculations the saturation loadings of
all three components are chosen to be 8 molecules per unit
cell. Furthermore, the pure component isotherms have to be
shoe-horned into a single-site Langmuir model, that is in-
capable of reflecting the inflection behaviour of 3MP. The
MCL model, commonly used in the literature, is unable to
account for the entropy effects prevalent at high mixture
loadings and the sorption selectivity isindependentof total
system pressure and mixture loading. The IAST, developed
by Myers and Prausnitz (1965)provides a reasonably good
description of the mixture isotherms in zeolites (Krishna et
al., 2002a). The component loadings calculated from IAST
are shown by the continuous solid lines inFigs. 3a–d. The
agreement with the CBMC simulations is found to be rea-
sonably good for the whole range of pressures, also for
other alkane mixtures. (Krishna and Baur, 2003b; Krishna
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Fig. 3. CBMC simulations (denoted by symbols), of loadings in MFI zeolite at 362K for (a) 50–50nC6–3MP mixture, (b) 50–50nC6–22DMB mixture,
(c) 50–50 3MP–22DMB mixture, and (d) equimolar ternarynC6–3MP–22DMB mixture. The continuous solid lines are calculations using IAST, with
the DSL parameter inputs as specified inTable 1. Calculation of the component loadings using the MCL model are shown by the dashed lines. In the
MCL calculations the saturation loadings are all taken to be 8 molecules per unit cell and the Langmuir constants are 0.032445, 0.023984, 0.0054Pa−1
for nC6, 3MP, and 22DMB, respectively.

et al., 2002a, Schenk et al., 2001b). Procedures other than
the IAST for estimating the mixture loadings are found to
be unsuccessful in anticipating entropy effects (Kapteijn et
al., 2000; Vlugt et al., 1999).
For the equimolar ternary mixture ofnC6, 3MP and

22DMB the calculation of the fractional vacancy�V using
the IAST and MCL approaches are compared inFig. 4.
The IAST calculations are in good agreement with the cal-
culations from CBMC simulations for the whole range of
pressures, whereas the MCL approach predicts significantly
lower vacancies with increased pressures. From the point
of view of reaction rates we should expect the MCL model
to significantly underestimate the reaction rate at high pres-
sures, when compared to predictions of the IAST model.
Another type of entropy effect that can arise in zeolites

relates to the relativesizesof the molecules. Consider, for
example the adsorption ofn-heptane (nC7) andn-nonane
(nC9) on NaY zeolite at 503K. The pure component
isotherms, calculated using CBMC simulations (Calero

et al., 2004; Denayer et al., 2003) are shown inFig. 5a.
These isotherms are best described by the DSL model with
parameters specified inTable 2The small heptane molecule
has a higher saturation capacity (q1,sat,A = q1,sat,A +
q1,sat,B = 1.82mol kg−1) than the larger nonane molecule
(q2,sat,A = q2,sat,A + q2,sat,B = 1.48mol kg−1). In a 50–50
mixture of nC7 andnC9, the difference in the saturation
capacities, has a profound effect on the component loadings
as evidenced by CBMC simulations shown inFig. 5b. Be-
low a total pressure of 100 kPa, the component loading of
nC7 is much lower than that ofnC9. With increasing pres-
sures the loading ofnC7 increases at the expense ofnC9;
this is because it is easier for the smaller heptane molecule
to find “gaps” in the zeolite than it is for the larger nonane
molecule. This is asize entropyeffect (Krishna et al.,
2002b); this effect is so strong that it leads to a reversal of
selectivity in favour ofnC7 at saturation loadings.Denayer
et al. (2003)have stressed the consequences of this selec-
tivity reversal during hydrocracking of a 50–50 mixture of
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nC7 andnC9 in Pt/H-Y zeolite. At low pressure, with gas
phase hydrocracking the conversion levels ofnC9 are much
higher than that ofnC7, due to the higher concentrations
of the adsorbednC9 within the zeolite. With increasing
pressures, the conversion ofnC9 decreases, while that of
nC7 increases and for hydrocracking in the liquid phase the
nC7 conversion exceeds that ofnC9. Using the MCL model
(2) no selectivity reversal is predicted and furthermore, this
model does not anticipate any influence of total pressure on
the relative conversion ofnC7 andnC9.
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Fig. 5. (a) Pure component isotherms ofnC7 andnC9 on NaY at 503K determined by CBMC simulations (Calero et al., 2004). The continuous lines are
the dual-Langmuir fits with the parameters specified inTable 2. (b) Component loadings in 50–50 mixture ofnC7 andnC9 in NaY. The continuous solid
lines are the calculation of the IAST using the DSL parameter fits as specified inTable 2. The dashed lines represent the calculations using the MCL model.

Consider the sorption of hexane isomersnC6, 3MP and
22DMB in AFI, that consists of cylindrical channels of
0.73nm diameter. The channel dimension is large enough to
accommodate the bulky 22DMB and there is therefore no
configurational penalty for these molecules. However, the
length of the molecules decreases with increased degree of
branching (see the schematic inFig. 6. ); this implies that
number of molecules that can be accommodated into the
channels increases with the degree of branching. The in-
creased sorption strength with increased branching is an en-
tropy effect (Schenk et al., 2001a), arising because of differ-
ences in packing efficiencies within the cylindrical channels
of AFI. CBMC simulations (Calero et al., 2001; Krishna et
al., 2002b, Schenk et al., 2001b) of the sorption isotherms
are shown inFig. 7a. The sorption hierarchy for pressures
higher than 1 kPa is found to be 22DMB> 3MP > nC6.
In an equimolar ternary mixture ofnC6, 3MP and 22DMB
we note that entropy effects cause the linear isomernC6,
with the lowest packing efficiency, to be virtually excluded
from the zeolite at high loadings; seeFig. 7b. The contin-
uous solid lines inFig. 7b are the predictions of the IAST
using the DSL parameters specified inTable 2. We note that
the IAST is able to predict the entropy effects exceedingly
well and in a quantitative way.
Having stressed the importance of entropy effects during

sorption in zeolites, we now focus on the influence of such
effects on reaction rates and selectivities.

3. Fixed-bed reactor calculations for isomerization of
n-hexane

Consider a reactor filled with particles containing crystal-
lites of MFI as catalyst for carrying out the isomerization of
nC6 to produce a product containing mono-branched 3MP
and di-branched 22DMB. For simplicity we consider only
three hexane isomers instead of five and we take 3MP to
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Table 2
DSL parameters for various components in NaY and AFI zeolites

Zeolite Component DSL parameters

Site A Site B
bi,A qi,sat,A bi,B qi,sat,B
[Pa−1] [molkg−1] [Pa−1] [molkg−1]

NaY at 503K nC7 1.95×10−4 1.42 6.84×10−7 0.4
nC9 1.801×10−3 1.14 1.174×10−6 0.34

AFI at 403K nC6 3.951×10−3 0.54 1.045×10−4 0.16
3MP 5.376×10−3 0.71 3.437×10−5 0.15
22DMB 3.052×10−3 0.83 7.673×10−5 0.14

Fig. 6. Schematic of length entropy effect during sorption ofnC6, 3MP and 22DMB in the cylindrical channels of AFI.
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Fig. 7. (a) Pure component sorption isotherms fornC6, 3MP and 22DMB in AFI zeolite at 403K. The symbols represent CBMC simulation data (Calero
et al., 2001; Krishna et al., 2002b, Schenk et al., 2001b). The continuous solid lines are the DSL fits using the parameters as specified inTable 2.
(b) Component loadings in equimolar ternary mixture ofnC6, 3MP and 22DMB at 403K. The symbols represent the CBMC simulations whereas the
continuous solid lines represent calculations from IAST using the DSL parameters specified inTable 2.

represent single-branched isomers and 22DMB to be repre-
sentative of di-branched isomers. From octane number con-
siderations we wish to maximize the production of the di-
branched isomer (Carr and Dandekar, 2001). We restrict our
analysis to the simplified reaction scheme

nC6�3MP�22DMB, (5)

where the LH reaction rate expressions for the two con-
stituent reversible reactions are

r1 = (kf 1p1 − kb1p2)�V ; r2 = (kf 2p2 − kb2p3)�V , (6)

where the subscriptsf andb refer to the forward and reverse
reactions, and the subscripts 1 and 2 refer to the first and
second isomerization reaction steps in Eq. (5).
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Fig. 8. Steady-state gas phase concentration profiles in a fixed bed hexane isomerization reactor packed with MFI catalyst and operating at 362K. The
inlet partial pressures ofnC6 in the gaseous feed stream are (a) 60Pa, and (b) 12,000Pa. The total reactor pressure is maintained at 200 kPa, with
the non-hydrocarbon portion being inert. The bed porosityε = 0.4. The interstitial gas velocity at the inletu0 = 0.071m s−1. The MFI crystallites in
the catalyst are small enough for intra-crystalline diffusional limitations to be considered absent. The continuous solid lines represent calculations using
LH-IAST, with the DSL parameter inputs as specified inTable 1. Calculations of LH-MCL model are shown by the dashed lines. Note that in (b) the
x-axis for the LH-MCL model is shown on the top.

From available information for the free energies of for-
mation (Poling et al., 2001) we can estimate the values of
the equilibrium constantskf 1/kb1 andkf 2/kb2. On the ba-
sis of this information, along with data on reaction kinetics
(van Donk et al., 2001) we takekf 1= kf 2= 0.009Pa−1s−1
andkb1 = kb2 = 0.007Pa−1s−1. We assume that the zeolite
crystallites are small enough that intra-crystalline diffu-
sion is not rate limiting. In practice a choice of crystallites
smaller than about 1�m, will ensure that diffusion is not
important. The steady-state gas phase concentration profiles
for a reactor with purenC6 feed in the gas phase at a partial
pressurep10= 60Pa and temperatureT = 362K is shown
in Fig. 8a, as a function of the Damköhler number,Da ≡
kf 1p10L/u0 whereL is the total length of the packed bed
reactor.
The calculations using IAST for calculation of�V are

shown with the continuous solid lines, whereas the MCL
model for�V are shown with the dashed lines. Details of the
numerical procedures used in the reactor calculations are
available elsewhere (Krishna and Baur, 2003a). For the cho-
sen feed partial pressurep10=60Pa both the LH-IAST and
LH-MCL approaches yield approximately the same results
for the concentration profiles in the gas phase, as is to be ex-
pected because entropy effects are practically absent in the
Henry regime of adsorption. The situation changes dramat-
ically when we consider the reactor concentration profiles
for a purenC6 feed at a partial pressurep10= 12,000Pa;
the results are shown inFig. 8b. The LH-IAST and LH-
MCL calculations are shown by the solid and dashed lines,
respectively, with thex-axes corresponding, respectively, to
the bottom and top. We note that the LH-MCL model re-
quires an order-of-magnitude higher value ofDa to reach
the equilibrium conversion in the reactor. This result could

be anticipated in view of the�V values presented inFig.
4. At equilibrium, the conversion ofnC6 is 75% for both
LH-IAST and LH-MCL approaches.
Since entropy effects cause significantly lower sorption

loadings for the mono- and di-branched isomers at higher
pressures (seeFig. 3), the branched products of the isomer-
ization reaction are more easily desorbed into the gas phase
than nC6. This fact is emphasized when we consider the
transient approach to steady state for a fixed bed reactor with
a nC6 feed partial pressure of 12,000Pa, calculated using
the more appropriate LH-IAST model. The transient devel-
opment along the reactor length of the gas phase concentra-
tion profiles at timest = 425, 786 and 1100 s from time of
feed introduction are shown inFigs. 9a–c. We note that the
“front” on 22DMB travels ahead of that of 3MP, in view of
the easier desorption from the catalyst. At the reactor exit,
the “breakthrough” of the three isomers is shown inFig. 9d.
The initial product is almost pure 22DMB and only later do
3MP andnC6 appear in the product stream.
Fig. 10shows the corresponding transient profiles calcu-

lated using the LH-MCL approach. The 22DMB and 3MP
fronts travel at nearly the same velocity in view of the much
lower sorption selectivity anticipated by the MCL model. In
situ desorption of the desired product 22DMB can be ex-
pected to be a difficult proposition according to the MCL
approach. On the other hand, in situ separation of the de-
sired product 22DMB is clearly possible with the LH-IAST
approach.
While a pulsed transient operation of a fixed bed reactor

provides the proof of principle of in situ separation, for
large scale continuous processing required by the petroleum
industry we need to adopt the simulated moving bed reactor
concept described below.
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Fig. 9. Transient development of concentration profiles in a fixed bed hexane isomerization reactor packed with MFI catalyst and operating at 362K,
calculated using the LH-IAST approach. The reactor bed lengthL = 0.2m, the bed porosityε = 0.4, and the interstitial gas velocity at the inlet
u0 = 0.071m s−1. At time t = 0 the inlet partial pressure ofnC6 in the gaseous feed stream is set to 12,000Pa and maintained at this level. The total
reactor pressure is maintained at 200 kPa, with the non-hydrocarbon portion being inert. The gas phase concentration profiles ofnC6, 3MP and 22DMB
along the reactor length at shown at various time intervals (a)t = 425 s, (b)t = 786 s, and (c)t = 1100 s. (d) The transient “breakthrough” ofnC6, 3MP
and 22DMB at the reactor outlet (L = 0.2m) is shown as a function of time from introduction of feed to the reactor inlet.

4. Simulated moving bed reactor concept for hexane
isomerization

The easier desorption of the product 22DMB, predicted
by the more rigorous LH-IAST approach, gives us a clue
as to how we can exploit entropy effect to achieve supra-
equilibrium conversions and improved selectivity. The
selectivity is defined as the ratio of 22DMB to 3MP in
the product. The trick is to adopt the simulated moving
bed (SMB) reactor concept, where the desired 22DMB
product is “tapped” off at spatio-temporal positions where
(when) it peaks. Since the 22DMB front moves ahead
of the fronts of the other two species, the SMB concept
offers the potential of not only improvednC6 conver-
sion but also a higher 22DMB/3MP ratio in the product
stream. We will demonstrate the feasibility of this con-
cept by considering the SMB configuration containing 10
equally sized reactor segments as sketched inFig. 11. The
gaseous feed is introduced at position 0 and the prod-

uct withdrawn at the exit of second reactor (position 2).
The cycle time is taken to be 600 s. The inert gas stream
serves to desorb the components from the catalyst phase.
The desorption takes place predominantly in reactor seg-
ments 3–10. Further details are specified in the legend
to Fig. 11. The chosen operating conditions for the SMB
reactor (flow rates, switching frequencies, feed injection
and product withdrawal strategies) were arrived at after
a careful and detailed analysis. After each cycle is com-
pleted the feed and product withdrawal ports are switched
by one position in the direction of gas flow. In this way
we effectively achieve counter–current gas–catalyst con-
tacting. The simulations were carried out till true quasi-
steady-state conditions are achieved. The transient con-
versions and selectivities are shown in Figs.12a,b. The
nC6 conversion, obtained by time-averaging over the
quasi-steady-state period is found to be 82%, which is
significantly higher than the 75% conversion realized in a
conventional fixed bed reactor mode. The time-averaged
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Fig. 10. Transient development of concentration profiles in a fixed bed hexane isomerization reactor packed with MFI catalyst and operating at 362K,
calculated using the LH-MCL approach. The reactor bed lengthL = 4m, the bed porosityε = 0.4, and the interstitial gas velocity at the inlet
u0 = 0.071m s−1. At time t = 0 the inlet partial pressure ofnC6 in the gaseous feed stream is set to 12,000Pa and maintained at this level. The total
reactor pressure is maintained at 200 kPa, with the non-hydrocarbon portion being inert. The gas phase concentration profiles ofnC6, 3MP and 22DMB
along the reactor length at shown at various time intervals (a)t = 17,529 s, (b)t = 19,628 s, and (c)t = 27,148 s. (d) The transient “breakthrough” of
nC6, 3MP and 22DMB at the reactor outlet (L = 4m) is shown as a function of time from introduction of feed to the reactor inlet.

Fig. 11. Schematic of simulated moving bed (SMB) configuration. It
consists of 10 fixed bed reactor elements of equal length, packed with
zeolite catalyst particles bed porosityε = 0.4. The MFI crystallites in the
catalyst are small enough for intra-crystalline diffusional limitations to
be considered absent. The inlet partial pressure ofnC6 in the gaseous
feed stream to the inlet of Reactor 1 (position 0) is 12,000Pa. The total
reactor pressure is maintained in all ten reactor segments at 200 kPa, with
the non-hydrocarbon portion being inert. The products are withdrawn two
reactor segments further down than the feed gas stream. The interstitial
gas velocityu0 is maintained constant=0.071m s−1 in all the reactor
segments; this is done by replacing the withdrawn product with inerts
at position 2. The total length of the packed section in all ten reactor
segments,L=0.8m. After intervals oft =600 s (�= tu0/L=53.25), the
position of the feed and withdrawal points are shifted one step each.

22DMB/3MP ratio in the product under quasi-steady-state
conditions is 1.42, compared to 1.28 for fixed bed reactor
operation.
The gas phase concentration profiles along the SMB reac-

tor segments are shown inFig. 13a just before the start of the
feed injection, when quasi-steady state has been achieved.
We note that the 22DMB concentration is higher than that
of 3MP andnC6 in the desorption zones 3–10. Snapshots
of the concentration profiles at timest = 50, 100 and 207 s
after the start of feed injection are shown inFigs. 13b–d.
We see that the 22DMB front moves ahead of that of 3MP
andnC6 in the reactor segments 1 and 2. As a consequence
during the product withdrawal process, we have an almost
pure 22DMB product in the initial stages of the cycle. This
explains high conversions, approaching 100%, near the start
of the cycle (seeFig. 12a), which reduces to the equilibrium
conversion value (75%) towards the end of the cycle. For
the same reason the 22DMB/3MP ratio is highest towards
the start of the cycle and reaches the equilibrium value of
1.28 near the end of the cycle.
There is some evidence in the patent literature concerning

the benefits of SMB reactor operation for zeolite catalysed
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Fig. 13. Concentration profiles in the SMB reactor under quasi-steady-state conditions. (a) The gas phase concentrations ofnC6, 3MP, and 22DMB along
all the reactor segments (1,2,3 . . .10) at the start of a new cycle (of 600 s duration). (b) Concentration profiles in the reacting segments 1 and 2 at
t = 50 s from start of the cycle. (c) Concentration profiles in the reacting segments 1 and 2 att = 100 s from start of the cycle. (d) Concentration profiles
in the reacting segments 1 and 2 att = 207 s from start of the cycle.
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hexane isomerization with respect to improved octane of
the product (Dandekar et al., 1998, 2000). These patents
do not, however, specify which specific zeolite is suitable
for the task. The analysis presented in the foregoing shows
that MFI zeolite is suitable for this task because it has
the correct sorption hierarchy 22DMB> 3MP > nC6. In
this context it must be stressed that MOR zeolite (used
in conventional fixed bed reactor technologies currently in
commercial use) is unsuitable because the sorption hier-
archy is reverse of the desired on (Krishna et al., 2002b).
With MOR catalyst the leading front will be the reactant
nC6, which is clearly undesirable from the viewpoint of in
situ separation. Another important consideration in SMB
reactor operation is that we must operate under conditions
such that the loadings within the zeolite catalyst are main-
tained at a level higher than 4 molecules per unit cell, to
ensure that entropy effects dominate the sorption strengths.
To properly describe and model entropy effects in zeolite
catalysis, we must abandon the conventionally used LH-
MCL formulation (3) and adopt the more rigorous LH-IAST
model.

5. Conclusions

In this paper we have stressed the limitations of the
commonly used kinetic expression (3), which combines
the original LH reaction rate concept (1) with the MCL
expression (2) for estimation of the fractional loadings and
vacancy�V . The MCL approach is applicable only when
the saturation capacities of all the species in the mixture
are identical. The MCL approach is also applicable for low
loadings in the Henry regime. For the general case, where
the saturation capacities of the individual species are sig-
nificantly different and the operation is at high loadings,
entropy effects have a significant influence on the sorption
hierarchy and on the occupancies. For sorption of hexane
isomers in MFI zeolite, for example, entropy effects arise
because of the differences in the efficiencies with which the
linear and branched isomers pack within the zeolite topol-
ogy. With increased degree of branching the packing effi-
ciency becomes poorer at high loadings and therefore mono-
and di-branched isomers are virtually excluded from the
zeolite matrix near saturation loadings. In order to account
for entropy effects on sorption, we need to adopt the more
rigorous IAST for calculation of component loadings and
occupancies.
Using a specific example of the isomerization of hexane

nC6�3MP�22MP we have demonstrated the significant
differences in the reaction rates anticipated by the LH-
MCL and LH-IAST approaches. More significantly, we
have shown that recognition of entropy effects allows us to
exploit entropy effects to improve the conversion and selec-
tivity by adopting the SMB reactor concept. Such exploita-
tion is impossible with the conventionally used LH-MCl
approach.

Notation

bi parameter in the pure component
Langmuir adsorption isotherm, Pa−1

ci molar concentration of speciesi, molm−3
Da Damköhler number,Da ≡ kf 1p10L/u0,

dimensionless
fi fugacity of speciesi; fi = pi for ideal

gases, Pa
kf forward reaction rate constant, Pa−1 s−1
kb backward reaction rate constant, Pa−1 s−1
L Length of packed bed reactor, m
n index in�n

V reflectingn-molecular
reaction, dimensionless

pi partial pressure of speciesi, Pa
qi molar loading of componenti, mol kg−1
qsat saturation loading, mol kg−1
r reaction rate, s−1
t time, s
T absolute temperature, K
u0 interstitial fluid velocity in packed

bed, ms−1

Greek letters

ε porosity of packed bed of zeolite
catalyst, dimensionless

�i fractional occupancy of componenti,
dimensionless

�i molecular loading of speciesi,
molecules per unit cell

�i,sat saturation loading of speciesi,
molecules per unit cell

� dimensionless residence time,
dimensionless

Subscripts

1 referring tospecies 1
2 referring to species 2
A referring to site A
B referring to site B
i referring to speciesi
sat referring to saturation conditions
V referring to vacant sites in zeolite
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