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The hydroisomerization of n-hexane on large crystals (50 pm) of
Pt-loaded H-mordenite has been used as a test reaction to study the
effects of concentration-dependent diffusion on zeolite catalyzed re-
actions. This concentration dependence was observed in the form
of a nonlinear deviation from the relation between the reaction rate
and the n-hexane pressure as provided by the intrinsic reaction rate
equation. The dependence of the activity on the n-hexane pressure
was measured at various temperatures and the results were com-
pared with the results of model calculations. In the model used for
these simulations it was assumed that the effective diffusion coeffi-
cient was proportional to (1 — 6)/6 (6 = fraction of occupied sites)
as proposed by K. Hahn and J. Kéarger (J. Phys. Chem. B 102, 5766
(1998)) and P. H. Nelson and S. M. Auerbach (J. Chem. Phys. 110,
9235 (1999)) for single-file diffusion at long times. Furthermore,
since it is thought that immobile alkoxy intermediates are present
in the pores under reaction conditions, it was assumed that the
effective diffusion coefficient was proportional to the fraction of
surface species consisting of hexanes and hexenes. Except for the
effective single-particle diffusion coefficient, for which no reliable
literature value was found, independently obtained input parame-
ters were used in the model calculations. Good agreement between
experiment and model was obtained using a value for the effective
single-particle diffusion coefficient of ~10~% m?/s, which is well
within the range of orders observed for the single-particle diffu-
sion coefficients of methane and tetrafluormethane in molecular
sieves. (© 2001 Academic Press
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INTRODUCTION

Nowadays, numerous industrial processes involve the use
of zeolitic and related microporous catalysts. Since the di-
mensions of cages and pores in these materials are usually
comparable to those of reactant and product molecules,
there is in many cases too little space for counterdiffusion
of adsorbed molecules. Because in this situation molecules
can only move to a site if it is unoccupied, the motion of
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individual molecules is correlated (at least for short ob-
servation times) and the mobility will decrease with in-
creasing occupancy and decreasing connectivity of the pore
system.

Here we present results of a study on the effects of diffu-
sion on the kinetics of n-hexane hydroisomerization cata-
lyzed by Pt/H-mordenite. As the cross section of the pores
(6.5x7.0 A) is smaller than twice the kinetic diameter of n-
hexane (4.3 A (1)) and the micropores are one-dimensional,
adsorbed molecules cannot exchange their positions and
can only move to a given point in the pore if all interme-
diate molecules are displaced beyond this point. This type
of molecular transport is called single-file diffusion. Since
effects of diffusion on reaction kinetics will only emerge if
the average residence time of molecules in the micropores
is at least of the same order of magnitude as the typical life-
time of an adsorbed reactant molecule, a catalyst consisting
of relatively large crystals (50 «m) was used. The hydroi-
somerization of n-hexane on Pt/H-mordenite is a partic-
ularly interesting system for various reasons. In the first
place, the hydroisomerization of mixtures of n-hexane and
n-pentane belongs to the most widely operated oil-refining
processes and Pt/H-mordenite is one of the two catalysts
that is commercially used, the other being Pt on chlorinated
alumina (2). The purpose of hydroisomerization is to con-
vert n-pentane and n-hexane into branched alkanes, which
are more suitable for use as motor fuel because of their
higher octane number. In the second place, the presence
of strongly bonded reaction intermediates (alkoxy species)
which have been predicted by quantum chemical calcula-
tions (3, 4) may have anomalous effects on the hydroisomer-
ization kinetics in addition to the effects caused by single-
file diffusion.

In order to assess the effect of single-file diffusion on the
reaction kinetics, a rate equation representing the intrin-
sic Kinetics is required. Such an equation can be derived
assuming that the bifunctional mechanism for hydroiso-
merization as proposed by Weisz (5) is valid. According
to this mechanism, an isomer is obtained by (i) dehydro-
genation of the adsorbed alkane, (ii) protonation of the
resulting alkene, giving a stable alkoxide intermediate, and
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(iii) isomerization of the alkoxide, followed by the reverse
of steps (ii) and (i) (deprotonation and hydrogenation). The
mechanismis called bifunctional because two catalytic func-
tions are involved, a Pt function for (de)hydrogenation and
an acid function for (de)protonation and isomerization. If it
is assumed that adsorption can be described by a Langmuir
isotherm, that the isomerization step is rate determining,
and that the reverse reaction can be neglected, the equa-
tion obtained (see Appendix) is

TOF = kisor’rﬂnCG alkoxy
kisomKadstehydrKprotF;Jn_:z6

1+ KagsPnes + KadSKdehydl‘%n_s + KadstehyderrotF'))"—HCZ6
[1]

where Kisom IS the rate coefficient of isomerization of the
n-hexyl alkoxide; and Ohcs aoxy is the surface occupancy of
the n-hexyl alkoxide; Kags, Kdenyds and Kpror are the equilib-
rium constants, respectively, of adsorption, dehydrogena-
tion, and protonation of n-hexane; and p,cs is the partial
pressure of n-hexane and py, of hydrogen. Equations sim-
ilar to Eq. [1] have been proposed by Ribeiro et al. (6)
and Froment (7). However, in deriving these equations it
has been assumed that the surface concentration of alkanes
and alkenes can be neglected, which a priori is not neces-
sarily a good approximation. Equation 1 can be rewritten
in a linear form by taking the reciprocal:

1L _ 1 PH,
TOF B kisom kisoprrot kisomKdehyderrot
PH, 1

(2]

I(isomKadstehyderrot Pnce

According to Eq. [2], plots of 1/TOF versus 1/ pncs, Which
we will refer to as reciprocal rate equation plots, should be
linear. However, if diffusion limitation occurs and the diffu-
sion coefficient decreases with increasing concentration, as
in single-file diffusion (see below), reciprocal rate equation
plots can be expected to be nonlinear, because with varying
1/ pncs the resulting linear variation of the intrinsic 1/TOF
is counteracted by a nonlinear variation of the rate of mass
transfer. It should be mentioned that for a reaction that is
first order in 6, such as the hydroisomerization reaction,
diffusion limitation will not lead to nonlinear deviations
from the reaction rate equation if the diffusion coefficient
is concentration-independent. This is a result of the fact
that in this case the effectiveness factor (the ratio between
the reaction rate under conditions of diffusion limitation
and the intrinsic reaction rate) is independent of 6 (8), so
that irrespective of the reactant pressure the reaction rate
is reduced by the same factor.

The kinetic experiments comprise of measuring the TOF
of the large crystals of Pt/H-mordenite as a function of

n-hekane pressure at various temperatures. The results are
compared with results obtained on a small-crystal (0.5 m)
Pt/H-mordenite, for which diffusion limitations can be ex-
cluded. Furthermore, an attempt is made to explain the
results using a mathematical model for single-file diffusion
and hydroisomerization on Pt/H-mordenite.

METHODS AND MATERIALS

Catalyst Preparation and Characterization

Large crystals of Na—mordenite were prepared according
toamethod described in Ref. (9). The obtained material was
characterized using X-ray diffraction (XRD) and was iden-
tified as mordenite; no (crystalline) contaminations were
detected in the XRD pattern.

Na—mordenite with a Si/Al of 10 and a crystal size of
~0.5 um was obtained from Shell Research and Technol-
ogy Centre in Amsterdam, The Netherlands. The size of
the large mordenite crystals was determined using scan-
ning electron microscopy (SEM). The sample was found to
contain mainly crystals of ~50 um but small amounts of
small crystals (<1 um) were also present.

The Na' ions were substituted for NH; ions by ex-
changing them in a solution of NH4NO3 and the obtained
NH,—mordenite was calcined to give H-mordenite. The H-
mordenite samples were loaded with Pt by ion exchange
in a solution of Pt(NH3)4(NO3),, followed by careful cal-
cination and reduction. The amount of Pt in the solu-
tion corresponded to a catalyst loading of 2 wt% on com-
plete exchange, which for the given Si/Al is enough to
ensure that the alkane/alkene equilibrium is established
(10). Ultraviolet-visible (UV/VIS) measurements of the
filtrate showed that the exchange was complete. The con-
centration of Brgnsted acid sites was determined using
temperature-programmed decomposition (TPD) of iso-
propylamine (11). Experimental details with regard to the
catalyst preparation and characterization are reported in
Ref. (12).

In Table 1 the characteristics of the two mordenite sam-
ples are reported. It is remarkable that the concentration
of Brgnsted sites of the 50-um H-mordenite sample seems
to be much lower than that of the small-crystal sample,

TABLE 1

Catalyst Characteristics

Property 0.5-um sample 50-4m sample
Si/Al ratio 10 10
Crystal size (um) 0.5 50
Pt concentration (wt%o) 3 2

Concentration of Bragnsted 57 %1074 1.1x107*

acid sites (mol/g)
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although the Si/Al ratios are the same. A possible expla-
nation is that the 50-um sample contains a substantially
larger amount of weak Brgnsted acid sites, which are known
to be inactive in isopropylamine decomposition (13), com-
pared to the 0.5-um sample. This is confirmed by results of
ammonia TPD, which showed a considerably lower-onset
temperature for the 50-pm sample (180° vs. 300°C).

Equipment

A continuous flow reactor was used, consisting of a quartz
tube reactor (internal diameter, 4 mm) filled with catalyst
pellets, which was placed inside an oven. The pellets were
prepared by compressing the zeolite powder for 1 min at
a pressure of 1.6 tons per cm?, followed by crushing and
sieving; the sieve fraction of 125-500 um was used for
the experiments. Gas-phase mixtures of n-hexane (Merck,
>99%) and hydrogen were obtained using a Bronckhorst
CEM (Controller/Evaporator/Mixer) unit, consisting of a
liquid mass flow controller for n-hexane, a mass flow con-
troller for hydrogen, and a heated mixing chamber. An ad-
ditional mass flow controller was used for adding controlled
amounts of nitrogen in order to vary alkane concentrations
at constant hydrogen pressure and space velocity. The gas
mixtures were flowed through the catalyst bed and the re-
action products were analyzed on-line with a HP5890 series
11 gas chromatograph containing a Chrompack fused silica
column with a Al,O3/KCI coating and a flame ionization
detector.

Conditions

The measurements were carried out at atmospheric pres-
sure and at temperatures between 493 and 573 K. A total
flow of 150 Nml/min was used, consisting of 140 Nml/min
hydrogen, 2.5-10 Nml/min n-hexane, and 0-7.5 Nml/min ni-
trogen. As the differential method of kinetic analysis was
used, the amounts of catalyst were tuned so as to keep con-
versions below 10%. Thus, between 56 and 95 mg of 50-um
Pt/H-mordenite and between 17 and 68 mg of 0.5-um Pt/H-
mordenite were used.

Individual activity measurements were performed after
a short time on stream (5 min) in order to minimize the
influence of deactivation on the measured activity. After
each activity measurement, the catalyst was regenerated at
450°C in flowing hydrogen for 2 h.

The TOFs that were used for data analysis were calcu-
lated from the total conversion toward all hexane isomers
and propane, which is a secondary product since it can be
formed by type C cracking of 2-methylpentane (14). How-
ever, propane can also be a product of the main side reac-
tions that can occur (i.e., hydrogenolysis and dimerization
cracking). Since it may be impossible to separate the dif-
ferent contributions to the propane production, this could
introduce an error in the calculated TOFs.

MODELING

For single-file diffusion, in contrast to diffusion in pore
systems with higher connectivities, the correlation between
the displacement of individual molecules does not vanish
at long observation times (15), leading to deviations from
Einstein’s diffusion equation, which is given by

(r(t)) = 2Dt, [3]

where (r?(t)) denotes the mean square displacement of a
molecule, t the observation time, and D the effective diffu-
sion coefficient. Fedders (16) derived an equation for (r?(t))
under conditions of single-file diffusion in pores of infinite
length, which is valid if it is assumed that (i) diffusion oc-
curs as a sequence of jumps between adjacent sites and (ii)
jump attempts are only succesful if the sites to which they
are directed are vacant. His equation is

vy =222, /2 [4]
% b4

wherel isthe distance between two adjacent sites, 6 the frac-
tion of occupied sites, and Dg the diffusion coefficient of a
single particle. Two important differences with “ordinary”
diffusion, as described by Eq. [3], can be distinguished. In
the first place, (r?(t)) is proportional to ./t rather than to t.
In the second place, the increase of the mobility in the limit
of zero coverage is much larger than in the case of “ordi-
nary” concentration-dependent diffusion, as occurs in mi-
croporous materials with a higher pore connectivity. Hahn
etal. (17) and Nelson et al. (18) have pointed out that there
is asecond mode of molecular transport in one-dimensional
pores caused by a shifting of the center of mass, which is
superimposed on the single-file mode described by Eq. [4].
Because such a shift necessitates a shifting of all the parti-
cles in the same direction, the motion of the center of mass
and the motion of the individual particles are identical. Ac-
cording to Nelson et al. (18), the center-of-mass motion is
dominant for observation times much longer than a char-
acteristic crossover time te,

(L—1)7?
tc= ,
7TDO

[5]

where L denotes the pore length. In contrast to the type
of single-file diffusion described by Fedder’s relation, for
center-of-mass diffusion, (r2(t)) is proportional to t, as for
ordinary diffusion. For long files (L/1 > 1), the effective
diffusion coefficient that arises from the center-of-mass
motion, D¢, , is given by (17-19)

[6]

where N is the number of sites in the pore (N=L/I).
Like the type of diffusion described by Eq. [4], this type
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of diffusion is uniquely related to diffusion in a single file,
so the term single-file diffusion is somewhat ambiguous.
Therefore, we will refer to the type of single-file diffusion
described by Eq. [4] as classic single-file diffusion and to
the other type as center-of-mass single-file diffusion.

From other work, the intrinsic kinetics of the hydroiso-
merization of n-hexane on a number of platinum-loaded
acidic zeolites, including H-mordenite, has been deter-
mined (12, 20). Here we derive an equation that describes
n-hexane hydroisomerization on Pt/H-mordenite under
conditions of single-file diffusion limitation and employ the
values of the intrinsic kinetic parameters to predict the TOF
as a function of n-hexane pressure and temperature.

First, it is necessary to decide which of the two single-file
diffusion regimes is appropriate to describe mass transfer
in the catalyst. The work described in Refs. (12, 20) has
demonstrated that within the temperature range of our ex-
periments, kisom has a value of the order of 10~2 s~1. On
the other hand, a computed value of the self-diffusion co-
efficient for n-hexane in mordenite at low occupancy is
~10% m?/s (21), which can be used as a lower limit for the
value of Dy. Filling in this value in Eq. [5] gives t; ~ 101 s
(L =5x107°>m). Asthis value is much smaller than 1/ kisom,
it can be concluded that the dominant mode of molecular
transport is center-of-mass single-file diffusion.

The second step is to write down the steady-state mass
balance for the reacting surface species (i.e., the alkoxy
species formed by subsequent dehydrogenation and pro-
tonation of n-hexane molecules),

d29n
DcmW - kisonﬂnCG alkoxy = Oa [7]

where 6, is the surface occupancy of all n species (n-hexane,
n-hexenes, n-hexyl alkoxides). To solve this equation, either
On0r Oncs alkoxyhas to be eliminated. Using Egs. [A4] and [A5]
(see Appendix), 6, can be expressed in terms of 6ncs aikoxy:

On = Once + Onos + enCBaIkoxy
PH,
Kdehyderrot

9n C6 alkoxy + 0 nC6 alkoxy + 6 nC6 alkoxy- [8]

K prot

Combining Egs. [7] and [8] gives

PH, 1 d26ncs alkoxy
Dem 1 2
KdehydK prot Kprot dx
- kisomgnC6 alkoxy =— 0. [9]

As was done in deriving Eq. [1], it is assumed that the re-
verse reaction can be neglected. Assuming the boundary
conditions (0 and (1/2)L are the coordinates, respectively,
of the center of the catalyst and the gas—solid interface; the
superscripti refers to the gas—solid interface)

d9n06 alkoxy(o) _

- 0, [10]

1 .
Once alkoxy(E L> = 9r|1C6aIkoxy’ [11]
the solution of Eq. [9] is (8)
. cosh ¢+
9nC6aIkoxy(X) =0, ¢2L [12]

nC6 alkoxy COSh(f) .

The parameter ¢ is comparable to the Thiele modulus for a
surface reaction that is first order in 6 (8) and is represented

by

¢ = EL I(isomKdehyderrot
2 (sz + Kdehydr+ Kdehyderrot) Dcm.

[13]

The mean TOF can be calculated by multiplying kisom by
the mean concentration of reacting n-alkoxy molecules,
Oncealkoxy: Which in turn is obtained by integrating Eq. [12]
over the interval 0 to (1/2)L and dividing by (1/2)L:

tanh ¢
ra
The factor (tanh ¢)/¢ is known as the effectiveness factor. If
itisassumed that adsorption and desorption at the gas—solid
phase is infinitely fast and that the gas-phase concentration
of reaction products can be neglected, then 6 ¢4 o 1S €qual

to the equilibrium occupancy of n-alkoxides if there is no
catalytic activity (see Appendix):

TOF = kisorﬁéanS alkoxy = kisomerzce alkoxy [14]

i
enCG alkoxy
Kadstehyderrot FF),"::
1+ KadspnC6+ Kadstehydr’;,n_ch6 + KadstehydlerotF’)Jn_:z6
[15]

The third step is to derive an expression for D¢, that
includes the influence of the alkoxy intermediates. Since
the protonation energy of hexene was found to be equal
to —44 kJ/mol (12), this means that the activation energy
of deprotonation is at least 44 kJ/mol. Hence, it is reason-
able to assume that the alkoxy species are effectively im-
mobile. For observation times much longer than the time
constants of (de)protonation (i.e., the reciprocal rate co-
efficients of (de)protonation), it may be expected that the
single-particle diffusion coefficient is reduced by a factor
equal to the probability W that the molecule is mobile,

Dok = WkDo k. [16]
where Dy denotes the corrected single-particle diffusion
coefficient of an isolated molecule with skeletal arrange-
ment k, and W can be assumed to be equal to the fraction
of mobile species (i.e., the fraction of adsorbed molecules
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consisting of hexanes and hexenes),

Ok.ce + k.06

- . [17]
Ok,ce + Ok 06 + Ok coalkoxy

The center-of-mass diffusion coefficient during hydroiso-

merization can then be represented by the following equa-

tion:

1-0)
ON

Dem = DEMweft [18]
The effective parameters Dgﬁ and Wefare functions of D 1,

, Don, Wo 1, ..., Won, 61, ...,0, withtheindex 1,...,n
denoting the various isomers. If it is assumed that the values
of Kads, Kdenyas and Kot are the same for all hexane isomers,
then 6 and Wef are given by (see Appendix)

& = bce + Hos + Oc, alkoxy

KadsPnes + KadsKdenydrpye: + KadsKdehydprot i

. [19]
T 1+ KadsPncs + Kadstehydrp"TCE + KadsKdehydKprot -, nct
Oce + Oos H, + Kdehyd
Weff — — p 2 enyadr ) [20]
0 PH, + Kdehydr+ Kdehyderrot

Finally, combining Egs. [13]-[15] and [18]-[20] and substi-
tuting N with L /| gives the following equation for the mean
TOF:

TOF

o 2 \/kisongﬁI Kadstehyderrot pnCB( sz + Kdehydr)
(1 + KadspnC6 + Kadstehydr?)n_ch6 + Kadstehyderrot l?)n:ze ) L3/2

kisoml® KadsK dehydiKprot K dehydK prot
tanh isomb~ KadsKdehydpi 1+ ydripl
40¢Mip, Pr +Kaenyar ) P8 [21]

\/sz(pHg + Kdehydr+ Kdehydermt)

X

Now we have an expression for the mean TOF in terms
of parameters whose values either are imposed (pncs, PH,)
or can be determined from independent experiments (N,
D0 , Kisom: Kads Kdehydr, Kprot). N can be calculated by di-
viding L by I. I, in turn, can be estimated by dividing the
maximum amount of n-hexane that can be adsorbed per
unit cell by the total pore length per unit cell, assuming that
one site can accommodate precisely one molecule. Eder
measured the maximum loading cnax Of n-hexane in H-
mordenite with a Si/Al ratio of 10 and found it to be equal to
0.58 mol/kg (22). Using the generalized formula for the unit
cell of H-mordenite, Hy[AlpSigg_nOgs] - 24H, O, the maxi-
mum n-hexane concentration per unit cell Cnaxuc can be
calculated by multiplying cmax by the mass of amole unitcell
(3.316 kg). Since the length of the unit cell in the direction
of the pores is 7.5 A and the density of pores is 2 per unit
cell (23), the mean length (in A) of an n-hexane molecule
and hence | is equal to 15/Cyaxu.c. Kads Was calculated us-
ing literature values for the adsorption enthalpy, with the

maximum n-hexane loading and the adsorption constant
measured at 323 K (22). Kgenydar Was calculated from the
standard enthalpy and entropy of formation of n-hexane
and “hexene” (for the latter, the average entropy and en-
thalpy of formation of all hexene isomers was taken) using
the equation

[22]

A%ehydr_ AHgehydr pg
R RT ’

KdehyddT) = exp(

where Aﬁeh 4rand AHdeh 4r-are, respectively, the standard
entropy and enthalpy of dehydrogenatlon and p’ is the
standard pressure (p’ = 101325 Pa). Although Asgehydrand
A Hgenya, refer to a gas-phase reaction, it was assumed that
their values were the same as for dehydrogenation in the
adsorbed phase. The values of A, and AHggpq, Were
extracted from Ref. (24). As mentioned earlier, kisom and
Kprot Were calculated usmg data measured by De Gauw et al.
(12, 20). With regard to D0 , no reliable value could be ob-
tained, mainly owing to a lack of literature data. Although
Schuring et al. determined the self-diffusion coefficients of
a number of alkanes in mordenite (21), these data were
obtained at f|n|te occupanues and hence are not good es-
timates for D0 Therefore, D0 was chosen so as to obtain
the best fit between the experimental data and Eq. [21]. A
single value for D0 was used for the whole alkane pres-
sure and temperature range. This implies that the activa-
tion energy of D0 was assumed to be negligibly small and
that p035|ble effects of changes in the concentration frac-
tions on D0 as a result of varying pressure and tempera-
ture are neglected. The first assumption is supported by re-
sults of molecular dynamics simulations, according to which
the activation energy of n-hexane diffusion in mordenite is
2.3 kd/mol (21).

The values of the temperature-independent model pa-
rameters (except for Dgﬁ) and the quantities that were used
to calculate the temperature-dependent model parameters
are listed in Table 2. On the basis of the parameter values
represented in Table 2, the order of the intrinsic reaction

TABLE 2

Parameters Used for Model Calculations

Parameter Value Parameter Value
L (m) 5x 107° A Siepyar (IMol/K) 126
I (m) 7.9 x 10710 AHepyqr (KI/mol) 118
visom (571 2.3x10% Kot 28
E;,lct isom (kJ/mol) 117 AHprot (kd/mol) —44
KO (Pa™h) 1.4 x 1071 Pncs (kPa) 1.7-6.7
AHggs (kJ/mol) —69 ph, (kPa) 95

Note. visom and Eactisomare, respectively, the preexponential factor and
activation energy of the elementary isomerization step; Kads and Kgrm are,
respectively, the preexponential factors of Kagsand Kpyr.
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with respect to n-hexane was predicted to be approximately
0.3, irrespective of temperature.

RESULTS AND DISCUSSION

Experimental Results

As was stated in Methods and Materials, the occurrence
of side reactions may introduce an error in the calculated
TOFs. A study of the product distributions may be help-
ful in estimating this error. In the case of the 0.5-um sam-
ple, the mole fraction of products consisting of isomers was
more than 96 mol%, so the effect of side reactions could
be neglected. However, in the case of the 50-um sample,
the fraction of isomers comprised between 60 and 90 mol%o
of the products, with the rest consisting of cracking prod-
ucts; no significant amounts of products longer than C6
were detected. As almost no methane and ethane were de-
tected, it was concluded that the hydrogenolysis activity
was negligible. The cracked products contained between
40 and 70% C4 and C5 isomers, indicating that the sam-
ple had a considerable dimerization cracking activity. The
highest selectivity toward propane that was observed was
26 mol%, which means that at most 13% of the reacting
n-hexane molecules was converted into propane. Since it
was not known how large the fraction of propane was that
was formed by monomolecular cracking, the resulting er-
ror in the TOF was estimated to be a maximum of 13%.
However, this does not affect the trend in the reciprocal
rate equation plots that is predicted in the case of single-
file diffusion limitations. Since dimerization cracking is a
bimolecular reaction, the corresponding reaction rate will
increase faster with increasing n-hexane pressure than will
the rate of isomerization. Therefore, the fraction of propane
that results from dimerization cracking increases as the n-
hexane pressure increases, so the lowering of the TOF with
respect to the intrinsic TOF is underestimated more at high
pressure than at low pressure. Because single-file diffusion
limitation leads to an increase in the difference between
the observed and the intrinsic reaction rate with increas-
ing pressure, correction for the influence of dimerization
cracking would only enhance this trend.

In Fig. 1, reciprocal rate equation plots for n-hexane hy-
droisomerization on the 0.5- and 50-um samples at 220°C
are shown. At the lowest applied pressure (highest 1/ pncs),
the ratio between the TOF of the 0.5-um sample and that of
the 50-um sample is 0.96, which increases to 1.4 at the high-
estapplied pressure. This is just what is expected if diffusion
limitation occurs and the effective diffusion coefficient de-
creases with increasing surface concentration. Moreover,
the plot of the 50-um sample displays the deviation from
linearity which was predicted in case of concentration-
dependent diffusion limitation.

Figures 2 and 3 represent reciprocal rate equation plots
obtained with the 50-um sample at various temperatures.

300
250 -
[ ]
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200 -
@ .
i 1 - .
R o150{ ™
(@) °
B ]
100 °*
50 -
0.0002 0.0004 0.0006
pnC(;'I/Pa-'l
FIG. 1. Comparison between reciprocal rate equation plots obtained

with the 0.5-um and 50-um samples at T = 220°C (M, 50-um sample; @,
0.5-um sample).

The most striking feature of the plots is the appearance of
a minimum; in other words, there is a maximum in the TOF
as a function of pressure. This can be explained as follows:
at low surface concentrations, the decrease in mobility with
increasing concentration is so small, that no inhibiting effect
on the TOF is observed. However, at a certain concentra-
tion, the pores become so crowded that the increase in the
TOF that would occur in the absence of diffusion limita-
tion as a result of the higher concentration is overcompen-
sated for by the decrease in mobility, leading to an overall
lowering of the TOF. This is illustrated by Fig. 4, in which
the intrinsic turnover frequency TOFy, the effectiveness
factor » under conditions where Eq. [6] is valid, and the
resulting overall turnover frequency TOFn, (= TOFiny n)
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FIG. 2. Experimental reciprocal rate equation plots obtained with the

50-um sample (M, 220°C; O, 230°C; A, 240°C; <, 250°C; @, 260°C).
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for a reaction that is first order in 6 is plotted as a func-
tion of p (assuming that adsorption can be described by a
Langmuir isotherm).

Figures 2 and 3 also show that the minimum shifts to-
ward higher 1/p with increasing temperature. To explain
this we must closely examine the data presented in Table 2.
On the basis of these data, some remarkable features of the
system can be discerned. In the first place, within the ex-
perimental temperature range, alkoxy species are the dom-
inant species (for instance, at 250°C, 0ncg alkoxy = 0.82), and
as the enthalpy difference between gas-phase n-hexane and
alkoxy species (A Hads+ A Hdehydr+ AHpro) is only 5 kd/mol
(see Table 2), 6 is almost invariant with temperature. This
has important consequences for the temperature depen-

TOF n(a.u.)

p(aw)

FIG. 4. Effect of center-of-mass single-file diffusion on the TOF of a
surface reaction that is first order in 6. (- - -) TOFjny, (- - -) , and (——)
TOFcm.

dence of the effectiveness factor. This dependence is quite
different for concentration-dependent diffusion compared
to concentration-independent diffusion; in the latter case,
n decreases with increasing temperature because the acti-
vation energy of the reaction rate coefficient is generally
higher than the activation energy of diffusion, causing the
intrinsic activity to increase faster with temperature than
the rate of diffusion. However, in the case of concentration-
dependent diffusion, the effective diffusion coefficient is ex-
pected to increase much faster with temperature, owing to
the decreasing 6 (see Eqg. [6]). The variation of the extent of
diffusion limitation with temperature is determined by the
combined action of opposing effects, and so the direction
of the change depends on the variation of their relative
importance. In the case of hydroisomerization, however,
the surface concentration is only a weak function of tem-
perature, so the shifting of the position of the minimum is
determined largely by the effect of the changing value of
kisom As a result, the minimum shifts continuously toward
higher values of 1/p as the temperature increases.

A further notable feature of Figs. 2 and 3 is the seemingly
small variation of the TOF with temperature, especially at
higher temperatures, as is shown by the fact that the curves
lie very close to each other. Indeed, at p,cs = 2658 Pa,
the apparent activation energy was found to vary between
91 kJ/mol (in the temperature interval 220-260°C) and
21 kJ/mol (in the temperature interval 260-300°C); accord-
ing to results of De Gauw et al., the apparent activation en-
ergy for n-hexane hydroisomerization on Pt/H-mordenite
measured under conditions where the reaction was rate lim-
iting was 126 kJ/mol (12). At first sight this seems a puz-
zling result since single-file diffusion limitation has been
proposed to cause an enhancement of the apparent activa-
tion energy (25). If the effective diffusion coefficient were
independent of concentration, the apparent activation en-
ergy should be equal to half the intrinsic activation energy
(8). Therefore, the results suggest that the effective diffu-
sion coefficient decreases with increasing temperature. This
is understood by calling to mind Eg. [20] and recognizing
that since Kgenyar < PH, (see Table 2), this equation can be
approximated by

eff ~ sz
PH, + Kdehyderrot

[23]

As AHgehyar + AHprot > 0 the denominator increases and
consequently Wefdecreases with increasing temperature.
Since itwas already observed that the total concentration of
surface species is almost independent of temperature, the
result is that the effective diffusion coefficient decreases as
the temperature increases.

Model Calculations

As was pointed out earlier, the lack of a reliable value
for DS” made it necessary to make an estimate. We chose
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to use Dgff as a fitting parameter, that is to adjust its value
in such a way as to obtain the best agreement between sim-
ulation and experiment. By applying Eqg. [21], the exper-
imental data could be fitted quite well with a single Dgﬁ
for the whole temperature range (see Figs. 5 and 6). The
best fit (correlation coefficient = 0.9933) was obtained for
DE" = 8.1x 106 m¥/s. The order of magnitude of DS" agrees
well with that of experimentally determined single-particle
diffusion coefficients of methane, ethane, and tetrafluor-

methane in various molecular sieves (26-29). It is impor-
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reciprocal rate equation plots for n-hexane hydroisomerization on the
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50-um sample; model excluding effect of immobile species. (l, - - -) 260°C;
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tant to emphasize that in order to obtain a good agreement
between experiment and model, it was essential to include
a correction factor for the influence of immobile species
on the rate of diffusion in the model; without this correc-
tion, the agreement between model and experiment after
optimization of the fit was much worse, especially at high
temperatures (see Fig. 7).

The good agreement between modeled and measured
data provides evidence for two important issues in (acid)
catalysis, namely the occurrence of anomalous effects on
the Kkinetics of catalyzed reactions due to single-file diffu-
sion and the existence of immobile alkoxy species. Further-
more, it has been demonstrated that the effects of these
phenomena can be modeled by using the concept of center-
of-mass single-file diffusion, as represented by Eq. [6] and
assuming that the diffusion coefficient is proportional to the
fraction of mobile adsorbed species. The modeling of the
effects of single-file diffusion and/or immobile species on
mass transfer as presented here may be extended to other
catalyzed reactions as well and may be useful for optimizing
process conditions and catalyst dimensions. As an example,
acriterion for diffusion limitation for the catalytic system of
the present study is derived. Generally, diffusion limitations
can be neglected if ¢ < 1. In Eq. [21], ¢ can be identified as

KisomL 3 K agsK
¢ =\/ isom ads dehyderrot <1+

I‘(dehyderrot > 6
4D¢"py, "

PH, + Kdehydr
[24]

This equation can be used to predict under which con-
ditions diffusion limitation will occur. Here we consider



SINGLE-FILE DIFFUSION EFFECTS IN ZEOLITE CATALYSIS 61

[ ]
1004 . -
] A ® [
& A ® ]
S ¢ ’ A i u
°
=3 * A ] L
°
~ : a o
10—_ < A
1 )
L 4
°
10* 10° 10°
pan;‘/Pa

FIG. 8. Crystalsizeasafunction of n-hexane pressure atwhichn = 0.9
for various temperatures (H, 230°C; O, 250°C; A, 270°C; <, 290°C; @,
300°C).

diffusion limitation to be significant if n < 0.9, which cor-
responds to ¢ =0.58. In Fig. 8, the crystal size at which
¢ =0.58 is plotted as a function of pncs at various tem-
peratures. The required values for Ky, Kdenyar Kdron Visom
AHads AHdenyds AHprot, and Eactisom Were taken from
Table 2, while for Dgff the value obtained by fitting the ex-
perimental results to Eq. [21] was used; pn, was taken to
be equal to 20 bar, which is within the operating range of
industrial hydroisomerization. Because the plots in Fig. 8
have the form L = constant - pn_éé3 (see Eq. [24]), logarith-
mic plotting gives parallel lines with a slope equal to —1/3.
Figure 8 may be interpreted as follows: if for a given tem-
perature, crystal radius, and pressure (L, pncs) lies above
the line corresponding to ¢ = 0.58, diffusion limitation
is significant. For example, the total isomerization process
(TIP), which is the most common industrial hydroisomer-
ization process in which Pt/H-mordenite is the catalyst, is
operated at a temperature of 250°C, a py, of 10-30 bar, and
a PH,/(Pncs + Pncs) Of 10 (the alkane feedstock consists of
a mixture of n-pentane and n-hexane). According to Fig. 8,
for pu, = 20 bar and pncs = 2 bar (n-pentane is ignored),
diffusion limitation will become significant for crystal sizes
larger than 16 um. As this radius is much higher than the
typical radii of commercial catalysts (for instance, the ra-
dius of the small crystal mordenite used in this study, which
is a commercial sample, is ~0.5 um), it can be concluded
that in the TIP micropore, diffusion is not rate limiting.

CONCLUSIONS

The intrinsic kinetics of n-hexane hydroisomerization can
be described by a rate equation according to which the

reciprocal reaction rate is a linear function of the recipro-
cal n-hexane pressure. However, if diffusion is rate limiting
and the diffusion coefficient decreases with increasing sur-
face concentration 0, deviations from this linearity may be
observed at low values of the reciprocal pressure (high 6).
The explanation for such a deviation is that the linear de-
crease in the intrinsic reaction rate with decreasing 1/ is
reduced by a factor that becomes larger as 1/6 decreases.
Concentration-dependent diffusion is most likely to occur
in the case of diffusion in one-dimensional pores which are
too narrow for adsorbed molecules to be able to pass each
other, causing the motion of individual molecules to be-
come strongly correlated (single-file diffusion). Indeed, the
expected deviations from the intrinsic rate equation were
observed for n-hexane hydroisomerization on 50-um crys-
tals of Pt/H-mordenite, which has one-dimensional pores
that are too narrow to allow counterdiffusion of n-hexane
molecules.

For a reaction that occurs in a single-file pore and that
is first order in 6, a rise of temperature has two opposite
effects: on the one hand, the reaction rate coefficient in-
creases, which causes diffusion to become rate limiting at
lower 6; on the other hand, the adsorption constant and
therefore 6 at a given pressure decreases, leading to an in-
crease in the effective diffusion coefficient. However, for
the reaction studied here, there are important deviations
from this predicted general pattern. These deviations prob-
ably originate from the abundance of immobile alkoxy
species, which are produced as reaction intermediates, in
the zeolite pores. Because the alkoxy species are the dom-
inant surface species and the enthalpy difference between
gas-phase alkane and alkoxy species is only 5 kJ/mol, the
change of 6 is negligible within a wide temperature range.
Since the enhancing effect of a decrease of 6 on the effec-
tive diffusion coefficient is now absent, the single-file effects
become stronger with increasing temperature owing to the
increasing isomerization rate coefficient. Moreover, at the
same time, the effective diffusion coefficient is expected to
decrease, because the alkoxy species are immobile and the
equilibrium between alkoxy species and adsorbed alkanes
shifts toward the alkoxy side. The effect of single-file diffu-
sion and the presence of immobile surface species on the
kinetics of n-hexane hydroisomerization was modeled us-
ing a mathematical model based on the relation between
the diffusion coefficient and the fraction of occupied sites
under single-file conditions, as proposed by Hahn et al. and
Nelson et al. Except for the effective single-particle diffu-
sion coefficient Dgﬁ, for which no reliable literature value
was found, the values of the input parameters were taken
from independent studies, and to model the effect of im-
mobile species, it was assumed that D(‘fff was proportional
to the relative concentration of alkanes in the pores. A
good agreement over the whole temperature range was ob-
tained by assuming D" = 8.1 x 10~¢ m?/s. The order of
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magnitude of Dgﬁ agrees well with that of experimentally
determined single-particle diffusion coefficients of methane
and tetrafluormethane in various molecular sieves.

APPENDIX: DERIVATION OF EQ. [1]

The reaction scheme is as follows.

1. Adsorption;

n-CgHy4(9) + H-O-Z =2 n-CgHyy-H-O-Z.
2. Dehydrogenation:
n-CgH4—H-O-Z + Pt 2 n-C¢Hyy—Pt + H-O-Z
n-CgH4—Pt + 3Pt 2 n-CgHy,—Pt, + 2PtH
n-CgH,—Pt, + H-O-Z + 2PtH & n-CgH{,—H-O-Z
+ 4Pt + H;

n-CgHy4,—-H-O-Z =

3. Protonation:

n-CeHip—H-O-Z 2 n-CgH3—0O-Z.

4. Isomerization:

n'CGHlS—O—Z —> i-Cang—O—Z.
Since the isomerization step is rate determining, the other
steps are quasi equilibrated and are given by

lads = des = kadspnCG(l - 9n06 - 9n06 - 9nC6aIkoxy)

= Kdedncs. [Al]
9n06 _ Kdehydr [A2]
Once PH,
0,
nCéalkoxy Kprot: [ A3]
Onos

where 6,05 is the surface occupancy of n-hexenes. Rewriting
and combining Eqgs. [A2] and [A3] gives 6hcs and 6,06 in
terms of Oncs alkoxy:

9n 06 — 9n C6 alkoxy, [A4]
K prot
Once = hos = P Oncealkoxy:  [AS]
Kdehydr Kprothehyd

Substituting 6,cs and 6,06 in Eq. [Al] with the right-hand
sides of Eqs. [A4] and [A5] gives

PH,
kadspn C6 <1 - Y en Cé6 alkoxy — 9n06 alkoxy
Kprothehydr prot
- 9n C6 alkoxy) kdes Qn C6 alkoxy- [AG]
Kprot Kdehydr

n-CgHi,—-H-O-Z + H,.

Rewriting Eq. [A6] gives the following expression for
QnCGaIkoxy (usmg the equa“ty kads/ I(desz Kads):

Oncsal koxy

Pnce

KadstehyderrOt

(1 + KadsPncs + Kad'stehydrpnTCe + KadstehydlerOI F;née)
[AT]

According to the reaction scheme, the TOF is given by

TOF = kisonﬂnce alkoxy- [A8]
Finally, combining Eqgs. [A7] and [A8] gives
TOF
kisomKadstehyderrot b
B 1+ KadspnC6 + Kadstehyd 2 + KadstehyderrotF;;n_'_i6
[A9]
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