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A novel experimental technique that measures the diffusive flux through a single-crystal
membrane (SCM) was developed and tested. Unlike all other macroscopic techniques
that depend on a transient response, SCM is used under steady-state conditions, which
results in a wide range of applicability from 10~ 2 to 10~ c¢m?/s. Phenomenological
equations for the steady-state data analysis were developed. The variation of driving
force over the diffusion path is included in the model. As required by thermodynamics,
the micropore concentration is given as a function of surface-excess amount adsorbed
and gas density. The membrane configuration measures diffusivity in only one crystallo-
graphic direction. The micropore diffusivities of C; to C,, normal alkanes through
silicalite crystal in the z-direction were measured at 30, 50 and 70°C. The activation
energies for micropore diffusion are also reported. The data agree excellently with the
other two studies that measure directional diffusivities. Diffusion and adsorption of
hexane and heptane in silicalite display structural heterogeneity induced by the compa-
rable lengths of molecules and silicalite channels rather than diameter of molecule vis-

a-vis pore diameter.

Introduction

Adsorption is increasingly gaining industrial importance as
new adsorbent materials are introduced and existing systems
are optimized (Sircar, 1992). Applications of adsorption cover
a wide range of processes from bulk gas separations (oxygen
from air, hydrogen production, etc.) to purification, including
many environmental applications. In addition, physical ad-
sorption and desorption are the first and last steps of any
catalytic reaction. As in any other process, equilibrium and
kinetics are the two fundamental aspects that control adsorp-
tion. Adsorption equilibrium has become well formalized,
starting with J. W. Gibbs (1928). There are several articles
that provide the thermodynamic framework of adsorption
equilibria (van Ness, 1969; Sircar and Myers, 1973; Myers and
Prausnitz, 1965; Talu and Zwiebel, 1986; Sircar, 1985). Al-
though prediction of multicomponent equilibria from pure
component adsorption remains a major challenge in adsorp-
tion thermodynamics, the systems can be experimentally
measured and carefully collected data measured by different
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techniques, and research groups have been found to be con-
sistent (Valenzuela and Myers, 1989; Talu et al., 1996a,b).
In contrast to adsorption equilibria, kinetic data (diffusivi-
ties) reported in the literature exhibit vast differences, reach-
ing several orders of magnitude for some systems. In a series
of monographs, Kérger and Ruthven (1989, 1992) have pro-
vided an excellent summary of these differences and offer
several possible explanations. Being a dynamic property,
measurement of diffusivities is inevitably more complicated
than measurement of equilibria. Other transport mecha-
nisms, particularly heat transfer, can interfere with the mea-
surements that necessitate careful experimental design and
execution to minimize extraneous transfer effects. Calcula-
tion of diffusivities from raw data usually involves some kind
of a mathematical model with its inherent assumptions and
uncertainties. Differences in adsorbent samples, synthesis
procedures, and measurement techniques, especially activa-
tion/regeneration protocols, are just a few of the possible
sources for the inconsistencies in reported diffusivity values.
Furthermore, most literature data are sporadic, covering a
narrow range in system properties and in the nature of the
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diffusant species. Lack of systematic data also hinders the
development of plausible explanations for the differences re-
ported in the literature.

In an attempt to explain and consolidate the fragmented
knowledge on micropore diffusion, we have been systemati-
cally studying the diffusion of n-alkane series in silicalite us-
ing the single-crystal membrane (SCM) technique. The diffu-
sivity of methane to butane using the transient SCM method
was reported earlier (Sun et al,, 1996a). The SCM technique
is further developed to enable the measurement of micro-
pore diffusivities under steady-state conditions. Here, the dif-
fusivities of n-alkanes from methane to decane are reported
along with the phenomenological equations necessary for data
analysis. To the best of our knowledge, this represents the
first successful attempt at measuring micropore diffusivities
by a macroscopic method under steady-state conditions. Re-
cently, Lewis et al. (1997) have reported results with a similar
technique. They fabricated membranes with a single oriented
crystal of ferrierite, measured the permeation rates through
the crystal, and determined the diffusivity at steady state. In
principle, the two methods are essentially identical except for
one significant difference. Our experimental setup is capable
of monitoring the transient response as well, whereas theirs
is not. Therefore, in our case, we can calculate diffusivity from
both transient and steady-state measurements for at least the
linear systems. All other macroscopic methods determine dif-
fusivities from a transient response. A short review of diffu-
sion measurement techniques is provided next in order to put
the steady-state SCM technique into proper perspective.

Micropore Diffusivity Measurement Techniques

Micropore diffusivity measurement techniques can be
grouped into two general categories, depending on the scale
of observations: macroscopic and microscopic. A third ap-
proach is based on computer simulations, which is not an ex-
perimental measurement; yet, they provide important insight
into the molecular motion in the micropores for a postulated
molecular model.

Macroscopic methods

Macroscopic methods involve measurement of an aggre-
gate property such as pressure, temperature, or concentra-
tion. Well-known macroscopic techniques are uptake (gravi-
metric, Ruthven, 1984; piezometric, Caro et al.,, 1993), fre-
quency response (FR) (Shen and Rees, 1994; Bourdin et al.,
1996), gas chromatographic method (Shah and Ruthven, 1977;
Hufton and Danner, 1991), including the zero-length-column
(ZLO) (Ruthven et al, 1992), and the isotope-exchange
method (Quig and Rees, 1976; Rynders et al., 1997). Most of
these methods introduce a disturbance to the system and the
diffusivity is deduced from how fast the system approaches
new equilibrium conditions; these are all transient methods.
Macroscopic methods thus measure transport diffusivities un-
der an imposed concentration gradient. The transport diffu-
sivities are converted into corrected diffusivities using the
Darken’s correction factor. The fastest diffusivity that can be
measured by macroscopic methods is restricted by the re-
sponse time of measurement devices. Most approaches are
limited to diffusivities below 107 %-1077 cm?/s.
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Since most macroscopic methods are based on transient
experiments, other transport phenomena such as heat and
mass transfer can play a detrimental role. Adsorption is an
exothermic process. Earlier diffusivity measurements were
plagued by heat-transfer restrictions, as pointed out by Biilow
et al. (1984). More recent techniques, such as FR, ZLC, and
membrane methods can reduce heat effects to a negligible
extent in carefully designed experiments. In fact, a novel ap-
proach (Bourdin et al., 1996) is based on the heat effect and
the temperature variation it causes. Conceptually, it is not
possible to completely eliminate the heat effect since in most
cases, the equilibrium is distributed. One way to cause a
measurable change without disturbing equilibrium is the use
of isotopes, which is the main motivation for the recent tech-
niques based on isotopes (Hufton et al., 1994; Rynders et al.,
1997). The heat effects clearly do not exist when isotopes are
used. Nevertheless, experiments based on isotopes still use
transient measurements, unlike the SCM technique. Analysis
of transient data is inevitably more complicated than the
steady-state data due to the complexity of the governing
equations.

The micro-FTIR (Karge and Niessen, 1991) method can be
classified as a macroscopic technique, although it is based on
spectroscopic data. The technique measures a transient ag-
gregate property, the rate of change of FTIR signal during
adsorption (or desorption) after a step change in gas-phase
conditions.

Microscopic methods

Microscopic techniques involve direct measurement of
molecular mobility in the pores of an adsorbent under equili-
brium conditions. These methods therefore measure self-dif-
fusivities. Microscopic methods include pulsed-field-gradient
nuclear-magnetic-resonance (PFGNMR) (Heink et al., 1992),
and quasi-elastic-neutron-scattering (QENS) (Jobic et al.,
1989). Data analysis is based on relaxation theory applied to
molecular mobility. Questions have been raised about the re-
lation between molecular mobility and the Fickian diffusivity
especially in a microporous environment (Chen et al., 1994).
Nevertheless, the relations seem to hold since the diffusivi-
ties measured for some systems with macroscopic and micro-
scopic techniques do agree (Kirger and Ruthven, 1989).

Microscopic methods are especially suitable for fast-dif-
fusing species. The lowest diffusivities these methods can
measure are on the order of 107°-10"7 cm?/s, which is the
upper limit for macroscopic techniques. Therefore, the range
where both macroscopic and microscopic methods may be
used is quite limited. Both approaches are at the limit of their
applicability in this range, which has been offered as an ex-
planation for the inconsistencies. Yet, this cannot be true
since the two approaches yield comparable results for some
systems, while vast unexplained differences exist for some
other systems.

Computer simulations

Molecular mobility can also be determined by computer-
simulation results by molecular-dynamics (MD) (June et al,,
1990) and Brownian-diffusion transition state theory
(BD/TST) (Maginn et al., 1996). The diffusivities calculated
in computer experiments are dependent on the molecular-
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level model postulated for the system. Computer experiments
provide molecular mobility and thus the diffusivity for a given
molecular model. The model includes representations of the
solid structure and the structure of the guest molecules in
addition to formulations of all pertinent interactions for
solid—gas and gas—gas pairs. This complicated molecular
model is usually tested using equilibrium data that may pro-
vide some confidence in the parameter values. On the other
hand, equilibrium data are based on the measurements of
overall system behavior and many different molecular models
may result in the same equilibrium behavior. Therefore,
molecular simulation results with inherent assumptions in the
model can never replace the real phenomena, and these re-
sults cannot be used to prove or disprove experimental data.
Nevertheless, it is interesting to note that the diffusivity val-
ues from simulations, in general, agree with microscopic
techniques.

The main power of computer simulations is the clearly
linked cause—effect relationships that can be conveniently ex-
ploited to compare scenarios that do not even exist in reality.
Computer simulations provide a powerful tool to adsorbent
developers for screening/directing research to avenues with
the highest probability of success for a specific application.

Single-Crystal Membrane Technique

The SCM technique can be classified as a macroscopic
method. It is simply based on the direct measurement of dif-
fusion flux through single crystals of zeolite at steady-state
conditions. SCM has several advantages over other macro-
scopic techniques, as detailed in an earlier article about tran-
sient measurements for C,-C, n-alkanes (Sun et al., 1996a).
The transient SCM method depends on time measurements.
The fastest diffusivity that can be measured with the tran-
sient technique is limited by the response time of the system
and is about 107> cm?/s. Such an upper limit does not exist
for steady-state measurements, as we have been able to mea-
sure even Poiseuille flow fluxes through short capillaries. On
the other hand, the steady-state method is limited by the sen-
sitivity of the mass-spectroscopic detector and the flow condi-
tions. The estimated lowest diffusivity that can be measured
by the steady-state method with the present system is about
107!" cm?/s. Therefore, the steady-state SCM method covers
a wide range of micropore diffusivities. This range also bridges
over the limits of both macroscopic and microscopic tech-
niques. Another important advantage of steady-state SCM is
the almost complete elimination of heat effects.

At steady state, the mean temperature of the zeolite crys-
tal is equal to the system temperature since the rate of ad-
sorption on one surface is equal to the rate of desorption
from the other. On the other hand, a small temperature dif-
ference between the two surfaces exists due to adsorption/
desorption. The temperature difference causes conductive
heat transfer in the solid structure parallel to the diffusion
path. The heat-transfer flux is equal to the product of heat of
adsorption and diffusion flux. In a typical experiment, the
heat of adsorption is about 100 kJ/mol; the diffusive flux is
1077 mol/{cm?>-s) and the length of the crystal is 102 cm. If
the thermal conductivity of the zeolite crystal is assumed equal
to that of sand particles (8 x107*) cal/(cm+s-°c), a simple
calculation assuming insulated surfaces on the sides of the
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crystal that are sealed by epoxy indicates that the tempera-
ture difference is less than 0.1°C, which is the accuracy of a
thermostat bath. The following equation is used for this ap-
proximation:

AT
IxQ, =kx—. )

L

It should be noted that the SCM technique measures direc-
tional diffusivity. When the pore system is anisotropic, as with
silicalite in this study, the results are not directly comparable
to other techniques that measure an effective diffusivity as a
combination of diffusion in all directions.

The SCM technique provides transient as well as steady-
state data during the same experiment, which may be used as
an internal consistency check. Comparison of transient and
steady-state results is included in the discussion for systems
close to Henry’s law behavior, that is, methane to butane in
this case. The data-analysis methods for transient data with
systems far removed from the Henry's law range are not cur-
rently available; therefore, transient data for these systems
are excluded from this article.

Experimental System

The heart of the SCM technique is a single zeolite-crystal
membrane. In this study, an untwinned (optically checked)
silicalite crystal of 100X 100X 300 pm initial size is embed-
ded in an epoxy with diffusion path paralle! to the z-axis.
Silicalite has a three-dimensional channel network with
straight channels aligned in the y-direction and zigzag chan-
nels parallel to the x-y plane (Figure 1). The two sides of the
membrane were polished and the final crystal size after pol-
ishing was 100X 100X 100 um. Details of the membrane
manufacture are provided elsewhere (Sun et al. 1996a).

The integrity of the membrane was checked by exposure to
molecules larger than the silicalite pore diameter of about
5.6 A. One side of the membrane was exposed to 18-torr
pressure of triethyl amine (TEA), which has a critical diame-
ter of 7.4 A. TEA was not detected on the other side, even
after 8 h, indicating structural integrity with the only pathway
available between the two sides of the membrane being that
through the micropores.

The membrane is placed in a Wicke~Kallenbach-type per-
meation cell with flow capabilities on both sides, as shown in
Figure 2. During the experiments, one side (inlet) is exposed
to the diffusing gas, while helium flow is used on the other
side (exit) to sweep the diffusant to a high-sensitivity mass-
selective detector (MSD). In a typical experiment, the mem-
brane was first activated at 90°C (limited by the possibility of
epoxy degradation at higher temperatures), with abundant
helium flow on both sides of the membrane at about 1-torr
pressure. The helium flow assures that the partial pressure of
adsorbate is extremely low. The temperature increase was re-
stricted to 1°C/min to reduce thermal stresses on the mem-
brane. Activation was continued for at least 2 h, although the
MSD did not detect any gas other than helium after approxi-
mately 30 min. After activation, the membrane was cooled
slowly to experimental temperature under reduced helium
flow while applying higher vacuum. The helium flow on the
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~——Zigzag Channel(5.6A})

Figure 1. Orientation of the crystal and the associated
channel system in silicalite.

exit side was adjusted to 1.5 cm® (STP)/min and the entire
flow was directed to the MSD. The pressure on the exit side
of the crystal membrane was 15 torr during experiments,
which was caused by the pressure drop due to helium flow in
the custom-made MSD transfer line. The MSD operates at
about 10~ 3-torr pressure. The inlet side was switched to the

Channel 1
Helium

Channel 2 Channel 3

Gas 2 Gas 1
Vacuum Pump
e w4 %
PO \ 4 WV 2l 3 V1
Vo
4 —

c Vs < >V6
Vio
Capiltar
Columnj
w P2

Membrane

Figure 2. SCM experimental setup.
V1-V5: automatic valves; V6, V8: regulating valves; V7, V9,
V10, V1t: on/off valves; PO, P1, P2: pressure gauges; M1,
M2, M3: mass flow controllers.
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diffusant with a small flow of about 10 cc (STP)/min at a
pressure of about 10 torr. The MSD response was tracked
until it reached steady state, usually within 20 min. The
steady-state response level was recorded. This value is con-
verted to diffusion flux using the calibration method de-
scribed later.

The existence of helium on the exit side and adsorbate on
the inlet side would normally correspond to countercurrent
diffusion if the system is not selective, such as for polymeric
membranes and zeolitic membranes that contain macropores.
The only diffusion path in these experiments is through the
micropores or by diffusion in the adsorbed phase. Helium is
a “nonadsorbing” reference compound used in all adsorption
work. Being nonadsorbing, the helium density in micropores
equals its gas-phase density of about 0.8 mol/m? in these ex-
periments. The density of methane, the alkane with the low-
est adsorption, in the micropores is about 25 mol/m?® or 32
times that of helium. Factoring the molecular weight ratio of
4 since it would affect the collisions of methane and helium
molecules in the micropores, the ratio becomes 128. These
numbers indicate that helium cannot have any impact on the
diffusion of even methane. Similar conclusions were also
drawn about the impact of small molecules on the micropore
diffusivity of heavier ones by Qureshi and Wei (1990) and
Sircar (1992).

As further evidence of membrane integrity and the negligi-
ble impact of helium on micropore diffusion, it should be
noted that the pressures on the two sides of the membrane
were not balanced during these experiments (although the
apparatus has such a capability). The exit side of membrane
was at a pressure of 15-torr helium and the pressure on the
inlet side was between 2 and 10 torr for different species. In
fact, the gases were diffusing against a pressure gradient
driven by the concentration gradient in the surface phase.
Although the pressure differential for helium was 15 torr,
it was not observed on the inlet side within the detection
limit of the MSD. This is also indisputable evidence that
micropore diffusion is the only transport mechanism in the
SCM experiments. Such observations are not possible with
polymeric membranes, and have yet to be documented for
polycrystalline “zeolitic” membranes that have been recently
developed (Funke et al., 1996; Baertsch et al., 1996).

Many different membranes were fabricated using different
crystals of silicalite grown in the same batch and of similar
size and shape. In many cases, identical experiments were
performed with different membranes in the diffusion cell. The
results reported here were reproducible from membrane to
membrane.

MSD response calibration

The diffusive flux in moles per time per cross-sectional area
is necessary to calculate the diffusivities from steady-state
measurements. The cross-sectional area of the crystals was
measured from the scanning electron micrographs of the
membrane. The total diffusive flow through the crystals is
extremely small, on the order of 107'° moles/s. Although the
MSD can detect such low quantities, its response is in arbi-
trary units of abundance. In addition, the MSD signal usually
changes with time and conditions, thereby affecting the accu-
racy. A calibration protocol utilizing capillary flow was exe-
cuted after each experiment to circumvent the accuracy prob-
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lems. The ions (m/z ratio) with the largest fraction were
tracked with the MSD in the experiments.

A capillary tube of 5-m length and 100-micrometer internal
diameter was incorporated into the system that connects the
inlet and exit sides (Figure 2). The capillary was also housed
in the thermostatic bath. After the diffusion measurement was
completed, the membrane was isolated and the capillary was
opened without disturbing the MSD or the exit-side helium
flow. The capillary inlet side pressure was adjusted with the
contro] valve until the MSD response matched the value
recorded during the diffusion experiment. The capillary inlet-
and exit-side pressures were recorded. Typically, the inlet
pressures were in the range of 50-100 torr. Since the pres-
sure on the exit side containing helium was only 15 torr, there
was a forced convective flow through the capillary. Laminar
compressible flow equations were used to calculate the total
flow from the pressure values by the following equation:

md*(P{ — P}) @
Cr="256L wRT

The flow calculated from Eq. 2 is equal to the diffusive flow
through the SCM, since the abundances (MSD response) were
matched. Although there is a helium concentration gradient
along the capillary, the resulting diffusive flux was negligible
compared to the convective flow caused by the relatively
high-pressure differential. This complicated calibration tech-
nique was adopted because (1) it is performed “on-line” with-
out disturbing the system, (2} it can be used for any gas, cir-
cumventing the necessity for numerous standard gases, and
(3) it can also be used for binary systems, which is our future
goal.

The accuracy of this calibration technique is cross-checked
by using standard low-concentration mixtures of butane in
helium. The ppm-range of the butane-in-helium mixture was
used as the sweep gas. During these tests, the membrane was
bypassed and the flow and MSD conditions, and the experi-
mental conditions, were replicated as closely as possible.
During these tests, the membrane was bypassed and the flow
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Figure 3. MSD calibration with capillary flow and with
standard mixtures.
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and MSD conditions, and the experimental conditions, were
replicated as closely as possible. Figure 3 shows that the cap-
illary flow calculations (shown as concentration in helium) are
in very good agreement with the standard mixtures. The un-
certainty introduced by the capillary calibration method is
about 5%.

Corrected Diffusivities from Steady-State Flux

The continuity equation for the diffusant in the zeolite
crystal at steady-state conditions is

— =0, (3)

where J is the diffusion flux and x is the position. Simple
integration indicates that the steady-state flux (J,,), is not a
function of position in the crystal:

Ji # f(x). 4

The flux is related to the transport diffusivity, D,, by Fick’s
equation:

dq

J=-D—.

&)

where g is the concentration in the micropores. The trans-
port diffusivity varies with concentration (Karger and
Ruthven, 1989). The corrected diffusivity D, is defined using
a thermodynamic factor called the Darken’s correction fac-
tor:

din P
dlng

= Dy *

(6)

Substitution of Eq. 6 into Eq. 5 yields, after some mathemati-
cal manipulation,

(7)

The concentration in this equation refers to moles of gas per
volume in the micropores. Thermodynamic definitions pro-
vide a link between the concentration and the surface excess
amount adsorbed (#), which is the only measurable quantity
in adsorption equilibria (Sircar, 1985):

4 = Psotia * tex pgas’ (8)

where pg;4 is the crystal (particle) density and e is the mi-
croporosity. The second term in the summation corrects for
the gas density ( p,,) to obtain the concentration in absolute
terms. This correction can be very significant for light gases,
as discussed later. At the low-pressure levels in these experi-
ments, the gas density is accurately described by the Ideal
Gas law.

P

Pgas = E}- : 9)
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Table 1. Virial Parameters for n-Alkane Adsorption in Silicalite

Carbon

No. a a, by b, cq c, dy d,
1 15.2 —2,497.8 0.831 —287.5 0.464 0.000 0.0715 0.000
2 16.9 —3,968.4 0.402 19.85 —0.437 0.000 0.0632 0.000
3 15.7 -4,3599 3.44 51.38 —5.28 0.000 317 0.000
4 15.0 —4,872.3 12.1 - 1,115 -16.5 0.000 10.3 0.000
5 15.4 —5,597.2 9.87 - 1,691 —-7.24 0.000 4.49 0.000
6 254 —8,575.2 1.48 0.000 0.0822 0.000 3.61 0.000
7 279 -10,180 6.79 0.000 -19.1 0.000 25.0 0.000
8 31.8 —-12,040 438 0.000 -10.2 0.000 16.3 0.000
9 348 — 13,646 438 0.000 -10.0 0.000 18.5 0.000

10 38.8 - 15,600 4.83 0.000 —8.05 0.000 19.2 0.000

P =torr; T = K; N =mol/kg.

Gibbs adsorption isotherm equation at constant temperature
relates the spreading pressure (W) to the excess amount ad-
sorbed and the pressure by
dyp=nxdInP. (10)
The spreading pressure is a primary intensive property of
surface phases and can be calculated from isotherm data by

integration of the preceding equation.
Combination of above equations gives

§S

dx=—D xdy+
* 0*(psohd* d/ E*RT

P
*dln P). (11)

Since J,, is not a function of position, integration of Eq. 11
from inlet to exit gives

Pinlcl
Jss*LzDO pso]id*d’inlet+€*— ’ (12)

RT

The total flow (Q) measured in the experiments and the
cross-sectional area (A4) are used to calculate the flux:

(13)

Finally, Egs. 12 and 13 can be rearranged to obtain corrected
diffusivity as

* L
Do = Q . (14)
inlet
. . -+ ——
A Psolid * L[/mlcl €% RT

Equation 14 accounts for the variation of concentration along
the diffusivity path by formulating the problem in terms of
spreading pressure. An implicit assumption made in the above
derivation is that D, is constant. If surface-phase concentra-
tions are used directly with Eq. 7, an isotherm equation is
necessary to relate ¢ to P. The reformulation of the problem
in terms of spreading pressure provides a convenient and
generic approach to analyze steady-state diffusion data. It also
provides an intuitive insight showing that spreading pressure
drives the portion of diffusive flow in the surface excess part
and pressure drives the correction term.

686 March 1998 Vol. 44, No. 3

Pure component isotherms are necessary to calculate the
Yime via integration of Eq. 10 unless the experimental condi-
tions correspond to Henry’s law behavior. In that case, ;.
is equal to the excess amount adsorbed. In this study, the
equilibrium data were taken from Abdul-Rehman et al. (1990)
for methane to butane, and from Sun et al. (1996b) for pen-
tane to decane. A Virial isotherm equation (Talu et al., 1996a)
was curve-fitted to the data in the relevant experimental range
to facilitate the integration of Eq. 10:

q b, €y 2
P = N=xexp (a0+——)+ by+ — *N+(c(,+—T—)*N*

T T

+(1 +gi)*N3--- (15)
dy T . S

Due to the complexity of equilibrium behavior of some n-al-
kanes (Sun et al., 1996b), Eq. 15 was curve-fitted to limited
low-pressure isotherm data up to experimental pressure lev-
els. Table 1 lists the virial parameter values used in this study.

Resuits and Discussion

The diffusivities of n-alkane series from methane to de-
cane were measured at 30, 50, and 70°C temperature. The
corrected diffusivities calculated by Eq. 14 are listed in Table
2. The table also includes the inlet pressure values and the
corresponding spreading pressure calculated by the virial
isotherm ecquation. The inlet pressures with higher alkanes
were limited by the vapor pressure at ambient conditions.

Corrected diffusivities

The corrected diffusivities are shown against chain length
in Figure 4. An immediately apparent feature in the figure is
the unexpected increases in diffusivity from hexane to hep-
tane to octane. Normally, the diffusivity is expected to de-
crease with the chain length. This unusual phenomenon is
attributed to the density and location of the molecules in the
silicalite pore system. The equilibrium data from pentane to
decane have been reported in an earlier article (Sun et al,,
1996b). The isotherms of hexane and heptane showed subtle
but detectable steps where the second derivatives changed
sign (figures 3 and 4 in Sun et al., 1996b). The zero-coverage
heats of adsorption for these two compounds also stood out
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Table 2. Corrected Diffusivities of n-Alkanes in the
z-Direction in Silicalite

Alkane T.°C P, torr g, mol/m® D, cm?ss

30 8.66 14.95 3.19%107°

Methane 50 8.87 9.24 4.15x1073
70 9.13 6.11 5.26%107°

30 9.84 363.56 1.13x107°

Ethane 50 10.16 173.25 1.35%107°

70 10.69 90.85 1.46x1073°

30 5.91 1,095.3 2.79%107°

Propane 50 6.17 591.4 3.85x10°°
70 6.34 342.1 4.05%107°

30 5.94 1,935.1 1.07x1077

Butane 50 6.12 1,642.9 1.20x1077

70 6.32 1,038.9 1.22x1077

30 336 2,487.1 1.06x1077

Pentane 50 42 2,193.8 1.03x1077
70 3.80 1,819.6 7.97%x1078

30 331 1,644.7 3.02%x1078

Hexane 50 431 1,390.3 4221078

70 3.06 953.5 5.41x10°8

30 492 1,536.8 426%107%

Heptane 50 5.06 1,399.0 7.26 %1078
70 5.05 1,237.2 9.92x1078

30 3.1 1,720.0 2.45%x1077

Octane 50 3.23 1,562.1 2.93x1077

70 2.68 1,363.6 4.29%1077

30 3.05 1,728.7 9.17x107%

Nonane 50 3.03 1,580.9 1.41x1077
70 3.0 1,419.2 1.85x1077

30 1.74 1,687.7 455%x1078

Decane 50 55 1,537.7 6.00x1078
70 1.95 1,378.1 7.50%1078

of the trend established by other alkanes (see Figure 5). Based
on Sun ct al. (1996b) data, the highest CH, group density is
reached with heptane in silicalite pores, with hexane showing
slightly lower values. Figure 6 shows a remarkable drop in
CH, group density in the pores from heptane to octane. A
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Figure 4. Corrected diffusivities from SCM steady-state
measurements for n-alkanes in silicalite.
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Figure 5. Limiting heat of adsorption and diffusional ac-
tivation energy of n-alkanes in silicalite.

lower packing density can enable higher mobility of the
molecules. This unusual equilibrium behavior was attributed
to the comparable sizes of hexane and heptane with the length
of pores of silicalite, especially the zigzag channels that are
about 10 A long from intersection to intersection. A zigzag
channel can be occupied by a single stretched hexane
molecule or by a heptane molecule in a spiral configuration.
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Figure 6. Saturation capacity of n-alkanes in silicalite.
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There is other recent evidence in the literature about the
unusual adsorption behavior of hexane and heptane in sili-
calite. Temperature-programmed desorption studies by Ol-
son and Reischman (1996) and by van Well et al. (1995) show
two distinct extremes in the profile indicating two different
environments where hexane is adsorbed. Similarly, unusual
equilibrium data were also reported by Richards and Rees
(1987). Molecular simulation results by Smit and Siepmann
(1994) indicate “freezing” of hexane in the zigzag channels at
half-saturation capacity. The diffusion path in the z-direction
in our experiments forces the molecules to travel through
zigzag and straight channels in sequence (see Figure 1). The
diffusion will be retarded if the hexane is “frozen” in the
zigzag channels, which acts like a bottleneck.

Longer alkanes do not fit in a single channel. Although
heptane and octane molecules are long enough to occupy two
straight segments in sequence, such a configuration does not
contribute to the diffusion flux. Hence, they must occupy both
types of channels simultaneously. The leading CH, groups in
a chain that may be in a straight channel can act like a guide
for the remainder of the chain in a zigzag channel for a
smoother move between the two channels. This scenario cou-
pled with the lower CH, density in the system explains the
substantial increase in diffusivity from heptane to octane in
Figure 4.

Activation energy for diffusion

Figure 7 shows the diffusivities as a function of tempera-
ture. The slopes of lines in Figure 7 are the diffusion activa-
tion energies that are listed in Table 3 along with the limiting
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Figure 7. Effect of temperature on diffusivity of n-al-
kanes in silicalite.

688 March 1998 Vol. 44, No. 3

Table 3. Heat of Adsorption and Diffusional Activation
Energy for n-Alkanes in Silicalite

Carbon No. AH,,, kl/mol E, kJ/mol
1 20.39* 5.69
2 32.78* 5.38
3 39.85% 6.00
4 48.27* 5.81
5 35.80%* 5.06
6 76.18** 12.86
7 96.40%** 18.78
8 100.1%* 12.30
9 113.2%* 11.36

10 129.4%* 10.86

*Abdul-Rehman ct al. (1990).
**Sun et al. (1996a).

heats of adsorption (from Sun et al., 1996b). Figure 5 shows
both activation energy and the heat of adsorption as a func-
tion of chain length. In general, potential barriers related to
activation energies are much smaller than those related to
the heats of adsorption. The activation energy is about 5.5
kJ/mol and does not change significantly from methane to
pentane, in agreement with the QENS results of Jobic et al.
(1992a,b). The activation energies by PFGNMR (Heink et al,,
1992) and ZLC (Eic and Ruthven, 1989) show mixed trends.
At this point, it should be emphasized that our results are for
directional diffusivity in the z-direction, while others are for
a combined effective diffusivity. The activation energy mea-
sured in our experiments increase substantially after pentane,
reaching 19 kJ/mol for heptane, which is almost four times
higher than that for pentane. The activation energy decreases
from octane to decane. These trends are in complete agree-
ment with the previous stipulations about the unusual equi-
librium and diffusion behavior of hexane and heptane.

Behavior of n-alkanes in silicalite channels

The results presented here in combination with equilib-
rium data suggest three distinct regimes of adsorption and
diffusion of r-alkanes in silicalite according to chain length:
(1) methane to propane (C;—C,); (2) butane to heptane
(C,-C,); and (3) octane to decane (C4~C ).

"The C,—C, molecules are small enough so that two or more
molecules can fit in a channel lengthwise. The isotherms are
all type I and the limiting heats of adsorption at zero cover-
age increase linearly with carbon number. Also, the isosteric
heat of adsorption increases linearly with coverage (Sun et
al., 1996b). The diffusivity drops monotonically and the diffu-
sion activation energy is almost constant with respect to chain
length. These are indications of a relatively homogeneous
system.

The C,-C, molecules are large enough to exclude the
possibility of two molecules in the same channel, yet small
enough to be contained completely in a single channel seg-
ment. This causes a substantial drop in diffusivity in compari-
son to C,—C,. There is a significant void space in the chan-
nels for butane and pentane, as indicated by the CH, densi-
ties. The limiting heats of adsorption and activation energies
for butane and pentane are in line with those for C,-C,,
while hexane and heptane stand out of the trend with respect
to both the limiting heats and activation energies. Hexane
has the lowest diffusivity (even lower than decane) since its
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size almost exactly matches the length of the zigzag channels.
These are indications of a heterogeneous system. Heteroge-
neous behavior is induced for C,—C, due to the comparable
lengths of the molecules and the channels.

The behavior of the C¢—C,; group is similar to that of the
C,~C, group in several respects. Isotherms are type I, al-
though they are extremely steep. The heat of adsorption in-
creases linearly with carbon number and the diffusivity drops
montonically. The diffusion activation energies show a small
decreasing trend but well within the experimental uncer-
tainty. However, there is an important difference. C4-C,,
molecules are longer than the length of the channels and
hence simultancously occupy both channels in contrast to
muitiple molecules occupying the same channel simultane-
ously for C,-C5. Nevertheless, the C;—C,, adsorption in sili-
calite reverts back to homogenous behavior similar to that
exhibited by C,~C; systems.

Silicalite does not contain aluminum. Thus cations do not
exist in the structure. Observations of heterogeneous behav-
ior can only be attributed to structural effects related to the
dimensions of the pores. Structural heterogeneity of silicalite
adsorption systems caused by comparable diameters of aro-
matic molecules and pores was reported earlier (Talu et al,,
1989; Guo et al., 1989; Li and Talu, 1993). Heterogeneous
behavior in adsorption induced by the comparable length of
guest molecules and channels has never been as clearly
demonstrated as described earlier for C;—C, in silicalite
based on equilibrium and kinetic data.

Comparison of diffusivities with literature data

Figure 8 shows a compilation of literature data on the dif-
fusivity of n-ulkanes in silicalite along with our results. Sev-
eral points need to be emphasized here. The diffusivities from
microscopic techniques are self-diffusivities determined un-
der the conditions of equilibrium. The diffusivities deter-
mined from macroscopic techniques are transport diffusivi-
ties that have been converted into corrected diffusivities.
Since self-diffusivities are equal to corrected diffusivities only
near zero loading, we have tried as much as possible to in-
clude the corrected diffusivities at or near zero loadings from
the cited references. Our own data on the figure are subject
to the limitation imposed by the assumption that D, is inde-
pendent of loading.

The figure is quite crowded, but it clearly demonstrates
some of the reasons for the concerns about the inconsisten-
cies in diffusivity values in the literature. For example, the
MD result by June et al. (1990) for hexane (2% 107 cm?/s) is
almost 10,000 times larger (four orders of magnitude) than
the FR measurements by Shen and Rees (1994). Some litera-
ture data are not even included in the figure since it was not
possible to fit all on a reasonable scale (Chiang et al., 1984;
Hufton and Danner, 1991). Table 4 lists all diffusion data for
these systems that we were able to find in the literature.

A closer examination of the data in Figure 8 and their
sources establishes a few trends. In general, the results of
microscopic techniques, such as PFGNMR (Heink et al., 1992)
and QENS (Jobic et al., 1992a,b), are higher than those of
macroscopic methods such as FR (Shen and Rees, 1994) and
ZLC (Ruthven et al., 1992). Computer simulation results, such
as MD (June et al., 1992) and BD/TST (Maginn et al., 1996),
fall closer to the microscopic methods. From methane to
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Figure 8. Comparison of diffusivities of n-alkanes in sil-
icalite from different techniques.

propane, PFGNMR, QENS, MD, and BD/TST results are
all in good agreement at approximately 10~° cm?/s. On the
other hand, two macroscopic techniques, FR by Biilow et al.
(1989) and ZLC by Eic and Ruthven (1989) are in agreement
with each other at about 1078 cm?®/s. The difference between
the two groups is an astonishing three orders of magnitude.

For C, and Cj; alkanes, the results of microscopic methods
also start diverging from each other with more than an order
of magnitude difference; MD at 2x 107°, QENS and
BD/TST at 10 %, and PFGNMR at 10~® cm?/s. Macroscopic
Z1.C measurements, on the other hand, show 108 cm?/ss, or
two orders of magnitude lower than the lowest microscopic
measurement. The data are sporadic for higher alkanes, but
the differences seem to persist. An interesting case in Figure
8 is the FR data by Shen and Rees (1991, 1994), which seem
to agree with microscopic methods for lower alkanes, but
dropping several orders of magnitude for hexane (even lower
then ZLC results).

Can these differences be explained by the different meth-
ods being applicable at different ranges and the data pre-
sented in Figure 8 being obtained at the limit of accuracy of
each technique? Such an explanation has been suggested by
Kirger and Ruthven (1989). Or, is there a fundamental dif-
ference between what is measured by macroscopic and mi-
croscopic techniques? Macroscopic methods measure “diffu-
sivity” while there are gradients in the system. Microscopic
methods measure “mobility” without any gradients in the
system. If there is a fundamental difference, why do the data
for certain systems agree between macroscopic and micro-
scopic techniques (Kédrger and Ruthven, 1981, 1989)? Or, are
the discrepancies displayed in Figure 8 simply due to the na-
ture of pentasil zeolites? Silicalite has been shown to display
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Table 4. Self-Corrected Diffusivity Data Reported in the
Literature for n-Alkanes in Silicalite

Table 4. Self-Corrected Diffusivity Data Reported in the
Literature for n-Alkanes in Silicalite (Continued)

Dua E, D(), E,
T,K Method cm’ss kJ/mol Reference T,K Method cm?/s kJ/mol Reference
Methane Hexane
300 MD 1.6X107* 5.6  June et al. (1990) 300 MD 22x107° June et al. (1992)
300 MD 1.34 % 10’: Goodbody et al. (1991) 373 QENS  69x10°° Jobic et al. (1992a)
300 NMR 1.6 X 1():4 5.0 Cg\ro et al. (1985) 323 UPTK 3.0%x107° Biilow et al. (1989)
300 MD 1.6X 10'5 43 Nlcholas et al. (1993) 325 FR 20x107° 17 Van-Den-Begin et al. (1989)
250 QENS 5.0x10 48  Jobic et al. (1989) 300 BD/TST 1.1x1073 47  Maginn et al. (1996)
334 MD 3.6%x107° Catlow et al. (1991) 323 SCM* 42x10°% 129  This work
300 MBRN 11X 10“?0 Hayhurst and Paravar (1988) Hepiane
300 CHTGY 1.3X107 22 Chiang et al. (1984) % - .
03 SCM* 41%10-5 57 This work 323 SCM 72x10°% 188  This work
323 SCM**  89x107° 5.1  Sun et al. (1996a) Octane
Ethane 300 BD/TST 8.5x107° 43 Maginn et al. (1996)
* -7 : ;
299 NMR  54x107° 78 Caroetal. (1985) 323 SCMT 29x10 (2.3  This work
323 FR 3.0x107° Van-Den-Begin et al. (1989) Nonane
300 QENS  2.0x107° Jobic et al. (1992b) 323 SCM*  14x10°7 114  This work
298 FR 13% 10‘3 10.5  Van-Den-Begin et al. (1989) Decane
Sy MERN. 220 s Hayhurstand Paravar (1989) 373 ZLC  30x107 2092 Fic and Ruthven (1980)
o~ . ilow et al. (1989) 300 BD/TST 2.1%10 "¢ 112 Magi
g 3 . 2 aginn et al. (1996)
298 CHTGY 3.1x10 7.8 Hufton and Danner (1991) 323 SCM 6.0x 107& 10.9 This work
323 SCM*  15x107° 53 This work o i : o
323 SCM**  68X107° 48  Sunetal (1996a) Crafz . .
Propane 300 BD/TST 1.9x10 11.6 Maginn et al. (1996)
313 NMR 39x10™° 1.0 Caroetal. (1985) CiyH;y
300 MD 20x10~° Nicholas et al. (1993) 343 ZLC 23x107Y  19.25 Eic and Ruthven (1989)
300 QENS  12x107° 51  Jobic et al. (1992b) 300 BD/TST 1.3x10™° 131  Maginn et al. (1996)
323 FR 6.0x 10‘: Van-Den-Begin et al. (1989) Co s,
333 FR 5.0x10° 7.4 Van-Den-Begin et al. (1989) 300 BD/TST 11x10~° 113  Magi L (199
303 ZLC 7.7%X107% 1297 Fic and Ruthven (1989) - /T : _ aginn et al. (1996)
334 MBRN 73x1078 Hayhurst and Paravar (1988) CopHyy » ,
298 FR 35%10°% 204  Biilow et al. (1989) 343 ZLC 20X 1077 18.83 Eic apd Ruthven (1989)
400 CHTGY 29%107!' 450 Chiang et al. (1984) 300 BD/TST 7.8x10 13.4  Maginn et al. (1996)
323 SCM* 3.8x10°° 6.0  This work Stead SCM
323 SCM** 9x10-° : al. , ’*f‘lca y-state SCM.
49%10 8.1  Sun et al. (1996a) * Pransiont SCM.
Butane Note: CHTGY = chromatography; MBRN = membrane.
300 MD 32x107° 5.0  June et al. (1992)
300 MD 1.7X 10‘i Goodbody et al. (1991)
300 QENS  10x107 50  Jobic et al. (1992a) overall effective diffusivity, the steady-state SCM *
300 NMR  20x10™® 80 Datema et al. (1991) : d . hty’ . ,te J hni r?ultf are
3 ER 54x10~7 215  Van-Den-Begin ef al. (1989) in good agreement wit microscopic techniques for lower
297 MBRN 57x107% 19.6 Paravar and Hayhurst (1984) alkanes up to propane. The diffusivities are closer to results
300 BD/TST 12X mj 5.68 Maginn et al. (1996) by other macroscopic techniques for higher alkanes. The en-
ggg ggﬁ:* ;gx }8*" 5.8  This work tire diffusivity range displayed in Figure 8 is within the range
SX 9.9  Sunetal. (1996a) of accuracy of the steady-state SCM method.
1’3636“”; MR LOX10-¢ D L 991 The diffusivity data for methane to butane by transient
B atema et al. . 4 3
33 710 15x10-* 1924 Fic and Ruthven (1989) SCM.(Sun et al., 1996a) are .also shown in Figure 8. There
323 SCM* 1.0X10-7 51  This work are differences between transient and steady-state results. As

#*Steady-state SCM.

**Transient SCM.

Table continued

Note: CHTGY = chromatography; MBRN = membranc.

numerous unusual equilibrium behavior; solid phase transfor-
mations induced by loading of gas molecules (Van Kon-
ingsveld et al., 1989), steps on adsorption isotherms of aro-
matics (Talu et al., 1989), steps in binary adsorption isotherms
of aromatics at constant pressure (Li and Talu, 1993), recent
findings about the steps in hexane and heptane isotherms
elaborated earlier (Sun et al., 1996b), etc. A rational and con-
sistent explanation of wide discrepancies displayed in Figure
8 eludes us. In this respect, our frustration is similar to that
experienced by many other researchers before us.

Bearing in mind that this study reports directional diffusiv-
ities in the z-direction only and other data in Figure 8 are for
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stipulated in the original article, methane and ethane diffu-
sivities are too fast to be measured by the transient method
as their diffusional time constants approach the system time
lag. On the other hand, propane and butane deviate from
Henry’s law behavior, which renders the constant diffusivity
assumption in the transient analysis model somewhat ques-
tionable. The Fick’s second law of diffusion needs to be solved
with diffusivity as a function of coverage. This shortcoming of
transient measurements was a major motivating factor to de-
velop the steady-state SCM technique reported herein.

Comparison of directional diffusivities

The silicalite pore system is anisotropic as shown in Figure
1. The straight channels with 5.7X5.1-A cross section are
parallel to the y-direction. The zigzag channels in the x-y
plane of about 5.6-A diameter interconnect successive layers
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of straight channels. The critical diameter of n-alkanes is
smalier than both channel diameters but large enough to pre-
vent overlapping of molecules. The CH, groups can only
overlap in the intersections, which are irregularly shaped, with
about 10 A as the longest free distance. Although the chan-
nel diameters are close to each other and larger than the
critical diameter of alkanes, the anisotropy causes signifi-
cantly different diffusivities in different directions.

The differences in directional diffusivities are easily deter-
mined from computer simulations. The experimental tech-
nique used in this study clearly measures the directional dif-
fusivity in the z-direction. There are two other experimental
studies in the literature that report directional diffusivity.
Hong et al. (1991) were able to align zeolite crystals in capil-
lary tubes that were then loaded in the PFGNMR apparatus.
By directing the magnetic field parallel and perpendicular to
the capillaries, they were able to measure diffusivities in the
z-direction, D,, and in the x-y plane, Dxy. In another study,
Caro et al. (1993) were able to orient zeolite crystals in an
electrical field. After orientation, selective surfaces of the
crystals were coated with an impermable substance to pre-
vent the molecules from entering the pore system in that di-
rection. They measured the diffusivity by the traditional up-
take method in the z-direction and in the x — y plane using
coated crystals.

The directional diffusivity results by these techniques for
methane are listed in Table 5. The table also contains an
average diffusivity in the x — y plane and the ratio of that to
D,. Although there are differences reported by different re-
search groups, the differences are much smaller than discrep-
ancies displayed in Figure 8. Diffusion in the y-direction is
fastest due to the large straight channels, while diffusion in
the z-direction is slowest since the molecules have to travel
through straight and zigzag channels in sequence. The ratio
of D,, to D, varies between 4.5 and 8.1. A theoretical ap-
proach given by Kirger (1991) predicts the value of the ratio
as 5.0. The D, value listed in Table 5 in the present study at
4x107° c¢cm®/s is about twice that obtained from the
PFGNMR results and compares well with the BD/TST re-
sults by Maginn et al. (1996).

Most macroscopic measurements yield an overall effective
diffusivity, D. The effective diffusivity is not a simple average
of the directional diffusivities, as aspect ratio of the crystals
used in experiments has an important effect on the results.
Consider an uptake measurement where all surfaces of a sin-
gle crystal are exposed to the diffusant. The experiment basi-
cally measures weight increase transient caused by diffusion

in all directions into the crystal or the total flow rate into the
crystal. The flow rate through each surface, on the other hand,
is a multiplication of the flux with the cross-sectional area in
that direction. Therefore, the aspect ratio that determines the
relative magnitudes of cross-sectional areas plays an impor-
tant role in determining the value of the total flow. Pentasil
zeolites typically have aspect ratios of 1:1:3 in the x:y:z di-
rections. Therefore, the normal area to diffusion in the y-di-
rection (which is equal to that in the x-direction) is three
times larger than the normal area in the z-direction. From
Table 5, the Dy calculated in molecular simulations are 5 to
12.5 times larger than D,. Therefore, a rough estimate of the
relative contribution of D, to macroscopically measured
overall diffusivity is in the range 15 to 37.5 times that of D,.
When diffusion in the x-direction is also factored in the final
result, the z-direction contribution to the overall diffusion
measurements becomes even smaller. This was experimen-
tally shown by Caro et al. (1993), who measured the overall
diffusivity for methane in ZSM-5 as 4.5 10~ m%/s at 250 K
and the x — y component of diffusivities at 300 K as 7.2x10~°
m%/s. Considering the temperature difference, these values
indicate that the overall diffusivity is almost completely de-
termined by the x — y components.

Figure 9 shows our results (which are basically D,) in com-
parison to the literature diffusivity data from different sources
in the z-direction. The figure shows a much better agreement
between different data sets than that displayed in Figure 8.
One set of data in the figure originates from computer simu-
lations. The two experimental data points on the figure in
addition to our extensive set are for (1) methane by PFEGNMR
(Hong et al,, 1991) at 1.6x107° (300 K) compared to our
result of 4x107° ¢cm?/s (303 K), and (2) n-hexane by uptake
with coated crystals (Caro et al., 1993) at 8x10™% (298 K)
compared to our result of 4x10~% cm?/s (303 K). Consider-
ing the large differences in diffusivity values reported in the
literature, the agreement of z-direction diffusivities by the
steady-state SCM method reported in this study with micro-
scopic PFGNMR and macroscopic uptake measurements is
remarkable.

Effect of gas density correction on surface excess amount
adsorbed and diffusivity

The only experimentally measurable property depicting the
extent of adsorption is the surface excess amount adsorbed as
shown so eloquently by Sircar (1985, 1996). The surface ex-
cess amount adsorbed (commonly and erroneously referred
to in the literature as the amount adsorbed) was introduced

Table 5. Diffusivity in the z-Direction for Methane in Silicalite Reported in the Literature

Method Temp. K D, D, D, D, D,,/D, Reference
MD 400 27.0 31.6 6.3 29.3 4.65 June et al. (1990)
MD 298 36 14.9 12 9.25 7.71 Demontis et al. (1992)
MD 300 6.5 14 L5 10.3 6.87 Nicholas et al. (1993)
MD 298 13.4 238 3.0 18.6 6.2 Goodbody et al. (1991)
MD 298 4.4 133 1.1 8.85 8.1 Nowak et al. (1991)
MD 300 16 274 5.1 21.7 4.25 Maginn et al. (1993)
PFGNMR 298 1.6 72 45 Hong et al. (1991)
SCM* 303 5.2 This work
SCM** 303 0.82 Sun et al. (1996a)

Note: D, = (D, + D,)2; D =(D,+ D, + D,)/3; Multiplier = 10~> cm?¥s.
*Steady-state SCM.
**Transient SCM.
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Figure 9. Diffusivities of n-alkanes in the z-direction in
silicalite.

by J.W. Gibbs to make adsorption thermodynamics tractable.
It is a thermodynamic property accounting for the higher
density of a surface phase compared to the adjoining fluid
phase. Figure 10 shows density profiles near a flat surface
from a molecular simulation (Segura and Chapman, 1995).
The details of the simulation are immaterial for the present
purpose of explaining the surface excess amount adsorbed.
The surface excess amount adsorbed is defined as an integral
of the difference of actual density minus the fluid density
over the “interfacial region” regardless of whether the sur-
face is flat or the adsorption occurs in micropores

n = Arear [ (pueal2) = pys) d2. (16)

The integrand in Eq. 16 fluctuates between positive and neg-
ative values, as depicted in Figure 10. The integrand vanishes
at a distance sufficiently far away from the surface where the
actual density becomes equal to the fluid density. On the
other hand, this “sufficient” distance changes with conditions
extending further into the fluid phase as overall density in-
creases. The region where the solid influences the fluid-phase
properties is ill-defined. That was the reason for the intro-
duction of surface excess amount adsorbed by J. W. Gibbs.
The thermodynamic framework of adsorption equilibria is
based on the surface excess amount adsorbed, which circum-
vents the ill-defined problem. Location of the solid “wall” in
microporous solids is not as clear as shown in Figure 10. This
problem is experimentally circumvented by measuring the
“void space” where low-pressure helium molecules can pene-
trate. The solid volume is calculated by subtracting the void
space from the total volume. Helium is assumed to be “non-
adsorbing,” implying that helium density at low pressure in
the immediate vicinity of a solid equals its gas density.

In adsorption kinetics, the absolute concentration in the
micropores appears in the flux expression (see Eq. 7). From
thermodynamics, the absolute concentration comprises two
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Figure 10. Density profile close to the surface.
From Segura and Chapman, 1995.

parts corresponding to the surface excess amount adsorbed
and the fluid phase density as shown in Eq. 8. It is a common
and erroneous practice in the diffusion literature to neglect
the contribution by the fluid-phase density. The ratio of mi-
cropore diffusivity with and without the gas-phase density
correction would be infinity for helium since it is nonadsorb-
ing. In fact, neglecting the gas contribution results in a physi-
cally impossible picture if helium is the diffusant. Consider
an experiment where a zeolite membrane is exposed to a dif-
ferential helium pressure. If the gas contribution in Eq. 8 is
neglected, there would not be any flux going through that
membrane, since the surface excess amount adsorbed for he-
lium is zero by definition. In reality, helium would diffuse
(and quite rapidly) given the pressure differential.

Conclusions

A new experimental technique for measuring micropore
diffusivities based on direct measurement of steady-state flux
through a single zeolite crystal in a membrane arrangement
has been developed. The technique, named SCM, is the only
macroscopic method that measures directional diffusivity at
steady-state conditions in contrast to others that measure an
overall diffusivity from a transient response. The data analy-
sis is shown to be much simpler under steady-state condi-
tions. The slowest diffusivity that can be measured by SCM is
107! cm?/s and there is no upper limit. Therefore, the SCM
method covers the entire range of micropore diffusivities
overlapping the ranges of both microscopic and macroscopic
experiments.

The SCM technique is applied to n-alkanes from methane
to decane diffusing in silicalite. Adsorption and diffusion
behavior of the n-alkanes—silicalite system changes from rel-
atively homogeneous to heterogeneous and back to near ho-
mogeneous nature as the chain length increases from 1 to 10.
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Hexane and heptane show unusual hetergeneous behavior
and is attributed to structural heterogeneity caused by the
comparable lengths of molecules and pores.

The directional diffusivity results by SCM in the z-direc-
tion are in excellent agreement with the results of two other
experimental efforts devoted to measuring directional diffu-
sivity. 1t is clearly shown that the overall diffusivities mea-
sured by other techniques are not directly comparable to di-
rectional diffusivity. Directional diffusivity values reported
here can be instrumental in testing molecular simulations that
can differentiate between diffusivities in different directions.

By rigorous application of thermodynamics, it is shown that
the inclusion of gas-phase density with the surface excess
amount adsorbed is important in expressing the concentra-
tion in the micropores in the diffusion equations. This is es-
pecially true for nonadsorbing or weakly adsorbed species.
The relative contribution from the gas-phase term decreases
with increasing adsorption strength for higher hydrocarbons.

The SCM technique opens many new research avenues.
The wide range of applicability was the main motivation in
developing the technique. The range of SCM encompasses
the range of both microscopic techniques (PFGNMR and
QENS) and macroscopic techniques (uptake, FR, ZLC, etc.).
Similar to many researchers in the past, our data do not offer
a plausible explanation for the vast differences in diffusivity
values reported in the literature by different research groups.
More systematic experiments, possibly including multicompo-
nent systems, are necessary in order to resolve the well-docu-
mented problems in the diffusivity data.
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Notation

ay, ay, by, by,
¢y, ¢1,dy, dy = virial isotherm equation constants

d = capillary diameter, m
k = thermal conductivity, w/m/K
L = diffusion path length, m
N = amount adsorbed, mol/kg
P = pressure, torr

Q, = flow through the capillary tube, mol/s

Q,, = isosteric heat of adsorption, kJ/mol
t=time, s
R = gas constant
T = temperature, °C or K
= viscosity of gas, kgAm-s)
A = change in property

Subscripts

1,2 =inlet and exit, respectively
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