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Transient diffusion, sorption, and desorption experiments of cyclopropane in NaX zeolite at 1
bar in a flow microreactor reveal that the nature of the diluent gas used in the sorbate mixture
affects the kinetics of intracrystalline mass transport of cyclopropane in the zeolite. The rate of
intracrystalline mass transport and the equilibrium uptake are strongly dependent on temperature.
The outward mass transport of cyclopropane into 1 bar Ar gas is found to be an activated process
with an apparent activation energy of 7.4 kcal/mol. Rates of diffusion are affected by the gas phase
pressure. The enthalpy of sorption for cyclopropane at loadings approaching zero is found to be

—9.0 kcal/mol, and the entropy of sorption is —18.2 cal/mol-K.

INTRODUCTION

Transient methods in flow reactors have
been used mainly to study reactions on
Group VIII metal-supported catalysts
(I-7). These methods have proven useful
for the measurement of the reactivities and
in situ surface coverage of intermediates
(3-7). Transient responses controlied by the
dynamics of surface reactions in supported
metal systems (i.e., AlL,O;, SiO,) are ob-
tained by designing experiments so as to
minimize inter- and intraparticle mass trans-
port resistances. In metal zeolite systems,
however, effects depend on the intracrystal-
line diffusion of reactants and/or products
cannot be eliminated by reducing the crys-
tallite size (8).

The objective of the present work was to
study the diffusion and sorption processes
of cyclopropane (c-C;Hg) in NaX zeolite.
The sorption of c-C;H in a variety of diluent
gases has been probed. Desorption under
temperature-programmed (TPD) and iso-
thermal conditions has been carried out.
Diffusivities of c-C;H, have been measured.
The enthalpy and entropy of sorption of
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c-C;H, have been calculated based on ap-
propriate experimental conditions and use
of a Langmuir isotherm. The investigation
of transient responses plays an important
role in the present work.

The present studies are relevant to future
investigation of the cyclopropane/hydrogen
reaction in NaX zeolites containing a cata-
Iytically active metal (9). We have already
investigated the diffusion and sorption of
hydrogen in NaX at 1 bar (10). Specific re-
sults from that work showed that uptake
and diffusivity of molecular hydrogen were
markedly influenced by cation type in the
zeolite (10).

EXPERIMENTAL

Catalyst. Linde NaX and NaA zeolites
were purchased from Alfa Ventron Corp.,
Danvers, MA and used without further puri-
fication. The crystal size of both zeolites
was about 1.2 um as determined by scanning
electron microscopy. Dehydration and load-
ing of the zeolite into the reactor under inert
atmosphere were done by procedures pre-
viously described (10). Prior to transient dif-
fusion and sorption studies, the sample was
checked in situ for residual H,O by mass
spectrometry. The zeolite bed was sup-



TRANSIENT STUDIES OF CYCLOPROPANE IN NaX ZEOLITE 95

ported by fine stainless-steel screens and
glass wool.

Reactor-flow system. A once-through
stainless-steel microreactor (0.75 mL) was
used in this study. Response experiments
have shown that the reactor behaves as an
ideal mixed-flow reactor or continuously
stirred tank reactor (CSTR) (4, 5). The flow
system was the same as described earlier
(5). All the lines and valves after the reactor
(including the inlet capillary and ion source
of the mass spectrometer) were heated at
150°C to avoid possible adsorption of cyclo-
propane. The pure time delay (6 s at 30
mL/min)} of ¢-C;H, was obtained by mea-
suring the forcing function (5) by using a
bypass around the reactor. A data system
was used to subtract this time delay from
the time response of ¢-C;H, obtained after
the sorbate mixture was passed through the
reactor loaded with zeolite. Step changes
in the feed and temperature-programmed
desorption (TPD) experiments that were
used have been described previously ¢, 3,
10).

Mass spectrometry. The high-resolution
mass spectrometer (Nuclide 12-90-G), data
acquisition, calibration, and integration of
the mass spectrometer response have been
described (4). Cyclopropane, Ar, and H,O
were monitored at m/e = 42, 40, and 18,
respectively.

Gas mixtures. Transient sorption studies
at 1 bar total pressure were performed with
dilute mixtures of 0.5 mol% (3.8 Torr)
c-C;3H, in three different diluent gases: H,,
He and Ar. Various other ¢-C;H/H, mix-
tures in the range 2-300 Torr of c-C;H,
were also used in this work. Cyclopropane
was CP grade (Matheson Co.), and Ar,
He, and H, were zero grade (Aero All-Gas
Co). Less than 2 ppm of propylene was
measured by gas chromatography in the
0.5 mol% sorbate mixtures. Argon was
used as carrier gas in the temperature-
programmed desorption studies. Purifica-
tion of this gas has been described (5). The
flow rate of all gases used was 30 mL/min
(ambient).
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Fig. 1. Effect of diluent gas on the dimensionless
gas phase transient response (Z) of ¢-C;Hg in NaX.
Delivery sequence: Ar — c¢-C;H¢/diluent; T = 40°C;
diluent gas: H,, He, Ar. (a) 70 mg sample, (b) 18-mg
sample.

RESULTS

(A) Transient Diffusion and Sorption
of Cyclopropane

Transient sorption responses of c-C;Hg in
dehydrated NaX zeolite (70 mg) for three
different diluent gases (H,, He, and Ar) are
shown in Fig. 1a. The ordinate is labeled Z,
which repesents the concentration (mol%)
of c-C;Hg in the gas phase at some time ¢,
¥(1), divided by the gas phase concentration
of ¢-C;H; at equilibrium time, y., or

Z(0) = yOlya. (H

These data show that the gas phase concen-
tration of ¢-C;Hg rises faster (small sorption
rate) when Ar diluent gas is used instead of
H, or He. Results for the mixing curve of
CSTR microreactor and for Na A zeolite are
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FiG. 2. Dimensionless transient uptake, W, of c-C;Hg
in NaX based on results of Fig. 1, curve A.

given below for comparison and to compen-
sate the data for NaX.

Similar data for H, and Ar diluent gases
are given in Fig. 1b for an 18-mg sample.
The gas phase rate of concentration rise of
c-C;H; is again initially greater for Ar than
for H, . Both samples show equilibrium val-
ues (Z = 1) at long times, after about 45 min
for the sample of Fig. 1a (curve A) and after
about 10 min for the sample of Fig. 1b (curve
A). From the resuits of Fig. 1 the same equi-
librium uptake (1.4 mmol/g, Z = 1) is ob-
tained independent of the diluent gas used.

Data for the gas phase response of c-C;H
with H, diluent gas have been used to deter-
mine the amount of c-C;H¢ sorbed in the
NaX samples. The ratios of the amount
(mmol/g) of ¢c-C;H¢ sorbed at some time ¢,
[w(#)], divided by the amount sorbed at equi-
librium, [w()], as a function of normalized
time 7 for both samples of Fig. 1 are shown
in Fig. 2 for sorption of ¢-C;H¢ at 40°C;
T = (t/time to reach equilibrium). These
data show that at a given fractional time 7
the same fractional uptake W is obtained
regardless of the amount of sample used.

To probe the effect of diluent gas on the
transient responses of ¢c-C;H, in Fig. 1, the
experiments of Fig. 1b were repeated with
an 18-mg NaA (4A4) sample. The results ob-
tained given in Fig. 3 clearly show that the
transient response of ¢-C;Hg is independent
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Fic. 3. Effect of diluent gas on the dimensionless
gas phase transient response (Z) of ¢c-C;Hg in NaA.
Delivery sequence: Ar — ¢-CsHg/diluent; T = 40°C;
diluent gas: H,, Ar; 18 mg sample.

of the diluent gas used. In addition, there
is practically no uptake of c-C;Hy and the
curves A and B are the same as the mixing
curve of the CSTR microreactor (3, 5). This
behavior is discussed later.

The effect of flow rate on the sorption of
¢-C;Hg in H, diluent is shown in Fig. 4 for
flow rates varying from 0.34 to 0.75 cm?/s.
Equilibrium (Z = 1) is reached first for the
fastest flow rate, after about 6 min.

Transient sorption responses of ¢-C;Hg at
elevated temperatures like 120 and 160°C,
which have previously been used for cata-
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F1G. 4. Effect of flow rate ¢ (cm’/s) on the dimen-
sionless gas phase transient response (Z) of ¢-C3Hg in
NaX. Delivery sequence: Ar— c-C;H¢/H,. T = 40°C;
18 mg NaX. Curve A, 0.75 em¥/s; curve B, 0.50 cm?/s;
curve C, 0.34 cm®/s.
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Fi1c. 5. Effect of temperature on the dimensionless
gas phase transient response (Z) of ¢-C;Hg in NaX.
Delivery sequence: Ar — c¢-C;Hg/diluent, T; diluent
gas: H,, Ar; 18 mg NaX.

lytic reactions (9), are shown in Fig. 5 for
both Ar and H, diluent gases. A similar dilu-
ent gas effect occurs as observed in Fig. 1,
but the effect is less pronounced. In addi-
tion, equilibrium is reached more rapidly for
the 160°C experiments than for those done
at 120°C.

Experiments similar to those of Fig. 5
have been done for a range of temperatures
between 160 and 240°C for H, diluent gas as
shown in Fig. 6. There is a progressively
faster approach to equilibrium as the tem-
perature is increased. The mixing curve
(curve A) of Fig. 6 shows the response of
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Fi16. 6. Effect of temperature on the dimensionless
gas phase transient response (Z) of ¢-CyHg in NaX.
Delivery sequence: Ar — c¢-C;H/H,, T; 70 mg NaX.
Curve A is the mixing curve at 160°C of the CSTR
microreactor.
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FiG. 7. Equilibrium uptake of ¢-C;H, (wmol/g, mole-
cules/unit cell) vs temperature for NaX. Py, =38
Torr (0.5 mol%). :

the system to a nonsorbing gas when the
switch from He to 1% Ar/He is made
through the reactor loaded with NaX zeo-
lite.

Equilibrium uptake data of ¢-C;H, as a
function of temperature can be extracted
from Figs. 1, 5, and 6 and these are plotted
in Fig. 7. Note that the equilibrium uptake
of ¢-C;Hg is plotted on a log scale and that
this isobar is for a pressure of 3.8 Torr.

Figure 8 shows equilibrium uptake data at
40 and 100°C for ¢-C,H, pressures in the

25.0
—_ NaX
o)
D 200}
g 40°C
g 15.0
S 150f
g
<D
=
2 100}
=
=
o -}
7 sof 100°C
1 10 100 1000
P (Torr)

F16. 8. Equilibrium ¢-C;H, sorption isotherms at 40
and 100°C for NaX zeolite.
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F1G. 9. Analysis of c-C;H; equilibrium uptake data
of Fig. 8 based on Langmuir isotherm for sorption.

range 2-300 torr. The equilibrium data of
Fig. 8in the range 30-300 torr were analyzed
using the Langmuir isotherm. The appro-
priate equation (8) can be rearranged to give

Plq = 1/bq, + Plq,, 2

where ¢ is the c-C;Hg uptake (molecule/
u.c.), g, is the c-C;Hg uptake at saturation
(molecule/u.c.), b is the Langmuir equilib-
rium constant (Torr '), and P is the pressure
of ¢c-C,;H, (Torr). Figure 9 shows the results
obtained after using the data of Fig. 8 and
Eq. (2). A good fit to a Langmuir isotherm
is apparent from which are obtained ¢, =
23.9and 4.1 (molecule/u.c.) for the tempera-
tures of 40 and 100°C, respectively, and
b = 0.135 and 0.045 (Torr™") for the same
temperatures.

Thermodynamic data can be extracted
from the isobar of Fig. 7 based on a Lang-
muir isotherm for sorption. The appropriate
equation (8) can be rearranged to give

In(l/qg — 1/g) = In(1/byq,P) + AHY/RT,
(3)

where b, = exp(ASY/R), AS° is the entropy
of sorption (cal/mol-K), and AH" is the heat
of sorption (kcal/mol).

Figure 10 gives the results obtained after
using Eq. (3) and the data of Fig. 7 in the
range 100-240°C. A value of 23.9 (molecule/
u.c.) is used for g, as obtained from the
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Fi1c. 10. Determination of limiting values for enthalpy
(AH" and entropy (AS®) of sorption for c-C3H in NaX
at 3.8 Torr.

isotherm at 40°C in Fig. 8. The enthalpy of
sorption of ¢-C;H, (AH®) is found to be —9.0
kecal/mol, and the entropy of sorption (AS®)
is —18.2 cal/mol-K. Values of g, higher than
that used do not affect the results by more
than 10%.

The gas phase transients of Fig. 4 (curves
A, C) are compared to the gas phase tran-
sient response that would be observed if
an equilibrium between the gas and sorbed
phase of c-C;H; is assumed for the same
experimental conditions. The mathematical
treatment for obtaining this equilibrium gas
phase response is given in the Appendix.
Figure 11 gives the gas phase transient re-
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Fi1G. 11. Simulated gas phase dimensionless transient
response of ¢c-C;Hg for the case where equilibrium ac-
cording to the Langmuir isotherm between the gas and
sorbed phase of c-C;H; is assumed. For comparison,
experimental results from Fig. 4 are also given.
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Fig. 12. TPD experiments for measuring ¢-C;Hg
sorption in NaX. Experimental procedure: 3.8 Torr
¢-C;H(/H, (40°C, At, 6) — Ar (90 s), 40°C — TPD
(8 = 14°C/min); 70 mg NaX. Curve A: At = 5 min,
6; = 0.41 mmol/g; Curve B: At = 15 min, 6 = 1.06
mmol/g; Curve C: At = 45 min, 6; = 1.50 mmol/g. The
effect of 6, on the peak maximum temperature T, is
also shown.

sponses of ¢-C;H for two flow rates (curves
A and C of Fig. 4) and the simulated re-
sponse based on equilibrium conditions.
Here the results are plotted as Z vs v, where
v = gt. From these results it can be seen
that the lower the flow rate g the closer to
equilibrium the response is. Note that the
area between a given curve in Fig. 11 and
that of mixing curve (curve A, Fig. 6) pro-
vide the total amount sorbed. The equilib-
rium response in Fig. 11 provides 1.65
mmol/g compared to 1.4 mmol/g (Fig. 1).
This difference probably arises because the
Langmuir isotherm does not perfectly fit the
actual equilibrium data in the range of 0-
3.8 Torr of c-C,H, for the experiments of
Fig. 4.

(B) Transient Desorption Studies

Temperature-programmed  desorption
data for ¢-C;H, sorbed at 40°C and 3.8 Torr
for coverages ranging from 0.41 to 1.50
mmol/g are shown in Fig. 12. For the experi-
ment at the lowest coverage (Fig. 12, curve
A) the maximum temperature (7)) of the
TPD is 150°C, which is the highest 7, of all
the different coverages.

The kinetic parameters Dy and E associ-

ated with the diffusivity D (D = D,
exp(— E/RT)) can be obtained from results
similar to those of Fig. 12 in a manner pre-
viously described (10). For sorption at 40°C,
15 min, and 3.8 Torr of ¢c-C;H,, by varying
the heating rate 8 between 10 and 20°C/min,
values of E = 7.4 kcal/mol and Dy/r? = 2.2
s~ ! are obtained. Using r = 0.6 um, where
r is the radius of a spherical zeolite crystal,
values of Dy = 3.6 X 10~° cm?/s and D =
2.4 x 10~ ¥ cm?/s for T = 40°C are obtained.

TPD experiments similar to those of Fig.
12 were done at 70 Torr of ¢c-C;H, sorption
pressure after 5 and 45 min of sorption.
Transient gas phase concentrations of
c-C,H, at these higher partial pressures can-
not be measured during sorption since the
gas phase concentrations are out of the lin-
ear range of the mass spectrometer detector.
There is little difference in the amount of
c-C;H, sorbed for these two conditions, 1.45
mmol/g for 5 min and 1.61 mmol/g for 45
min. The T, for both experiments is also
found to be the same (125°C).

Isothermal desorption data in H, carrier
gas for NaX that had sorbed an equilibrium
amount of ¢c-C;H, from 3.8 Torr ¢-C;H, in
H, at 100, 120, and 160°C are given in Fig.
13. The mole percent of c-C;H at equilib-
riumis 0.5 and decreases exponentially with
time for each isothermal desorption. The
isothermal desorption of ¢c-C;H, at 100°C

1.0

0.81 NaX
W: 70 mg

0.61

0.4

02+
0.0

Cyclopropane (mole %)

0 2 4 6 8 10 12
TIME (min)

c-CHe/H, | —» H,

FiG. 13. Transient isothermal outward diffusion of
¢c-C;Hg into 1 bar H, gas. Delivery sequence: Ar —
¢-C;Hy/H, (T) until equilibrium is reached — H,; 70 mg
NaX; T = 100, 120, 160°C.
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occurs in 10 min, whereas at 160°C it occurs
in 3 min.

DISCUSSION

(A) Transient Diffusion and Sorption
of Cyclopropane

An effect of diluent gas on the rate of
diffusion of ¢-C;Hg in NaX is apparent. The
data of Figs. 1 and 5 show that the initial
sorption rate of ¢c-C,Hg is greater with the
diluents H, and He than with Ar. This is true
for a 70-mg NaX sample (Fig. 1a) and for an
18-mg NaX sample (Fig. 1b). The normal-
ized equilibrium uptake data for c-C;Hg
(Fig. 2) show similar results for both catalyst
beds.

These data suggest that heat and mass
transfer resistances outside the zeolite crys-
tallites have been minimized and that the
same sorption rates for both samples are
obtained. Therefore, the sorption and de-
sorption data presented here represent phe-
nomena related to the microstructure of the
zeolite.

The results of Fig. 3 with NaA help to
clarify the diluent gas effect observed in
Figs. 1 and 5. The NaA zeolite has about a
4.0-A apparent pore opening. The complete
exclusion of ¢c-C,;H, with a 4.2-A kinetic di-
ameter is, therefore, to be expected. Scan-
ning electron micrographs for the NaX and
NaA used (both 600 mesh) showed about
the same crystal size and intercrystalline
structure. In Fig. 3 the measured time to
obtain Z = 1.0 for the ¢c-C;Hj is fast (5 s for
completion) and unaffected by the nature of
diluent gas. It is also the same as the mixing
curve obtained for the replacement of one
of the diluent gases by another. In Fig. 1 the
time to reach Z = 1.0 does depend on the
nature of the diluent gas. It is clear, there-
fore, from the results of Fig. 3 that the tran-
sient mass transport of c-C;H into NaX is
controlled by intracrystalline diffusion pro-
cesses only.

The differences in diffusion and sorption
in the presence of different diluent gases
are difficult to quantify at this point. It is
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suggested that these differences are due to
collisional effects that influence the diffu-
sion mechanism of ¢-C;H, from one cavity
to the next one, rather than to a competition
for sites between the inert diluent gases and
¢-C;Hg. Tt is logical to think that the larger
size of Ar compared to H, or He would
impose a greater difficulty for c-C;Hg to pass
through the window between adjacent su-
percages (a cages) of NaX. Note that the
amount of Ar or He sorbed in NaA (3, 14)
at 40°C is at least 3 orders of magnitude
lower than the amount of c-C;H, sorbed as
found here (Fig. 1). Large differences in the
amount of Ar or He sorbed in NaX with
respect to NaA are not expected. The
amount of H, sorbed in NaX is also found
to be very small (2 umol/g) (10).

Further evidence for a diluent effect can
be found in the work of Karger et al. (15)
who have observed by NMR a decrease in
the self-diffusion of cyclohexene in NaX
when Ar was present in the zeolite cavities.

The effect of Ar diluent gas on the intra-
crystalline transient mass transport of
c-C;H diminishes with increasing sorption
temperature (Figs. 1, 5). This might be due
to an increase in the effective opening
through which c-C;H¢ passes toward the
sorption sites, with increasing temperature.
Thus, at temperatures like 160°C the rate of
diffusion of c-C;Hy is little influenced by
whether H,, He, or Ar diluent gas is present
inside the zeolite cavities.

The equilibrium data of Fig. 7 for NaX
suggest that the concentration of ¢-C;Hy in
the cavities may influence the selectivity of
reactions between c-C;Hg and H, . The num-
ber of molecules of ¢-C;H, per unit cell is
significantly decreased from about 20 at
room temperature to less than 1 at 220°C. A
similar behavior has also been obtained with
NaY and Ru/NaY catalysts (I/6). Even
though the ¢-C;H¢/H, reaction on Co/NaX
(9) and Ru/CaA (25) was suggested to be a
structure-sensitive reaction, care must be
given to decouple the effects of temperature
and particle size on the aforementioned re-
action with metal-loaded zeolite systems.
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Note that agglomeration of small cobalt par-
ticles (5 A) present in the cavities of NaX
readily occurs at temperatures higher than
150°C (9).

The thermodynamic parameters AH® and
AS® —9.0 kcal/mol and —18.2 cal/mol-K,
respectively of Fig. 10 for c-C;H, are in line
with published calorimetric data for propane
(11), a sorbate molecule similar to c-C;Hj.
1t should be noted that the good fit to the
Langmuir isotherm for the conditions of Fig.
10 should not imply that the sorbate layer of
¢-C,H, is immobile, or that the sites in NaX
are energetically homogeneous. Similar re-
sults to those of Fig. 10 have been reported
(8). Various other isotherms could be used
to fit the data of Figs. 7 and 8 (8). However,
the Langmuir isotherm provided reasonable
values for AH® and AS?, and a detailed in-
vestigation of the results of Figs. 7 and 8
was out of the scope of the present work.

The results of Figs. 11, 3, and 4 show that
the experiments conducted must corre-
spond to Kinetic effects of the intracrystal-
line mass transport of c-C,Hg in NaX and not
to equilibrium effects alone. The decrease of
the flow rate had the effect of bringing the
system closer to pseudoequilibrium during
the transient (Fig. 11). Therefore, in order
to obtain kinetic information about intra-
crystalline mass transport processes in zeo-
lites using flow reactors, the flow rate should
be kept high enough to assure the presence
of intracrystalline concentration gradients.
On the other hand, by keeping the flow rate
low enough so that the transients plotted as
in Fig. 11 are not a function of flow rate,
equilibrium information could be extracted.
Such information has recently been ob-
tained by Hathaway and Davis (26) using a
semi-batch flow system.

(B) Transient Desorption

The TPD data of Fig. 12 show that T, is
highest for the lowest coverage of ¢c-C;H,
and vice versa. This type of trend may be
indicative of a chemisorptive-like interac-
tion (I7) of ¢-C;H, which is believed to be
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due to interaction with the Na* cations of
the zeolite (I8, 19). This trend is opposite to
that found for encapsulation of H, in NaX
zeolite (10), where T, is highest for the high-
est coverage of H,, but similar to adsorption
of NH, and hydrocarbons in other zeolite
systems (20, 21).

For the highest coverage of c-C;H, in
these TPD experiments (Fig. 12, curve C)
there may also be effects that give rise to an
increase in the diffusivity of ¢-C;Hg as a
result of an increase in the ¢-C;H, concen-
tration inside the zeolite cavities. Such ef-
fects have been observed for the ¢-C;H,/5A
zeolite system (22).

The desorption experiment at 70 Torr
shows that saturation is rapidly reached
after about 5 min. This result indicates that
the diffusivity of c-C;Hg is affected by the
gas phase pressure, which agrees with Dark-
en’s relationship for diffusivity (8).

The isothermal desorption data of Fig. 13
are important, showing the diffusion effect
of ¢-C;H, leaving the NaX zeolite crystal; it
is more pronounced at lower temperatures.
For example, reaction of c-C;H and H, with
metal-loaded zeolites resulted in residual
carbonaceous species (23). Accurate esti-
mates of these carbonaceous species by H,
titration can only be obtained if the zeolite
system is first flushed with an inert gas for
a period of time consistent with the data of
Fig. 13, before a switch to H, is made.

The amounts of sorbed c¢-C,;H, deter-
mined from the desorption experiment of
Fig. 13 are in good agreement with the
amounts calculated from the sorption exper-
iments of Fig. 6. The shapes of these tran-
sient sorption and desorption curves are
markedly affected when Brensted sites are
more abundant than with NaX zeolite (24).

The isothermal transients of Figs. -6 and
13 can be used to calculate diffusivities, but
the time-varying boundary conditions re-
quire complete implemented analyses which
are the subject of a study in progress. It is
appropriate to note here that according to
the results of Fig. 3 intercrystalline diffusion
need not be accounted for.
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CONCLUSIONS

Cyclopropane strongly sorbs in the micro-
pores of NaX zeolite, presumably due to
some interaction with Na™* cations. The re-
sults suggest that the apparent diffusivity
of c-C;Hj is influenced by collisions with
diluent gases and by the partial pressure of
c-C;Hg. Diffusion of ¢c-C;H, out of the zeo-
lite in Ar flow is an activated process. Ther-
modynamic parameters have been deter-
mined according to a Langmuir isotherm
under appropriate experimental conditions.
Transient experiments reported here indi-
cate that c-C;H, does not react with NaX
zeolite, and, therefore, are representative of
mass transport processes occurring in the
microstructure of the zeolite.

APPENDIX

The appropriate material balance equa-
tion for the experiments of Fig. 4, in the case
where pseudoequilibrium is achieved, is

dc; dc

Q(Cf - C) = ViWZ di + Vg dr’ (4)
where g is the volume flow rate (cm®/s), C;
is the ¢-C;H, feed concentration (mol/cm?),
C is the c-C;Hg gas phase concentration
(mol/cm®), V;is the intracrystalline void vol-
ume of NaX zeolite (cm®/g), W, is the
amount of zeolite sample (g), C; is the ¢c-C;H
concentration in the zeolite cavities (mol/
cm’), V, is the gas phase volume of the
CSTR microreactor (cm?), and ¢is the exper-
imental time (s). If at any time ¢ during the
transient uptake experiments of Fig. 4 the
c-C;H¢ throughout the zeolite cavities (C))
is in equilibrium with the c-C;H, outside the
zeolite crystal (C) governed by a Langmuir
isotherm relationship,

G bCRT

C* ~ 1+ bCRT )
then Eq. (4) can be rearranged to give
dz 1-2Z
- = . (6)

dv V,W,CbRT . V)
(1 + bBRTC,Z ¢

EFSTATHIOU, SUIB, AND BENNETT

Here, C* is the c-C;Hg concentration inside
the zeolite cavities at saturation (mol/cm?),
Z = C/C;is a dimensionless concentration,
and v = g¢ is the independent variable.
Equation (6) can be solved exactly, and the
result obtained is shown in Fig. 11. The fol-
lowing experimental values have been used:
Vi = 0.204 (cm®/g), W, = 0.018 (g), C;* =
8.63 x 1073 (mol/cm?), b = 1.25 (Torr™Y),
T =313K, C = 1.95 x 1077 (mol/cm?),
Ve = 0.75 (cm?®). The values of b and C*
are based on the data at 2.0 and 3.8 Torr. In
addition, V; represents the void volume of
supercages (« cages) of NaX, where ¢-C;Hg
is most likely to be found.
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