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Mass transport of n-heptane, n-nonane, and n-dodecane in zeolite T was studied
using a gravimetric uptake technique. The sigmoidal shape of the uptake curves indi-
cated the existence of a nondiffusional resistance in the transport process. To compute
the transport parameters, an approach based on the temporal moments of the uptake
curves was developed. A model involving an external resistance dependent on the local
slope of the sorption isotherm best represented the data. No euvidence of the “‘window
effect” reported by Gorring was found. The measured diffusivities decrease with chain
length, while the activation energies remain essentially constant. Both resistances (diffu-
sional and nondiffusional) depend strongly on lattice loading, and their relative contri-
butions for the transport time change as saturation is approached.

Introduction

One of the most intriguing phenomena associated with
mass transport in zeolites is the “window effect” reported by
Gorring (1973) in a gravimetric study of diffusivity of linear
paraffins in zeolite T. Despite the attention and discussion
given to this effect in the literature (Froment and Bischoff,
1990; Wei, 1973), no work has been published confirming
Gorring’s data.

Here we report a study of the mass transport of some n-
paraffins in zeolite T using gravimetric sorption/desorption.
Investigation of the existence of the window effect was our
original goal. However, evidence of nondiffusional mass
transfer (surface barrier) prompted an unconventional analy-
sis of the experimental data. Before initiating the description
of our approach, we shall review briefly the published work
concerning the two phenomena: the window effect and sur-
face barriers.

Window effect

The diffusion coefficients measured by Gorring (shown in
Figure 1) demonstrate the existence of a minimum for the
diffusivity of n-octane, followed by a maximum for dodecane,
the difference between the two extrema being of two orders
of magnitude. In his explanation of this phenomenon, Gor-
ring first recognized that diffusion in zeolite T (an inter-
growth of offretite and erionite regions) is controlled by the
small channels in the erionite regions. After analysis of the
chain length of the paraffins and some geometric considera-
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tions, he concluded that molecules smaller than n-octane fit
entirely inside erionite’s cages. Inside the cage, the molecule
resides in a deep potential well (the narrow eight membered
rings—*“windows —that connect the cages give rise to a sig-
nificant repulsion to the chain movement). The ditfusivity de-
crease between C; and Cy was attributed to molecular weight
effects. Larger molecules, however, do not fit inside the cage,
and have to extend through the eight-membered rings.
Therefore, they are not “trapped” in the cage’s potential well,
and must have a larger diffusivity. The fraction of the molec-
ular length located outside the cage increases between Cq
and C,,. This would explain the diffusivity increase in this
interval. C,, extends entirely through a unit cell, between the
extremes of the eight-membered rings. One may then think
that dodecane corresponds to a critical point and molecular
weight and steric effects may take over for larger molecules.
Gorring also noted that the observed diffusivity dependence
on the chain length can be used to justify the unexpected
product distribution obtained from the catalytic cracking of
n-C,; over H-erionite reported by Chen and coworkers (Chen
et al., 1969).

Gorring’s results were later discussed by Ruckenstein and
Lee (1976). They summarized Gorring’s intricate considera-
tions in a more general, but still qualitative fashion. They
considered a molecule moving along a linear periodic poten-
tial (associated to the succession of channels and cages in a
zeolite pore). The period of this potential, L, coincides with
the period of the zeolite’s framework. A molecule with length
equal to L (or an integer multiple of L) will assume a poten-
tial that is independent of its position along the one-dimen-
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sional pore. Since there are no energetic barriers to over-
come, the diffusion process will show no activation energy.
This molecule would then exhibit the faster diffusion rate.
This would be the case of dodecane in the erionite system.
Smaller and longer molecules will be subject to energetic po-
tential barriers, and thus will have lower diffusivities. Ruck-
enstein and Lee termed this effect “resonant diffusion.”

More recently, a quantitative approach was developed by
Nitsche and Wei (1991). They described the diffusion of lin-
ear paraffins in erionite also as a one-dimensional process, in
which the molecule (modeled as a rigid rod) moves along a
periodic potential, which they have quantified by first specify-
ing the interactions between the molecule’s segments and the
zeolite’s framework. The energy barriers that the entire
molecule must overcome can then be computed. As in the
previous analysis, molecules with length multiple of the po-
tential’s period show zero activation energy. The authors in
addition have adopted a Brownian motion model to describe
the relationship between the diffusion coefficient and the pe-
riodic potential acting on the molecule. The results obtained
fit Gorring’s data relatively well.

It is intriguing that there are no reports of similar effects
occurring in other systems. One would expect that frame-
works characterized by periodic sequences of tight channels
and relatively wide cages (like chabazite or 5A) would satisfy
the conditions for the existence of such phenomena. The ex-
tensive work performed by Ruthven and coworkers on the
diffusion of linear paraffins in zeolites SA, silicalite and NaX
(Ruthven and Eic, 1988; Vavlitis et al., 1981) shows no evi-
dence of a window effect.

Surface barriers

Our sorption uptake curves show an unambiguous sig-
moidal shape. This is typically associated with nondiffusional
mass-transfer resistances. The hypothesis of surface barriers
affecting the mass transport in some zeolite systems has been
investigated to some extent in the last two decades.

Kondis and Dranoff (1971) obtained slightly sigmoidal up-
take curves for adsorption and desorption of ethane in 4A
zeolite. Billow and coworkers also reported sigmoidal uptake
curves for sorption of n-hexane in MgA (Biilow et al., 1980)
and n-decane in NaMgA (Biilow et al., 1982). These observa-
tions were attributed to a particle surface resistance. In par-
ticular, there is evidence that the development of this resist-
ance in zeolite A systems is related to the severity of the
hydrothermal pretreatment of the samples (Biilow et al., 1980,
1982, 1985; Kondis and Dranoff, 1971). It has been suggested
that this is due to an effect similar to the one observed in
zeolite HY (Breck, 1974a): Al is removed from the frame-
work by hydrolysis at high temperature, and, consequently,
the frameworks’ unit cell dimensions are reduced, giving rise
to narrower pore openings. Additional evidence relative to
the existence and nature of surface barriers in zeolite SA sys-
tems has been provided by NMR experiments (e.g., Karger et
al, 1981, 1987, 1988).

In addition to this framework-structure related resistance,
other possibilities have been discussed in the literature
(Biilow, 1991). We list here the hypotheses we find pertinent:

(i) Conformational barrier (Biilow et al., 1980). In order to
diffuse into the crystal, a molecule may have to undergo a

AIChE Journal

1070 7
1<
\
\
|
! P
11 i \
1011 | / \
d \
| /
—
\
) ! !
£ | F
\
s & ¢ , \
\ /
o b | \
\ i \
1072 4 \ 4 !
1 b /
3 / '
\ / \
\ / é
\ 0
\ /
Ny
o
10‘13 T T T T T T T T T T

1 3 5 7 9 11 13 15

carbon number

Figure 1. Diffusivities of n-paraffins in zeolite T at 300°C
reported by Gorring.

The carbon number refers to the number of carbon atoms in
the paraffin chain.

change in conformation. In the case of a linear paraffin dif-
fusing into a small channel system like 5A, the molecule must
pass from a coiled conformation (the more stable in the gas
phase) into a more elongated one, through rotations of the
chain segments. The activation step associated with this
transformation may induce an extracrystalline transport bar-
rier. Experimental evidence of this phenomenon is not con-
clusive.

(ii) Evaporation barrier (Barrer, 1987). During desorption,
molecules must acquire enough energy in order to escape the
interactions with the framework. If this desorption energy is
higher than the activation energy for intracrystalline diffu-
sion, an evaporation barrier is present at the crystal surface.
There is no experimental evidence of this effect (Kirger and
Ruthven, 1989).

(iii) Thermal barrier (Biillow and Struve, 1984). If the heat
of adsorption is not efficiently dissipated from the crystal in-
terface, the local temperature may increase, causing the sor-
bate concentration to decrease and thus delaying the adsorp-
tion uptake. It was shown that this effect is significant in the
adsorption of benzene by NaX zeolite.

(iv) Nonequilibrium barrier (Micke et al,, 1994). Adsorp-
tion at the surface may not be an instantaneous equilibrium
process. The particular kinetics of the process may give rise
to an apparent surface barrier. A model assuming Langmuir
kinetics at the crystal surface did fit the experimental results
well for the system p-ethyl-toluene-ZSM-5.

Theory
Mathematical model

The structural relationship between the synthetic zeolite
Linde T and the natural zeolites offretite and erionite was
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elucidated by Bennett and Gard (1967). They proposed that
zeolite T is a disordered intergrowth of erionite and offretite,
the latter being the predominant phase. The erionite regions
form thin layers within the offretite matrix. They may be
viewed as defects in the framework. Fault-free offretite is a
typical large-pore zeolite like Linde X or Y. Straight pores,
formed by circular 12-membered ring apertures [6.7 Ain di-
ameter (Meier and Olson, 1992], establish a favorable route
for diffusion of both linear and cyclical molecules. The erion-
ite intergrowths, as noted by Gorring (1973) and Chen (Chen,
1972), are bottlenecks in offretite’s large-pore framework.
Diffusion through the erlomte regions is possible only through
8-membered rings [3.6 X 5.1 A in diameter (Meier and Olson,
1992)] in a zig-zag path. Only linear paraffins are able to pass
through apertures with such small dimensions (Barrer and
Peterson, 1964; Xiao and Wei, 1992). This picture suggests
that intracrystalline transport of a linear paraffin in zeolite T
can be described by a simple two-resistances-in-series model
(Nitsche and Wei, 1991):

1 . 1=
e (j)en + ¢en ) (1)
Dz Deri Doff

One expects the erionite’s resistance term to be dominant.
The diffusivity of heptane in a 8-membered ring system (such
as zeolite 5A) is four orders of magnitude lower than in a
12-membered system (such as zeolite X) (Kérger and
Ruthven, 1992). The total volume fraction of erionite in the
crystal, &.,;, is typically quite small (2-5%) (Chen, 1972; Gor-
ring, 1973). This may affect the relative importance of the
erionite’s resistance term in Eq. 1.

We shall assume that the intracrystalline transport can be
described by the diffusion equation. The transport is charac-
terized by an effective diffusion coefficient, D,, describing
diffusion in the two constituent regions. The material balance
takes the form:

a%q(r,t) 2 ag(r,t) 3g(r,t)
z 2 +- = )
ar r ar at
with boundary conditions:
t=0=g(r,00=0 3)
ag(r,t)
r=0= =0 )
ar r=0
r=R=g(R,t)=KC(t), 5)
where g and C, are displacement variables:
glr,0)=q(r,t)—q(r,0) (6)

The effective diffusivity D, is assumed constant over the con-
centration range corresponding to each adsorption {(or de-
sorption) step. Furthermore, we shall assume that X, in Eq.
5, may be approximated by the local slope of the adsorption
isotherm:
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where 6, is the mean fractional occupancy for the corre-
sponding step:
1 my+m,
0,==— ()]
2 mmax

(from here on, the subscript will be omitted from 6,,). The
approximation in Eq. 8 is valid only if the step is sufficiently
small, enabling the assumption that the isotherm may be as-
sumed as linear over that concentration range. This can be
critical at intermediate occupancies, where the isotherm
shows the greatest curvature.

Our measured transient uptake curves show a distinct sig-
moidal shape. In order to account for this, two other features
were added to the model: external resistance to mass trans-
fer, and a nonideal step in the bulk-gas adsorbate concentra-
tion. The external resistance is considered in two alternative
formulations: (a) the resistance is located in the external
gas—phase; and (b) the resistance is located in the particle’s
surface. The resistance in (a) may be associated with a stag-
nant gas—phase film surrounding the particle or with an inef-
fective gas—phase mixing between the free stream and the
particle bed. The specific nature of these resistances will not
be detailed any further. It is assumed that they can be ex-
pressed in terms of mass-transfer coefficients (k, and k,, re-
spectively). The corresponding mass balances are

aglr,t) _ _
D,— rzR—kf[C,,(t)—C,-(t)] (10)
and
ag(r,t) B
3 =k,[3,(6)-g(R,1)], (11
ar r=R
where

The subscript i denotes concentration at the gas-phase/par-
ticle-surface interface. Notice that when considering case (b)
(Eq. 11), boundary condition S takes the form:

r=R=g(R,1)=KC,(t). 14

Finally, we allow the bulk gas phase concentration, C,, to
be time-dependent. This should account to such effects as
response time of the mass-flow controllers, mixing, axial dis-
persion, and parabolic velocity profile. This dependence is
probably sigmoidal in shape and can be approximated by the
following expression:

= 1
C,(t)=H(: —Tcl){l—exp[— — (-

Te2

ﬂrc,)] }AC,,. (15)
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The set of three equations that defines the problem (Egs. 2,
10, or 11, and 15) can be solved after transformation into the
Laplace domain. The intracrystalline mass balance becomes
(the ~ over the variables designates their Laplace trans-
form):

9%g(r,s) 2 44(r,s)
D = =5
, = +r o sg(r,s) (16)
ag(r,s)
r=0=2001 an
ar r=0

r=R=G(R,s)=KC(s) or G(R,s)=KC,(s). (18

The external resistance

24(r,s) L
P R (O BT ) (19)
ar r=R
or
aq(r,s)
D k- dRL Q)

And the gas—phase adsorbate concentration

- AC,exp(—1, )
Cb(s)—m. 21

Equation 16 is a modified spherical Bessel’s equation, whose
solution may be expressed in terms of hyperbolic functions
(Abramowitz and Stegun, 1965). The final expression of
g(r, 5) is lengthy and is not presented here.

The mean concentration inside the particle, Q(¢), can be
obtained from the concentration profile §(r,?) using the fol-
lowing relationship:

4 d0(s) ag(r,t)
— 7R3 v _ xr2D, 4 , (22)
3 dt r=R
or, in the Laplace domain:
. 13  4g(r,s)
=——D — 23
Qls) s R % dr r=r (23

The resulting expression is, in terms of fractional uptake, f(¢)
=(m— mg)Am, — my)=QAKAC,):

Jexp(—1,s)

where 74 is the time constant for intracrystalline diffusion:

R2
Taits = D (25

2
Bi,, is the Biot number for mass transfer. This is defined as

n D K

z

Bi

(26)

when the external mass-transfer resistance is associated with
a gas—phase resistance (Eq. 10); or as

Bi kR 27)
L = Dz (

when the resistance is at the particle’s external surface (Eg.
11). Bi,, is related to the ratio between the intracrystalline
diffusion and external resistance time constants.

Analytical solutions in the time domain were obtained by
Crank for the separate problems of intracrystalline diffusion
with time-dependent bulk gas phase concentration and in-
tracrystalline diffusion with external gas—film resistance
(Crank, 1975).

Fractional uptake vs. time solutions can be obtained by nu-
merically inverting Eq. 24 into the time domain. IMSL rou-
tine INLAP was used for this purpose. Some uptake curves
are shown in Figure 2. Curve (1), obtained for Bi,, — =, cor-
responds to intracrystalline diffusion control. In this case, the
first portion of the curve, for small times, is linear with 2.
From the corresponding slope one can compute directly the
diffusion coefficient, D,, (Crank, 1975). This fact (usually re-
ferred to as “vr law”) is the basis for the traditional treat-
ment of transient uptake experiments. This does not hold,
however, when a significant external resistance or nonideal
gas—bulk concentration step is present, since the uptake
curves become increasingly sigmoidal in shape as the Biot
number decreases, or as 7.; and 7., increase.

It is also interesting to analyze the limiting case of external
resistance control (D, —«). The only necessary material bal-
ance is (for gas—phase resistance)

g 3k;,_ . 3k;(q 7
—=—2(C,-C)=H|=-= 28
—~ & (&—C) ( ) (28)

This can be solved, in terms of the fractional uptake, f, to
yield

3k
In(1—f)=— EI—Q. (29)

fl9)= N
(155 + D sy/s7y {[coth(\/sﬂrdiff )= (Vomanr ) l] L
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Figure 2. Uptake curves obtained by numerical inver-
sion of Eq. 24.

The numbers on the curves correspond to the following pa-
rameters: (1) Bi,, =, 7.y /1qis = 0, 7.0/70i50 = 0; (2) Bi,, =1,
Ter/Tgiee = Os Teo/maiey = 05 (3) Biy, = 1, 71 /fraier = 0.3, 7o/rgige =
0.3; () Biy, = 0.1, 7.1 /ries = 05 o 2/Tgier = 0.

When the resistance is at the surface of the crystal we would
have

3k,
~t. (30)

In(1-f)=— R

This scenario is a particular case of the complete model, since,
when D, » =, Eq. 24 becomes the Laplace transform of Eq.
28 (or 29, depending on the definition of Bi,,). Both Egs. 29
and 30 show a linear time-dependence of In(1— f). This re-
sult is commonly described as the criterion for identifying an
external gas film or surface resistance control (Kirger and
Ruthven, 1992a; Riekert, 1989). However, this is not always
an indication that external transport is the dominant resist-
ance in the mass-transfer process. To show this, plots of log(1
— f) vs. time are shown on Figure 3, for different values of
Bi,,. Curves (3) and (4) are both essentially linear. However,
curve (3), with Bi,, =1, does not yet correspond to pure ex-
ternal resistance control. This can be seen by comparing curve
(3) to the plot of Eq. 28 or 29-—dashed line on Figure
3—using the relationship

L B

RK

m

3D

Tditf R Tdift

The two plots do not coincide. Only for a smaller value of
Bi,, (curve (4)) do both models coincide.
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When the transport process is diffusion-controlled (curve
(1) in Figure 3), the long-time portion of the curve may be
approximated by Karger and Ruthven (1992b).

2
D,

RZ

6
In(1 —f)=ln(—2) -t (32)
™

Thus, D, can be estimated from the slope of the linear re-
gion of the curve (dotted—dashed line in Figure 3).

Temporal moments

The use of the statistical moments obtained from the tran-
sient uptake data in the analysis of transport properties was
first suggested by Kocirik and Zikanova (Kocirik and
Zikénova, 1970, 1974). Their objective was to study the indi-
vidual contributions to the transport process of the macro-
and microporous regions in a bidisperse material. Dubinin
and coworkers (Dubinin et al., 1975) developed the method
further, for biporous adsorbents. Karger and coworkers
(Karger et al., 1982) suggested using the temporal moments
for samples of varying particle radius to identify the limiting
process in the sorption kinetics.

The moments are computed in relation to the first time

1-f

01 +—rr Y e
0O 005 01 0.15 02 025 03
t Ty

Figure 3. Uptake curves obtained by numerical inver-
sion of Eq. 24.

7.1 = 1,2 = 0 for all curves. The numbers on the curves corre-
spond to the following values of Bi,,: (1) Bi,, —»=; (2) Bi,, =
10; (3) Bi,,=1; (4) Bi,, = 0.1. The dashed lines are plots of
In(1~ f)= —3t (Bi,, /ryir) for the conditions of curves (3)
and (4). The dashed-dotted line is the plot of Eq. 32 for the
conditions of curve (1).
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derivative of the fractional uptake, f(¢). An analytical expres-
sion for the kth moment can be obtained from the Laplace
transform f(s) (see Eq. 24):

= df d [ (df
_ k7 —(— k 5. o “
Mk—fot —-dt=(=1) Sl:n})dsk(L{dt>)

=(-1"lim ik—(sf(s)). (33)
s—0 dSk

This way, the following expressions can be derived for the
first and second moments:

Tdisf Tait
M1=(Tcl+7c2)+_1?+ 3Bi

(34)

m

M, 2 Tc22 Tdifs Tyitf
N (Tcl T T2t N + Taer (T + 71) T + 3B

m

2
+ —
45Bi,, 9Bi2

(35)

, [ 2
+ Tdige 315 +

Equation 34, with (r.; +7,,) =0, is equivalent to the expres-
sion derived by Kérger for the mean intracrystalline life time
in a NMR tracer desorption experiment (Kirger, 1982).

In order to compute the moments from experimental data,
one does not have to evaluate the time derivatives, since it
can be shown that

M, = kfowt"‘l[l— F(Oldt. (36)

Note that the first moment is simply the area under the 1—
f(8) curve.

Parameter fitting in the Fourier domain

The initial estimates of the model’s parameters (74, Bi,,,,
T, T,,) Obtained from the experimental moments can, in
principle, be improved using the Fourier domain-fitting tech-
nique. This technique has been applied successfully to the
estimation of diffusion coefficients in a two-parameter model
of chromatographic column with a polymer-coated capillary
(Arnould and Laurence, 1989). The Fourier transform of the
model can be obtained from Eq. 24 since

R 1 . ikt 1
gk)= Zfo g(t)exp| - o dt = Zg(s)
ik
with s= t—, 37
where:
g()=1-f(t) and §(s)=L{g(1)}

1 .
= (;—'f(s)). (38)
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The Fourier transform of the experimental uptake curve
(more precisely, of 1— f(¢)) is first computed, and then the
difference between this and the theoretical transform mini-
mized. This optimization is based on a least-squares crite-
rion, since, according to Parseval’s theorem, this criterion is
equivalent in the time and Fourier domains. The objective
function is then

Fobj = '/;x{[Reexp( (1)) - Relheo( w)]2

+[Imexp(w)—Imlhco(w)]z}dw, (39)

where Re(w) and Im(w) are, respectively, the real and imagi-
nary parts of the experimental or theoretical transforms. The
parameter values computed from the statistical moments
should be used as initial estimates. A modified Levenberg-
Marquardt algorithm (IMSL routine BCLSF) was used for
the fitting.

This problem shows, however, some particular features that
seriously restrict the applicability of the technique. This is
exemplified in Figure 4. A “true solution” corresponding to
Tg = 100, Bi,, =1, and 7., = 7, = 0 was assumed. The objec-
tive function, F,,, was then mapped for different values of
the optimization parameters 74 and Bi, (v, and 7,, were
kept constant to simplify the analysis). F,; is zero for the
true solution and greater than zero elsewhere. In an ideal
problem, the optimization surface would be a sharply defined
well converging to the true solution (the absolute minimum).
Figure 4 indicates that our problem is far from ideal. The
response surface forms a “canyon.” Its floor is relatively wide
and has a very flat gradient toward the true solution. The

- 130
l:&:lbj
i |
S, 0
s [{/ | - 10
1077 100
1000
Taiff

Figure 4. Optimization surface for the “true solution”:
T4 =100S8, Bi, =1,and 7,,=7.,=0s.

Curve on the upper graph is defined by Eq. 34 with M; = 40
sand 7, =71,=0s5s.
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consequences are obvious: noisy experimental data cause the
floor of the canyon to be unavoidably uneven, creating local
minima. Finding the “true solution” becomes practically im-
possible. More optimization parameters make the task even
more difficult.

The canyon’s base, projected on the 74— Bi,, plane, ap-
pears to follow Eq. 34 with M, equal to the first moment of
the true solution (40 s) (see curve on the upper graph of Fig-
ure 4). An infinite set of values of 74 and Bi,,, correlated
by Eq. 34, generate uptake curves with the same first mo-
ment and an almost identical image in the Fourier domain as
the true solution.

The difficulties predicted by these observations were con-
firmed when working with experimental data. Depending on
the initial estimates, numerous sets of parameters can be ob-
tained from the fitting of a single uptake curve, and it was
impossible to identify the true optimum solution. Parameter
estimation in the Fourier domain is therefore essentially use-
less in the analysis of this problem.

Experimental Studies

Material

The zeolite T samples used in this work were prepared by
A. W. Peters at W. R. Grace. The final composition was simi-
lar to Gorring’s: alumina 16.0%, silica 70.5%, potassium
13.3%, sodium 0.2%.

Electron micrographs revealed that the zeolite particles had
an ellipsoidal shape (about 1.6 um in length and 0.8 um in
width). An average equivalent sphere diameter of 1.13 um
was assumed.

Prior to use, the samples were calcined in air at 450°C for
24 h and outgassed at 400°C and 107> torr for 12 h. Heating
rates were kept low to avoid possible thermal stress effects
on the framework.

Apparatus

The experimental setup is shown in Figure 5. A Cahn 2000
electrobalance was used for the weight measurements. The
sample (20 to 30 mg) was placed in an aluminum weighing
pan ( ~ 1 cm in diameter) inside a vertical glass column ( ~ 2.1
cm in diameter). Helium (the carrier gas) was introduced from
below. The glass column was wrapped in heating tape and
insulated. A Eurotherm temperature controller, connected to
a thermocouple located immediately below the sample pan,
regulated the temperature within 1°C. To guarantee satura-
tion, two bubblers in series were used to introduce the ad-
sorbate. Molecular sieve was used to adsorb water eventually
dissolved in the liquid. A Haake thermal bath circulated
heating /cooling fluid through the bubblers’ external jackets.
The stream of helium plus adsorbate coming from the bub-
blers was then diluted with a stream of pure helium. The
flow rates of both streams were regulated by two Tylan
mass-flow controllers. Setting the temperature in the bub-
blers and the ratio between the two gas streams’ flow rates
allowed control of the adsorbate concentration in the gas over
the sample. To guarantee saturation of the bubblers stream,
this flow rate was never greater than to 20 cm’/min. The to-
tal gas flow rate going through the sample was always 100
cm’/min.
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Figure 5. Experimental apparatus.

B—jacketed sorbate bubblers; F—filter; FC1, FC2-—mass-
flow controllers; GB—microgravimetric balance; GF—glass
frit; H1, H2—heated regions; GP—gas purifier; T1, T2, T3,
T4— thermocouples; TB-—thermostatic bath; TC1,
TC2-—temperature controllers; S—sample pan.

Data acquisition was performed with an Azonix pMac 1050
unit connected to a Macintosh SE computer. Besides the
transient weight measurements, the output and setpoints of
the mass-flow controllers were also monitored.

Results and Discussion
n-Heptane

Isotherms. The sorption isotherms were obtained gravi-
metrically at three different temperatures (200, 250 and
300°C). These are shown in Figure 6. Since an explicit mathe-
matical expression of the local slope of the isotherm, K, is
necessary in the analysis of the transient uptake data, we tried
to fit the data with simple equations for the isotherms. The
best results were obtained by adding an interaction factor, 3,
to the Langmuir isotherm (Barrer, 1971):

fe P?
Ta(l—6)

p (40)

The parameter 8 can be interpreted as an interaction param-
eter: B> 0 implies repulsion between adsorbed molecuies
and B <0 attraction. Equation 40 becomes the Langmuir
isotherm when B = 0. We are not, however, concerned with a
detailed analysis of the physical significance or accuracy of
this model. As mentioned before, our only purpose is to ob-
tain a simple analytical expression for K. This has the form:
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Figure 6. Isotherms for n-heptane sorption.

The curves correspond to the fits of Eq. 40 to the experi-
mental data.

d(q.,) R,Td,m,,, \ df
K(6) Gea’ | o ZeZelima | 27
d(cb,eq) Mwmsample dp
[ RyTd.m ey a(1-0) @
M, Mg | €1+ BO— BO?)

A value of d, (the framework density) = 1.50 g/cm* for zeo-
lite T was obtained from Breck (1974b).

The values computed for parameters o and B are shown
in Table 1.

Transient Mass Transfer. Each adsorption (or desorption)
step was assumed isothermal, given the use of helium as car-
rier gas and the small amounts of sample employed. Further-
more, no significant change in the uptake data was detected
by changing sample size.

One important aspect in these experiments is the size of
the change in concentration, the step size. The change in ad-
sotbate loading in each adsorption or desorption step should
be small enough to guarantee the validity of the assumptions
of constant local diffusivity and local isotherm linearity. If the
step is too small, though, the baseline noise may affect the
measurements. One can usually find the correct operation
conditions by successively decreasing the step size until the
uptake curves become essentially invariant. Also, agreement

Table 1. Parameters « and 8 Obtained from Fitting Eq. 40
to Experimental Sorption Isotherms of n-Heptane

Temp. @
°C (N/mZ)v 1 ﬁ
200 1.82 7.52
250 3.41x107?2 3.16
300 3.89x1073 1.46
AIChE Journal

between adsorption and desorption curves can be used as a
criterion. Garg and Ruthven (1972) have shown that, in a sys-
tem where intracrystalline diffusion is concentration-depend-
ent, adsorption and desorption curves will show an apparent
diffusion coefficient higher than the true value. The discrep-
ancy is stronger for the adsorption curves, and increases dras-
tically with increasing step size. The magnitude of this effect
should depend on the particular type of the isotherm. In gen-
eral, we found that consistency between adsorption and de-
sorption curves could be obtained with step changes in the
sorbed amount not greater than about 8% of the maximum
loading.

A mass spectrometry analysis of the effluent during de-
sorption showed no evidence of hydrocarbon cracking at the
higher temperatures. The good reproducibility of the mea-
surements and visual inspection of the samples after use indi-
cated that coking was not significant.

The analysis of the transient data was based on the tempo-
ral moments of the uptake curves. The first moment was
computed, as described previously (Eq. 33), for different oc-
cupancy levels. The results were fit to the theoretical model
(Eq. 34) assuming four possible cases:

Model (I). The intracrystalline diffusivity, D,, is concen-
tration-dependent. The relationship between D, and 6 (the
mean occupancy for each adsorption, or desorption, step) is
obtained from the Darken equation:

dln(p)
DA8) = Doy qrs -

(42)
This equation has been widely used to describe the concen-
tration dependence of the diffusivity measured in different
zeolite systems (Ruthven and Loughlin, 1971a,b; Ruthven et
al., 1973; Vavlitis et al., 1981). D,, is commonly designated as
the “corrected diffusivity” (generally identified with the self-
diffusivity) and its weak concentration-dependence may be
neglected in this kind of measurement (Ruthven, 1984).

The derivative in Eq. 42 is obtained from the adsorption
isotherm. Thus, from Eq. 40 we have:

1
D,=D,\—— +po8). 43)
z zO( 1— 0 ﬁ ) (
In addition, gas—phase mass-transfer resistance is as-
sumed, and consequently K(8) must be evaluated from Eq.
41.
After substitution, Eq. 34 becomes

1R
M=(r +1)+ —=————+-—K(6). (44)
3%

The fitting parameters in the model are D,, and k. (1., +7,,)
is estimated by direct extrapolation from the experimental
data for 6 — 1.

Model (II). D, is again concentration-dependent, but now
the more simple relationship is assumed:
1
DZ = DZO ITH . (45)
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This result can be obtained from Eq. 42 in the case of an
ideal Langmuir isotherm ( 8 = 0). Even though the isotherms
described in this work are not ideal, it is important to test the
relationship of Eq. 45, since this is actually the form of the
dependence commonly described in the literature.

In relation to the external mass-transfer resistance, the as-
sumptions are the same as in model (I). The final expression
for M, is then

2

M ) L R a-6) 1 RK(O) (46)
= Dt —=——=0)+=— .
1= ) g D, 3 k;

Once again, the fitting parameters are D, and k;. (1, +7,,)
is estimated by direct extrapolation from the experimental
data for 6 — 1.

Model (I11). D, is not concentration-dependent. The vari-
ation of M, with occupancy is given only by the external
gas—film resistance term:

M=Ct 1 XK (o) 47
= + - —
: 3k,

where

C=( ) LR
— + ) .+.__.._..
Tt T2 T 5

z

C and k; are the fitting parameters.

Model (IV). D, is concentration-dependent, according to
Eq. 43. The external resistance is now assumed to be at the
particle surface, and is represented by k, (invariant with
loading). The corresponding term is therefore independent
of 6:

1 R? 1
"o, 1
zl) + 6
1—-6 B

M, =C (48)

where

C=( ) R
= + + = .
Tel Te2 3 kx

C and D, are the parameters to estimate. Note that k is, so
far, assumed as concentration-independent. The validity of
this hypothesis will be discussed later.

Model (V). D, is concentration-dependent, according to
Eq. 43. The external resistance is associated to nonequilib-
rium sorption conditions at the surface. Micke and coworkers
(Micke et al., 1994) used Langmuir kinetics to model this
phenomenon. Their model leads to a pseudo surface barrier
at the particle surface, with & being concentration-depend-
ent:

Then M, is given by

R? 1 1 R
M =(r +71,)+ o, 1 +3 P
T80 k———t
1-6 a(l—9)

kq

(50)

The fitting parameters are D, , k,, and k.

One critical assumption is present in all these formula-
tions. As discussed earlier, intracrystalline mass transport
should be controlled by the erionite regions. Thus, the con-
centration dependence of D, should be established in terms
of the occupancy in these regions. However, only the total
occupancy # is known. We have, therefore, to assume uni-
form coverage of the entire framework for each step. The
consequences of this assumption will be discussed later.

Experimental values of M, as a function of (1—- 6) are
plotted in Figures 7 to 9 for adsorption and desorption steps
of heptane at 200, 250 and 300°C. The “best fits” of the mod-
els previously described are also shown [model (IV) is shown
only in Figure 8). A least-squares criterion was employed for
these evaluations. We first note that the moments computed
from adsorption and desorption steps are in good agreement.
This was also confirmed by comparing the shape of the ad-
sorption and desorption curves. Since we expect the moments
computed from desorption steps to be closer to the “true”
value, only these were used for the parameter estimation.

It was assumed that (7, +7,,) =10 s. This value was ob-
tained from rough extrapolation of the data points at all tem-
peratures for 8 — 1 (the point at which the time constants for
the other processes should vanish). The contribution of the
nonideal gas—phase concentration step to the dynamics of the

5000
= adsorption
4000 + —o— desorption
3000+
. ]
s |
2000 +
10001
(Lv) ()
0t
O 02 04 06 08/ 1

9 (n

Figure 7. First moment data computed from heptane

B
ko=k,p+k,—k, be™ k,. (49) adsorption and desorption at 200°C.
al(l— 0) The roman numeral on each line designates the model.
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Figure 8. First moment data computed from heptane
adsorption and desorption at 250°C.
The roman numeral on each line designates the model.

global transport process can then be assumed insignificant.
This was also verified by observing that no significant change
in the uptake curves occurred when the measurements were
performed at different carrier gas-flow rates.

It is immediately clear that only models (I) and (II) fit the
data properly over the entire range of occupancies and tem-
peratures. Model (V) fits the data only at the lower tempera-

= adsorption
~o— desorption
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o
E

(V)
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04 06 08 | 1
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Figure 9. First moment data computed from heptane
adsorption and desorption at 300°C.
The roman numeral on each line designates the model.
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Table 2. Parameters D, and k; Obtained from Fitting
Models (I) and (I} to Experimental Values of M, for Hep-

tane
Model (I) Model (IT)
Temp. D, kg D,, kg
°C cm?/s cm/s cm?/s cm/s
200 141x1071%  441x107* 3.82x10°" 4.40x10°¢
250 441x1071% 109x1073 754x10°1 946x107¢
300 171x10777 130x107°  275x107'%  1.12x107?

ture (200°C). The values of the parameters D, and k corre-
sponding to the fits of models (I) and (II) are shown in Table
2.

The values obtained for D,, and &, were then used in Eq.
35 to compute the second moment. The results were then
compared to the experimental values of M, (see Figures 10
and 11). The agreement is quite good, considering the ex-
pected larger error in the computation of M, from experi-
mental data. Once again, only models (I) and (II) seem to
describe the trend of the experimental data for all . Model
(ID) actually seems to give the best fits. Model {(III) does not
even reproduce the trend of the experimental data. Model
(V) does not give satisfactory results at the two higher tem-
peratures.

We can now attempt to estimate the activation energies
corresponding to the intracrystalline and external resistance
coefficients, even though we are aware of the limited preci-
sion involved in a computation based on only three tempera-
tures. The corresponding Arrhenius plots are shown in Fig-
ures 12 and 13. Gorring’s plot for r-heptane is also shown in
Figure 12. His diffusivities are about one order of magnitude
lower than the values reported here. The activation energies

108
107+
%
10% |
Z 408 1
s
R
10 El o experimental A
model If d\
" medat(ih ‘
3 made
107+ model (V) A
i
102 e -
0 02 04 06 08 1
8

Figure 10. Second moment data computed from hep-
tane desorption at 200°C.

The values from the models were computed using the pa-
rameters determined from the fittings of the first moment.
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Figure 11. Second moment data computed from hep-
tane desorption at 250°C.

The values from the models were computed using the pa-
rameters determined from the fittings of the first moment.

obtained from the estimates of models (1) and (1I) (see Table
3) are 11% and 30%, respectively, lower than Gorring’s.
Analysis of the individual contributions of the intracrys-
talline diffusion and external gas—film resistance terms to the
first moment is shown in Figure 14, for model (I) [similar

10"

> ocet {ih

102
@
e
L
DN

10-13_

Gorring .
10" ettt }

0.0017 0.0018 0.0019 0.002 0.0021 0.0022

1T (K

Figure 12. Arrhenius plots for diffusion coefficients of
n-heptane obtained from models (1) and (l1).
Gorring’s result is also shown.
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Figure 13. Arrhenius plots for external mass-transfer
resistance coefficients of n-heptane ob-
tained from models (1) and (Il).

results can be obtained for model (IT)]. At low occupancies,
both terms are large, but the external resistance is the most
important. As occupany increases, both terms decrease. The
external resistance term, however, decreases more sharply,
due to the strong dependence of K(8) on concentration. The
diffusion term does not decrease as rapidly, and becomes the
major contribution to M, at high 6. An alternative way to
perform this analysis is by computing Bi,, as a function of
occupancy (Eq. 26) using the assumptions and estimated pa-
rameters of model (I). An example is shown in Figure 15. At
low occupancies, Bi,, is quite low, reflecting the importance
of the external resistance’s contribution. As @ increases, Bi,,
increases rapidly, and the intracrystalline diffusion becomes
the controlling process.

In order to see how well the model can reproduce the up-
take curves in the entire range of occupancies, values of 7y,
and Bi,, computed from the moments were used as initial
guesses in the Fourier domain fitting of the uptake curves. A
few examples of the resulting optimized curves are shown in
Figure 16 as f vs. V¢, and in Figure 17 as log (1— f) vs. t. As
discussed earlier in this work, the optimized values of the
parameters cannot be trusted as “best” solutions, since the

Table 3. Activation Energies, E,, and Preexponential Fac-
tors, 4, for D, and k, Computed from Models (I) and (II)
and from Gorring’s Results (Gorring, 1973)

D,, kf
E, A E, A
kJ/mol cm¥ss kJ/mol cm/s
Model (I) 56.3 203x1077 24.7 2.56x1071
Model (II) 443 2.58x1078 21.3 1.07x 107!
Gorring 63.6 1.20x 1077
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resistance terms to the first moment com-
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Figure 16. Experimental desorption curves for heptane

at 250°C, compared to theoretical curves ob-
tained from Fourier domain fitting.

mized paramecters: (1) 6 = 0.04, 40 =9.21x10% Bi, =

o ] . 1.22;(2) 8 = 0.29, 74 = 2.28 X 103, Bi,, = 2.76; (3) 6 = 0.49,

fitting procedure is strongly affected by local minima. The Tar = 1.88X 103, Bi,, = 18.9; (4) 8 = 0.69, 74, = 7.53x 10,
only purpose of the results shown is to prove that the model Bip, = 54.7.
can reproduce the experimental uptake data. Note that the

optimized parameters follow the same trend as previously

discussed: low Bi,, at low 8, much higher Bi,, at higher occu-
pancies.

The numbers on the curves designate the following opti-

involving the gas—phase resistance formulation (models (I) or
So far in the present discussion, we have found that the

(ID). However, an inconsistency can be seen in the computed
values of kf, the gas—film mass-transfer coefficient. Indeed,
. . from Table 2, k, is around 1073 cm/s. This value is very low
experimental results are well described only by the models
1
400 6000 1
350 | [
1 45000
300 1
] + 4000
250 1 [ v
- A T
=5 200 3000
@ T i D
150 | N [
- 2000
1 00 ‘4"'
+ 1000
50 i 0.1 A —
] - 0 500 1000
0 i i & — 0
0 0.2 0.4 0.6 0.8 1

0
Figure 15. Values of Bi,, and 7, corresponding to the
fit of model (I) to heptane desorption at
250°C.

1500
time (s)
Figure 17. Experimental desorption curves for heptane

at 250°C, compared to theoretical curves ob-
tained from Fourier domain fitting.
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The numbers on the curves designate the same parameters
as in Figure 16.
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for this type of resistance. Molecular diffusion of n-heptane
in helium is about 0.92 cm?/s (estimated from Reid et al,
1987). Considering a stagnant film of gas around the zeolite
particle (Sk = 2), one would have

ShD

m

kp= R =32x10%cm/s. (51)

If one assumes Knudsen diffusion in the intercrystalline space,
then the gas—phase diffusivity would be D, ~10~* cm?/s (for
an intercrystalline pore radius of 1 um). Using the same rela-
tionship as in Eq. 51, k, would now be in the order of 1
cm/s, which is still too large. These results lead us to con-
sider that the transport resistance is associated with a frame-
work-related surface barrier (constrictions of the pore en-
trances). However, we have seen that model (IV) fails com-
pletely in describing the measured data (see Figure 8). We
believe that analysis of the values of k, indicates that we are
dealing with a resistance mechanism that is more complex
than initially presumed. However, the mathematical formula-
tion of the model is still valid. Further verification of its con-
sistency will be given below.

It may be interesting to analyze in more detail the associ-
ation of the local slope of the isotherm to a gas—phase re-
sistance model, since this is the essential difference between
the formulations of the gas—phase and particle-surface re-
sistance models. This can be better understood with the help
of a simple schematic representation of the concentration
profiles involved (Figure 18). Consider a gas—phase resis-
tance (Figure 18a). Initially, the concentration in the bulk gas
is Cuy and inside the particle is g,. During an adsorption
step so that the final intraparticle concentration becomes g.,
then the outside gas concentration must be increased to Cy,....
Assuming local linearity of the isotherm:

1
(Cbx_ch()):E(qx“q())' (52)
a) — % b) Q———q&,
‘‘‘‘‘ q
; B g
G ™ Gy —
G — Goo. —
G(t) =
G ——— 7+~ Go——
gas-solid gas-solid
interface interface

Figure 18. Concentration profiles when extra-crystal-
line mass-transfer resistance is located at (a)
external gas-phase, (b) particle surface.
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During this adsorption step, the concentration in the gas
phase at the interface will be C/(r), in equilibrium with
g(R, 1), the concentration at the particle surface. The driving
force for mass transfer across the gas film is proportional to
[Ch.. — CAD)]. For a similar adsorption step (final concentra-
tion inside the particle is g,), but with a lower value for the
local slope of the isotherm (K’ < K, the concentration in
the bulk gas phase would have been obtained from

1
(Cbx'—Cb0)=—E(qw—qo)>(C,,x—Ch0). (53)

In other words, the concentration step in the gas phase (C,.
— Cpo) would have to be higher than before. As a conse-
quence, the driving force across the gas film would also have
been higher (see figure), implying faster mass transfer through
the film. In the case of a particle surface resistance (Figure
18b), the driving force is located in the surface of the solid,
and does not depend on C, . (and thus on K),

Some critical assumptions associated with the previous
models also deserve some attention. Relationships between
D, and 9, the total occupancy in the particle, were described
in Egs. 43 and 45. However, as pointed out before, D, should
be related to the occupancy in the erionite regions only. It
can be argued that, if this deviates significantly from @, the
suggested forms for D,(#) would not be valid; a corrected
relationship might admit a better fit of model (IV) to the
data. But whatever formulation is chosen for the variation of
D, with loading, a surface resistance model would still be
intrinsically incompatible with the experimental results. Re-
call that such a model implies that K(8) does not appear in
the definition of Bi,,:

Bi, = ——. 27

This way, the dependence of Bi,, on loading is given only by
D, (k, is, so far, assumed independent of 6). Since M, de-
creases by several orders of magnitude with loading, the dif-
fusivity also will have to increase by orders of magnitude.
Consequently, Bi,, at low loadings must be significantly larger
than at high loadings. This is incompatible with the observed
shape of the uptake curves. In Figure 19 a few examples are
shown for uptake at 200 and 250°C and different loadings.
The slopes increase with occupancy because D, increases. But
the critical observation is that the curves corresponding to
higher occupancies show some curvature. This is characteris-
tic of diffusion-controlled transport (high Bi,,). At lower oc-
cupancies, on the other hand, the curves are essentially lin-
ear, clearly indicating stronger extracrystalline Tesistance
(lower Bi,,). These observations are totally compatible with
the previous analysis of models (I) and (II). Indeed, for a
gas—phase resistance,

Bi, = . (26)

The increase of D, is overcome by the stronger dependence
of K on occupancy. As a result, Bi,, increases with 8. This
shows that the consistency of the gas—phase resistance model
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Figure 19. Uptake curves for n-heptane desorption.

The numbers on the curves correspond to the mean occu-
pancy of the desorption step, 6. Full circles: 200°C; empty
circles: 250°C.

with the experimental results is not limited to the temporal
moments data.

Note that a new element may be introduced in the discus-
sion of the surface-resistance model if k; were to depend on
occupancy. Since the nature of the surface resistance is un-
known, discussion of this aspect is very restricted. If the sur-
face barrier is structural, then &, may change with occupancy
in a way similar to D,. On the other hand, as shown in model
(V), a loading-dependent k, may result from nonequilibrium
sorption at the surface. This model did not, however, fit the
data as well as models (I) and (II).

Another test of the consistency of the results obtained with
the gas—phase resistance model is to compare these to values
of k; computed from the slope of In (1 f) vs. time plots, for
the lower-occupancy curves. As pointed out in the Theory
section, the values of k, computed directly from the plots
will coincide with the “true” coefficients only when the exter-
nal resistance controls the mass-transfer process. If both ex-
ternal resistance and intracrystalline diffusion are important,
the plots will still be linear, but the computed k, will be lower

Table 4. Values of k; and k, Computed from Eqs. 28 and
29, Respectively*

0+
0 0.005 0.01 0.015
px107% (N/m?)

Figure 20. Isotherms for n-nonane sorption.

The curves correspond to the fits of Eq. 40 to the experi-
mental data.

than the true value (see Figure 3). Some results are shown in
Table 4. Equation 28 was used to calculate & r» with K(9)
computed from Eq. 41. Calculated values of k,, from Eq. 29,
are also shown in Table 4. As expected, the computed values
of k, arc somewhat lower than the models’ estimates (Table
2). The agreement is still quite good, though, in particular at
lower occupancies (when the contribution from the external
resistance is higher) and for model (If). The particularly good
agreement obtained at 200°C would be expected, since it is at
this temperature that the external resistance (at low loadings)
more strongly dominates the diffusional term (see Figure 14).

It is interesting to note that Billow and coworkers (Biilow
et al., 1980) estimated values of k, between 1075 and 107
cm/s for sorption of n-hexane on MgA zeolite in the same
temperature range, applying a model equivalent to Eq. 29 to
low occupancy data.

Values of D, can also be estimated directly from the up-
take data. As previously discussed, the higher occupancy
curves reflect a diffusion-controlled transport. In these condi-
tions, D,(8) can be estimated from the linear portion of the
uptake curves (corresponding to long times), according to Eq.
32. Then D,, can be obtained from Egs. 43 or 45. Values
estimated in this way agreed within 5 to 30% with the results
from the first moment fittings. This again supports the valid-
ity of the model.

Temp. k ki—k; (D k;~k; (D) k.,
°Cp 0 cmf/s ! %f ! '% cm/s
200 029 441x107° 0 0.2 4.00%x107° Table 5. Parameters o and 8 Obtained from Fitting Eq. 40
039 3.75x107* 15 15 1.12x107¢ to Experimental Sorption Data of n-Nonane
250 004 7.87x107* 28 17 1.18% 1078
0.15 6.18x107* 43 35 2.15x10°® Temp. a
300 007 891x107* 31 20 7.33x107 ¢ °C (N/m*)~! B
0.14 825x107* 36 26 1.00x 1077 250 1.83 519
300 4,00x1072 1.34
*The relative differences between these values of & and the estimates 350 7.19% 103 0.651
from models (I) and (1I) are also shown.
AIChE Journal January 1996 Vol. 42, No. 1 81
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Figure 21. First moment data computed from nonane
adsorption and desorption at 250°C.

The roman numeral on cach line designates the model.

n-Nonane

Isotherms. The sorption isotherms obtained for n-nonane
are shown in Figure 20. The computed parameters, from the
fitting of Eq. 40, are shown in Table 5. These curves are
steeper in the lower occupancy regions than the ones for n-
heptane.

Transient mass transfer. The analysis of the mass-transfer
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Figure 22. First moment data computed from nonane
adsorption and desorption at 300°C.

The roman numeral on each line designates the model.
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Figure 23. First moment data computed from nonane
adsorption and desorption at 350°C.

The roman numeral on each line designates the model.

dynamics for n-nonane was done in the same way as for n-
heptane. Plots of the first moment of the uptake curves, as a
function of occupancy, and the corresponding fits of the
models are shown in Figures 21 to 23. Models (1) and (II)
once again give the best fits. Model (V) is acceptable only at
the lower temperature (250°C).

The computed values of D, and k, obtained from models
(I) and (IT) are shown in Table 6. Once again, it was assumed
(7., + 7,20 =10 s. An example of the comparison between the
values of the second moments computed from these parame-
ters and the experimental results can be seen in Figure 24.

As a first observation, one notes that the plots of models
(D) and (ID) are now indistiguishable, with both describing well
the measured data. This is due to the smaller (in relation to
heptane’s) relative contribution of the diffusional resistance
term to the moments. Recall that the two models differ only
in the form of this term. The ratio of the external and diffu-
sional resistance terms in Eq. 44 for heptane and nonane at
250°C is shown in Figure 25. It is clear that the external re-
sistance term largely overcomes the diffusional term at low
occupancies.

It is striking that the first moments measured at low occu-
pancies are much larger for nonane, at the same tempera-
Table 6, Parameters D, and k; Obtained from Fitting
Models (I) and (II) to Experimental Values of M, for n-

Nonane
Model (I) Model (I1)
Temp D,y ky D,, kg
°C cm’/s cm/s cm’s cm/s
250 3.18%x10713  152x107* 6.64x107'* 153x10*
300 898x 10713 227x107* 1.07x107'* 229x10™*¢
350 249%107'2  322x107% 3.07x10°'? 3.18x10°*¢
AIChE Journal
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Figure 24. Second moment data computed from nonane
desorption at 350°C.

The values from the models were computed using the pa-
rameters determined from the fittings of the first moment.

tures. According to models (I) and (ID), this is a consequence
of the larger external resistance term, due to the lower values
of k; (cf. Tables 2 and 6) and higher initial slopes of the
isotherms. The diffusional term, even though it is also higher
for nonane (cf. D,, in Tables 2 and 4), does not contribute
significantly for the first moment, as seen in Figure 25.
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Figure 25. Ratio between the external resistance and
diffusional resistance terms in the expres-
sion of the first moment—model (1).
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Table 7. Values of k, and k, Computed from Eqs. 28 and
29, Respectively, for n-nonane*

Temp. k kp=k, (D) k,-k, (D k,

°C ] cm% ! %f ! %{ cm/s

250 056  1.41x10°* 7 7 589%x10°°
065 1.33x107* 12 12 1.34 %1078

300 035 2.09x107¢ 8 9 9.33%x107°
041 1.88x107* 17 18 1.09x10°8

350 0.041 3.00x10°¢ 7 6 1.74x 1078
0.14 2.58x107* 20 19 2.06x1078

“The relative differences between these values of k; and the estimates
from models (I) and (IT) are also shown.

The analysis of the shape of the uptake curves leads to the
same results as for heptane: at high occupancies the log (1 -
f) vs. t plots are concave upwards, characteristic of diffusion
control, while at low occupancies the plots are linear, indicat-
ing that external resistance is dominant.

Values of k, and k, were also computed directly from the
experimental In(1— f) vs. ¢ plots at lower occupancies, ac-
cording to Egs. 28 and 29. The results are shown in Table 7.
The agreement between the values of k, computed in this
way and obtained from models (I) and (II) is very good. No-
tice that this is true even at the higher temperatures. For
heptane, the discrepancy increased with temperature. One
would expect this to happen, since for nonane the external
resistance is largely dominant in the entire range of tempera-
tures analyzed. For heptane, however, the two resistances
were closer at higher temperatures, and there would be a
larger error in‘estimating k, directly from the uptake curves.

Also as with n-heptane, D,, was estimated from the slopes
of the long-time portion of the higher occupancy curves. The
results were within 30% of the first moment fitting estimates.

The computed activation energies and preexponential fac-
tors are shown in Table 8. The corresponding Arrhenius plots
are shown in Figures 26 and 27. The activation energies for
both D,y and k, are practically identical for heptane and
nonane. The preexponential factors show more significant
differences, and are lower for nonane.

n-Dodecane

The low volatility of n-dodecane resulted in adsorbate con-
densate in the sample hanging wire and in some internal glass
walls, at high gas—phase concentrations. Consequently, ade-
quate control of the gas—phase concentration steps and mea-
surements at high occupancies were not possible. Therefore,
reliable data for the statistical moments analysis could not be
obtained with this adsorbate. However, since parameter esti-

Table 8. Activation Energies, E,, and Preexponential Fac-
tors, 4, for D, and k, Computed from Models (I) and (ID)
and from Gorring’s l{esults (Gorring, 1973) for n-Nonane

D, ky
E, A E, A
kJ/mol cm?/s kJ/mol cm?s
Model (I) 55.8 1.13x 1077 19.9 1.48% 1072
Model (I1) 41.0 736%x107° 19.9 1.47x1072
Gorring 62.0 8.50x10°®

January 1996 Vol. 42, No. 1 83



10"

n  model ()
L o model (II)

1072 |

D. (cm?/s)

T~
1078 |
Gorring
10-14 v L fr —} t frrrr e ey
0.0016 0.0017 0.0018 0.0019.
1T (K'Y

Figure 26. Arrhenius plots for diffusion coefficients of
n-nonane obtained from models (I) and (il).

Gorring’s result is also shown.

mation directly from the uptake curves had proved reason-
ably accurate in the two previous cases, we used this ap-
proach in order to obtain estimates for D, and k. We were
able to measure uptake curves at high enough concentration
to obtain the characteristic curvature indicative of diffusion
control. From these, a diffusivity of D,; ~1x 1073 ecm?/s at

10°°
= model (I}
o model (Il)

»

£

R

-

104 ] T

0.0016 0.0017 0.0018 0.0019
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Figure 27. Arrhenius plots for external resistance coef-

ficients of n-nonane obtained from models
(1) and ().
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Figure 28. First moment data obtained for n-dodecane
at 400°C.

Data for n-nonane at 350°C is also shown for comparison.

300°C was estimated. From the low occupancy curves a value
of kp~4Xx 107% cm/s was calculated, at the same tempera-
ture.

Some first moment data at low occupancy is shown in Fig-
ure 28. It is striking how much longer the time constant is for
transport of n-dodecane. This is a2 consequence of the lower
k; and the steeper isotherm [and, thus, larger K(6)].

It is essential to recall that the original objective of the
present work is the study of the existence of the window ef-
fect. The major feature of the Gorring data consisted in the
100-fold increase of diffusivity relative n-heptane or n-non-
ane. Our estimates indicate that D, for n-dodecane is defi-
nitely not higher than for the other two species. Indeed, we
have calculated diffusion coefficients at 300°C of 1.71X
10712-2.75x 10" 2 cm?/s (depending on whether Eq. 43 or
45 was used) for n-heptane, and of 8.98 x 10~ ~-1.07x 10~ '?
cm?/s for n-nonane. On the other hand, the diffusivity esti-
mated for n-dodecane was 1X107'* cm?/s.

Conclusions

Nondiffusional transport significantly affects the mass
transfer of n-paraffins in the sample of zeolite T studied. It
was shown that a model involving intracrystalline diffusion
(occupancy-dependent) and external (nondiffusional) mass-
transfer resistance (dependent on the local slope of the sorp-
tion isotherm) describes well the first and second moment
data. The transport parameters estimated from the first mo-
ment data are consistent with the observed shape of the up-
take curves and with the values estimated directly from the
curves. At low loadings, mass transfer is strongly limited by
the external resistance. Closer to saturation, however, the
process becomes controlled by intracrystalline diffusion.

AIChE Journal



The low magnitude of the values computed for the exter-
nal resistance mass-transfer coefficient, kf, and its relatively
high activation energy, indicate that this process may be asso-
ciated with transport within the solid phase, that is, at the
particle surface. The theories of thermal, evaporation, or
conformational barriers are not compatible with the good
agreement observed between the adsorption and desorption
data. The hypothesis of a “surface barrier” being due to
framework modifications at the crystal surface, as reported in
the literature for hydrothermally pretreated samples of zeo-
lite A (Biilow et al., 1982), does not, by itself, justify the veri-
fied importance of the local slope of the isotherm in the de-
scription of the experimental results. Entropic effects in-
volved in the adsorption/desorption at the surface may be
important. The nonequilibrium sorption model did not fit
satisfactorily all the data. It did, however, show the same
qualitative trends as our results, and also involves a loading-
depending external resistance term.

No evidence of the existence of a window effect was found.
The estimated diffusional parameters, D,,, decrease continu-
ously with chain length, contrary to Gorring’s results. The ac-
tivation energy for diffusion, however, is similar for n-heptane
and n-nonane (about 48 kJ/mol). This agrees with Ruthven’s
observations for n-paraffin diffusion in zeolites 5A, silicalite
and NaX (Ruthven and Eic, 1988; Vavlitis et al., 1981): after
initially increasing with chain length, activation energies be-
come essentially constant above a certain carbon number; on
the other hand, the preexponential factors decrease continu-
ously. Barrer (1983), based on similar results obtained by
Kirger with NMR experiments in NaX (Kirger et al., 1980),
suggested that this behavior is due to segmental diffusion of
the chain. This effect is attributed to the segmental rotation
of part of a linear molecule about a C-C bound, resulting in
changes in the center of mass of the molecule without neces-
sarily involving simultaneous translation of all parts of the
chain. If the mechanism involves segments of approximately
constant size above a certain chain length, then the activation
energy becomes almost constant. Also, since for a longer chain
more diffusion unit steps are necessary for migration of the
entire molecule between sites, the preexponential factor must
decrease with chain length. The magnitudes of the estimated
values of the diffusional activation energy and diffusion coef-
ficients are characteristic of a small-pore zeolite (cf. Kérger
and Ruthven, 1992c¢), which supports the assumption that in-
tracrystalline transport is limited by the erionite phase.

In relation to the nondiffusional resistance parameter, kf,
the activation energy is again similar for n-heptane and n-
nonane (about 22 kJ/mol). The fact that, despite this, k, de-
creases significantly with chain length (note that its preexpo-
nential factor is an order of magnitude lower for nonane than
for n-heptane), may indicate that chain-length-dependent en-
tropic effects are involved in the transport through the exter-
nal barrier.

Since Gorring did not show plots of the uptake curves, we
cannot analyze the possibility of nondiffusional effects
(sigmoidal curves) in his data. Also, Gorring states that the
diffusion coefficient does not vary significantly with concen-
tration up to 80% of the saturation loading. Above 80% satu-
ration diffusivities were said to decline. This is in strong dis-
agreement with our results, since we observed a very pro-
nounced decrease of the transport time constants (an in-
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crease in diffusivity) with occupancy. It is not possible to con-
clude whether these discrepancies are due to differences in
the nature or treatment of the samples, or to deficiencies in
Gorring’s experimental procedure. Aspects such as heat dissi-
pation, mass-transfer resistance in the sample bed (Gorring
reports using 5.38 g of sample!), sorbate condensation in
components of the balance, or sample modifications (such as

coking) throughout the studies (it is reported that the same
sample was used in all experiments) may have affected his
results.

The approach developed in this work for isolating in-
tracrystalline and external mass-transfer resistances provides
a good description of the experimental data, and leads to
consistent results. The method is based on the analysis of the
occupancy dependence of the temporal moments of the tran-
sient uptake curves and a simple mass-transfer model.

Even though some ambiguity remains regarding the nature
of the nondiffusional resistance, we believe that this work in-
troduces valuable new elements into the study of mass trans-
port in zeolites.

Notation

A =preexponential factor in Arrhenius equation, cm?/s
Cp,eq =equilibrium bulk gas—phase adsorbate concentration,
_ mol/em?
C; =gas-phase adsorbate concentration at the gas-solid in-
terface (shift variable), mol/cm’
D.,,; = diffusion coefficient in the erionite phase, cm’/s
D, =diffusion coefficient in the offretite phase, cm’/s
E, =activation energy, kJ/mol
§(m) =Fourier transform of g(¢)
k, =Langmuir kinetic constant for adsorption at the crystal
surface, cm/bar-s
k,=Langmuir kinetic constant for desorption at the crystal
surface, cm/s
k; =mass-transfer coefficient associated with a gas—film re-
sistance model, cm /5
L =Laplace transform operator
mgy =mass adsorbed at the beginning of adsorption (desorp-
tion) step, g
m ..« =mass of adsorbate adsorbed at saturation conditions, g
Mgmple =Mmass of zeolite sample, g
m,, =mass adsorbed at the end of adsorption (desorption) step,

M, =adsorbate molecular weight
p =adsorbate pressure in the gas phase, N/m?
qeq =equilibrium solid-phase adsorbate concentration, mol/cm’
r =radial coordinate, cm
R =particle radius, cm
R, =ideal gas constant
s =Laplace transform parameter, s~
Sh =Sherwood number
T =temperature, K
¢ = offretite phase volume fraction
7.1, .o = tilme constants associated to the nonideal bulk gas—phase
concentration step, s
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