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The frequency-response (FR) method for studying an X=C system (Yasuda, 1982) has been extended to

1

I
an X==A<=C system, where X denotes a molecule in the gas phase, A is an adspecies on the external surface of a
porous adsorbent, and C is an adspecies within micropores. Based on the characteristic functions for a system
derived analytically, it is shown that both rate constants for steps I and II can be determined separately from the
FR data. According to actual data of CH4/5A zeolite systems, it has been confirmed that both the adsorption and
desorption rate constants for step I, k, and kg, respectively, and also the Fickian diffusional time constant at step
II, D, can be evaluated. The present method is expected to provide quantitative information conerning the
existence and intensity of surface barriers of zeolite crystals.

A frequency-response (FR) method has been applied
in order to determine the Fickian diffusivity in-zeolite
crystals of a pure gas? and a binary gas mixture.? With
zeolites, however, the transport resistance of an
adsorbate at the outside of individual crystals occurs
due to deposition of an impenetrable material,
hydrothermal pretreatment,39 or changes in the
crystal structure by a chemical vapor deposition
method.? Therefore, studying the ‘skin’ effects seems
of interest not only in fundamental research® but also
regarding industrial applications. Although a micro-
dynamic model has recently been proposed for
describing the mass-transfer resistance,” the six parame-
ters involved in the model seem to be too many to be
determined by traditional methods based on time-
response data.

The FR method is compared with the standard
methods in Table 1, the important characteristic of
which is in the volume variation illustrated in Fig. 1;
since this method 1s a resonance-type method, both
rate processes during steps I and II could be
investigated.

After equilibrium was attained, the gas space of the
system V is changed sinusoidally as

V(t) = Vel — ve), (1)

where V. denotes the equilibrium volume, v(<<1) the
relative amplitude of the volume change, and w the
angular frequency. The response of the system may be
observed in terms of pressure variation, which can

Table 1. Classification of Various
Experimental Methods
Non-equilibrium  Equilibrium
Time-response Uptake-rate Method NMR Method
Chromatographic
Method
Frequency-response FR Method

generally be expressed by
P(t) = Pl + peiet o}, 2)

where P. denotes the equilibrium pressure, p the
relative amplitude of the pressure variation, and ¢ the
phase lag between the volume and pressure variation.
The dependence of p and ¢ on w would reflect the
kinetic behavior of the system.

In the present article a theoretical treatment for the
system given in Fig. 1 is carried out and some actual
data concerning CH4/5A systems are analyzed in order
to confirm the applicability of this new method.

Theoretical

Characteristic Functions. The FR of the system
may be given by the following in-phase and out-of-
phase components, respectively:

Fig. 1.

Schematic diagram of the FR method applied
to an X2 A2C system; X denotes the adsorbate in the
gas phase, A is the adspecies on the external surface,
and C is the adspecies within the porous adsorbent.
By measuring the pressure response P(t) to the
volume change V(t), the two rate constant k—a and
D at the steps I and II may be determined.
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(v/p)cos ¢ — 1 = K- fow) 3
and
(v/p)sin ¢ = K- fi(w), )

where K denotes the asymptote of the in-phase
component as w—0. The value of K is expected to
agree with K. given by!.®

RTo){ d(4 + C) }e’ )

K= (5" ap
where {d(4+C)/dP}. is the gradient of the adsorption
isotherm and (RTo/V.) is the conversion factor;
adspecies on the external surface are denoted by
A(and/or B); the adspecies within the porous media
are denoted by C.

In the extreme case, where either step I or II is rate-
controlling, the present Xs==A==C system may be
regarded as being an Xs=A or X==C system, each of
which has been considered previously.l'® On the basis
of these results, the present complex system can be
analytically treated as follows:

(1) In the case of X==A, the time course of the A spe-
cies, A(t), associated with those of V(t) and P(¢) in Eqgs.
1 and 2 may be described by (Appendix 1)

A(t) = A1l + miac(r-a; w) — tas(k-a; w)}peiet ¥ o, (6)
where

m = (dln A/dIn P). %)

and 4. denotes the amount of A species at equilibrium.
The FR data of systems f. and f; may be expressed in
this case by

fo) = adk-a;0) (8)
and
fi(®) = as(k-a; w), 9

where the characteristic functions, a. and as, involving
one parameter k-4 are given by

(k- @) = K-a%/(k-a% T @?) (10)

and

as(K—a; 0) = k—aw/ (k-2 + @?). (11)
These functions are illustrated in Fig. 2.
2) A more complex system of Xs=A==B containing
a precursor, A, has also been considered.®
The FR data of the system may be described by
(Appendix 2)
(12)

fo(w) = ao(k-a, k-8 ; ®)
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Fig. 2. Characteristic functions for an XA system,
ac(k-a; w) and as(k—a; w); the system corresponds to
the extreme case of step I being rate-controlling in
Fig. 1.

and

flw) = aas(k-a, k-5; w),

(13)

where the characteristic functions, aa. and oaos,
involving two parameter k-4 and kg are given by

a(k-a, kK—8; 0) = (ak-a/w)¥a + badk-p; )}/ D (14)

and

oas(K—a, K-B; W) =

(ak-a/w)[1 — (ak-a/w){(ak-a/w) + bay(k-p; )}/ P].
(15)

Here, a short notation is introduced:

@ = {(ak-n/w) + ba(k-8;w)}2 + {a + badk-s;w)}2  (16)

(3) In the case of X==C on the other hand, the time
course of the C species, C(t), associated with those of
V(t) and P(t) in Eqgs. 1 and 2 may be described as?

C(t) = Cef1 + m/{8n(D ; w) — in(D ; w)}peitet + 9]

(n=1 or 3), a7

where

m’ = (dln C/dIn P). (18)

and C. denotes the amount of C species at equilibrium.
The FR data of the system may be expressed in this
case by

fo(w) = 8ne(D; w) (19)
and

fo(w) = 8(D ; w). (20)
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Fig. 3. Characteristic functions for an X2G system,
83.(D; w) and 83(D; w); the system corresponds to the

extreme case of step II being rate-controlling in Fig.
1.

The characteristic functions, 8. and &, involving
one parameter, D, are analytically given in Ref. 1; 1.
and &y are based on a plane sheet model, and 8s. and 8s;
on an isotropic sphere model. The latter functions are
applicable to this work with 5A; they are illustrated in
Fig. 3.

(4) The FR data of the X==A==C system are
assumed to be expressed by

fo(@) = abne(k-s, D; ) @1)

and

fow) = abdus(k-a, D; w). (22)

The characteristic functions, @8xc and ady, involving
two parameters, k-4 and D, may be derived from Egs.
14 and 15 by an analogy between

{oc, as} for X = A — {aa., aas} for X = A = B
and
{8ne, Ons} for X = C — {abnc, adus} for X = A == C,

since Eq. 17 is similar in form to Eq. 6.
Consequently, we have the final results

Bne(k-n, D ; 0) = (ak-a/w)?a + ¢ 6:(D; w)}/ O (23)

and
8ns(K-a, D; w) =
(ak-a/@)[1 — (ak-n/w){(ak-a/w) + ¢ 8D ; w)}/O]. (24)

Here, a short notation is introduced:

6 = {(ak-a/®) + cdu(D; )2 + {a + ¢ 8.(D ; w)}2 (25)
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log(2w/D)

Fig. 4. Characteristic functions for an X&2A2C
system, a83.({, D; w) and ads({, D; w); the param-
eter { is 50 (—), 10 (----), and 3 (---... ). Itis
demonstrated by the shaded area that these curve are
intermediate between those in Fig. 2 and in Fig. 3.

and

¢ = (dC/dP)/{d(4 + C)/dP}. = 1 — a. (26)
Three typical curves of a3 and adss for different
choices of the values for ak-a and D are compared in
Fig. 4, where a<&]; that ¢= 1 are assumed, because they
are usually satisfied with zeolites (as discussed below).
The shaded area demonstrates that these functions are
intermediate in shape between the curves given in Fig.
2 and those in Fig. 3. It is worth noting that the
shaded area, or the peak height of 63 depends on the
ratio of {, defined by
{ =ak-a/D. 27)
The Fickian diffusional time constant, D, is given in
the case of the isotropic sphere model by?
D =D/ra, (28)
where D is the Fickian diffusivity and rm 1s the radius
of the sphere. On the other hand, the fraction, a, is
expected to be approximately proportional to 7,71,
since the ratio of the external surface area to the
volume of the sphere is 3/rn. We, thus, have

{ % (k-n/D)rm, (29)

suggesting that ‘skin’ effects depend not only on the
ratio of the rate constants at steps I and II, k-a/D, but
also on the size of the crystals, which is in accordance
with experimental findings.3?

Crystal-Size Distribution. The microcrystal sizes of
synthetic zeolites are usually not identical, but
distributed. The distribution may be regarded as being
almost normal.? In a data analysis, therefore, 6, and
0ns in Egs. 23 and 24 should be modified as
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o

gnj( 1,1:2 ;w) = 721[1)—510,,; anj('%;w)exp {_'(T;sz)z}dr

(j=cors), (30)
where o is the standard deviation and r is the mean
radius, provided that n=3.

Evidently, when the crystal-size distribution is
considered, Egs. 21 and 22 should be modified as

fow) = adn(l, D; w) (31)
and
f{w) = adu(l, D;w), (32)
where
a8nll, D; ) = (ak—s/w)¥a + ¢ §x(D; )}/ O (33)

and

aS,,s(g, 5; w) =
(ak—a/o)[1 — (ak-a/w){(ak-a/w) + ¢ 5.(D;w)}/0). (34)

Here, a short notation is introduced:

0 = {(ak-a/w) + Su(D; )2+ {a+ c 5u(D; @)}z (35)

Equations 31—35, after substitution of n=3 and
¢=1, were applied to a data analysis of CH4/5A systems
in this work.

It is worth noting that if the kinetic behavior at step
I is described by a Langmuir-type rate equation, k-a
may be given by®

K—A — kaPe + kd; (36)

where k. and kq denote the adsorption and desorption
rate constants, respectively.

Experimental

Materials. A synthetic zeolite (5A) was supplied by
Tosoh Corporation (A-30; designated as Linde 5A); its
properties are summarized in Table 2. For a comparison,
Linde 5A supplied commercially was used after the
preparation described previously.1®

Methane in a commercial cylinder (99.99% pure; data in
catalogue) was used without any further purification.

Table 2. Properties of A-30

Cation exchange
Mean edge length
Pretreatment

Ca0/(CaO+Na20)=0.70

3.0 ym

(1) pelleted with binder,

(ii) calcined at 400—500°C for
1—2h,

(i1i) moistened with water, and

(iv) calcined again.
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Apparatus and Procedure. Both the FR apparatus and
procedure were similar to those described previously;l-10
blank experiments were carried out with He under almost
the same conditions as those with CHa.

Results and Discussion

(1) A-30 Systems. Changes in the FR data at
different equilibrium temperatures (7.) are shown in
Figs. 5—8; these data were divided by the value of Kr
given in Table 3. The value of K. evaluated from the
adsorption isotherm according to Eq. 5 is also given in
Table 3. The agreement between Kr and K. suggests
that all FR data of the system were detected in the
w-region scanned.

All solid curves represent the calculated results from
Egs. 33 and 34, where the value of ¢/ concerned with
the crystal-size distribution was assumed to be 0.4.9
Two parameters, { and D, were determined on a trial-
and-error basis from the shape of f. and f;; the value of {
was easily estimated from the area corresponding to

1 -
o
05 .
o o a
O 1 1 1
0 1 2
log (@/rad mir')
Fig. 5. FR data of CH4/A-30 systems at —78°C; the

in-phase and the out-of-phase components, f. and
fs, are represented by the circles and the squares,
respectively; each component was divided by Kr
given in Table 3. @ and M represent the data ob-
tained under P.=2.7 Torr; O and [J, those under
P.=4.5Torr. The solid curve are calculated from
Egs. 33 and 34 of which parameters, { and D, are
given in Table 3.

0 1 2
log{ w/rad min’')

Fig. 6. FR data of CH4/A-30 systems at T.=—50°C.
® and B represent the data under P.=3.0 Torr; @
and [, those under P.=5.8 Torr; O and [, those
under P.=7.3 Torr. Notation is that of Fig. 5.
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the shaded area in Fig. 4. The results are summarized
in Table 3; the shift of the peak maximum of f; has
revealed an increase of D with increasing T, while an
increase in the overlapping area leads to a decrease in
L

The deviation of f; from the theoretical curves in the
lower w-region in Fig. 5 decreased with increasing T.;
the disagreement of Kr with K. also decreased. This fact
suggests that although the model in Fig. 1 is valid at
higher T., the contribution of another immobile
adspecies besides A and C increased with the decreasing
T-.

Axrhenius plots of the values of ak-a (=(D; Eq. 27)
and D are shown in Fig. 9; the activation energy of the
intracrystalline diffusion, Ep, evaluated from the solid
straight line was 19.1 k] mol~!, which was comparable

log(@/rad min")

Fig. 7. FR data of CH4/A-30 systems at T.=—21°C.
® and B represent the data under P.=3.0 Torr; @
and [, those under P.=4.3 Torr; O and [, those
under P.=6.7 Torr. Notation is that of Fig. 5.
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with the heat of adsorption, (—JAH=) 19.8 k] mol-},
calculated from K.’s at T;=—50 and —21 °C in Table 3
according to Clausius-Clapeyron equation.

The dependence of f. and f; on P, was so slight (Fig.
8) that it was difficult to directly evaluate k. and kq
from Eq. 36. However, on the basis of the shift
indicated by the light lines in Fig. 8, we can estimate
the values of k, and k4 as follows:

1) w 1 is introduced by

ads(l, D; w1) = 1 (37)
B 2
1 fO—O0O0—O—0O—===— _ _ -
\\
N
\\

05 — ‘g
0 [ 1) ﬁ _——r’// 1
0 1 2

log (w/rad min’')

Fig. 8. FR data of CHs/A-30 systems at T.=0°C. @
and B represent the data under P.=1.6 Torr; @ and
@, those under P.=3.0 Torr; © and I, those under
P.=3.4Torr; O and [, those under P.=4.8 Torr.
Notation is that of Fig. 5. The additional dotted
curves of Eq. 30 represent the extreme case of {—;
the difference between the two kinds of curves
demonstrates, therefore, the transport resistance at
step 1.

Table 3. Experimental Conditions and Rate Constants Derived
m? T. P. D ak—a9X10-3 ak.X10-2 akaX1072
Zeolite K. Kr : B ;
g °C Torr® min~} min~! Torr1 min—! min~!
A-30 13.75 —78 2.7 — 11.4
45 . 8.4 2X102 0.63 0.13 — —
25.82 —50 3.0 7.5 4.9
5.8 7.5 4.6 6X10 2.7 0.17 — —
7.3 7.5 4.5
25.82 —21 3.0 2.2 2.1
4.3 2.2 2.0 4X10 7.5 0.30 — —
6.7 2.2 1.7
101.74 0 1.6 4.2 4.8 0.15
3.0 4.2 6.0
34 49 48 10 18.8 0.1 0.3 1.0
4.8 4.2 4.4 0.24
Linde-5A 24.30 0 3.4 0.73 0.60 4X10 0.2
4.4 0.73 0.67 6X10 7.1 0.43 1.2 ca. 0
9.0 0.73 0.90 2X102 1.42

a) The weight of the adsorbent in a dehydrated state. b) 1 Torr=133.3 Pa.

) a=6X10-3.
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Fig. 9. Arrhenius plots of the parameters, a k-a (O)
and D (0), derived from the solid theoretical curves
shown in Figs. 5—8.

. log wy;

0.5

L .
1 2

log ¢

Fig. 10. The center position of the theoretical curve
ads({, D; w) represented by @iz versus {; the shifts
are demonstrated by the vertical lines in Fig. 4. The
asymptote indicated on the right is 1.363.

and o 1 is defined by

w

= wy/D. (38)

T

(i1) w 1 depends on {, as demonstrated by the vertical
lines in Fig. 4. The extended dependence is illustrated
in Fig. 10.

(ii1) The shift of log w i in Fig. 8, indicated by the
two light lines, was 0.17.
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Fig. 11. Rate constant at step I, a k—a, versus Pe. O’s
represent the results of A-30; s, those of Linde 5A.
The straight lines lead to the values of ak. and akd
given in Table 3.

(iv) The mean value of { was 10 (see Table 3).

(v) A shift by 0.17 of Alog w%(=Alog 07%) leads to 0.22

for Alog {, indicated by the solid circles in Fig. 10.
(vi) Consequently, we have (1 Torr=133.322 Pa)

13 at P. = 4.8 Torr
(= (39)
7.8 at P.=1.6Torr.

(vii) The values of ak—a(P.) evaluated from {(P.)XD
are plotted in Fig. 11; since the adsorption isotherm at
T.=0 °C was proportional to P., D was assumed to be
independent of P..12

(viii) Under the assumption of Eq. 36, we found the
values of ak, and akq from the straight line in Fig. 11;
they are given in Table 3.

(2) Linde 5A Systems. In order to determine the
effects of a hydrothermal pretreatment of A-30,
additional experiments were carried out. The FR data
of Linde 5A (without the hydrothermal pretreatment)
are shown in Fig. 12.

The dashed and the solid curves were calculated
from Egs. 33 and 34 under the assumption that
0/1w=0.5.10 1In this case, the pressure dependence of
{(P.) was determined directly by curve fittings under
the assumption of constant D; these results are given
in Table 3.
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Fig. 12. FR data of CHs/Linde 5A systems at Te=
0°C. @ and B represent the data under P.=3.4
Torr; O and [, those under P.=9.0 Torr. The dashed
and the solid curves are calculated from Egs. 33
and 34, of which parameters are given in Table 3.

The values of ak-a(P.) evaluated from { and D are
plotted in Fig. 11. Though the results seem to be
scattered, it may be concluded that the value of k. is
considerably larger than that of A-30, whereas k4 is
very smaller than that of A-30; it is worth noting that
Eq. 36 is valid only if the Langmuir-type equation is
accepted.

The value of a is expected to be about 6X10-3, since
the external BET surface area of 5A zeolites was 0.6% of
the entire surface area.’® The absolute value of k4 is,
therefore,

ke = 1.7 X 104 min~! for A-30. (40)
The mean lifetime of A-species, 74, can be given by the
inverse of kq,

A =4 X 10-3s.

Since kg of the Linde 5A system was considerably
smaller than that of A-30, a hydrothermal pretreat-
ment made the lifetime of the A-species considerably
shorter.

(3) Effect of Intercrystalline Diffusion. The theo-
retical curves based on the model in Fig. 1 without
intercrystalline diffusion were valid for explaining all
of the FR data given in Figs. 5—8 and Fig. 12.
Therefore, the resistance due to intercrystalline diffu-
sion may be neglected. The large difference of ak. or
akq in Table 3 with respect to the different adsorbents
also supports this conclusion, since A-30 is designated
as Linde 5A.

Conclusion

According to the theoretical procedure proposed in
this work, the potential energy distribution illustrated
in Fig. 13 may be derived from FR data, though we
have no information about surface diffusion along the
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Fig. 13. The potential energy distribution of the
X2A2C system in Fig. 1. Every six constant charac-
teristic of the adsorbate-adsorbent system may be
evaluated from the FR data analysis: k. and kad
denote adsorption and desorption rate constants,
respectively; Eq 1is the activation energy of the
desorption; D is the Fickian diffusivity; Ep is the
activation energy of the diffusion; —AH corresponds
to the heat of adsorption.

external surface. It is worth noting that all six
constants do not depend on the amount of adsorbent
but, rather, on the structure. Therefore, the present
method would provide quantitative information con-
cerning the existence and intensity of surface barriers
of zeolite crystals.

Appendix 1

The variation of the A-species may be expressed as

A(t) = Al + aeiet e} (A1)
According to the result in Eq. 19 of Ref. 8, we find
a = mpk-a/(k-a2 + wz)%. (A2)
On the other hand, we have the result
tan ¥ = w/Kk-a. (A3)

Substitution of Egs. A2 and A3 into Eq. Al leads to Eq. 6.

Appendix 2

The FR of an X<=A<==B system has been considered® and

the results are rewritten in terms of a. and o defined by Eqs.
10 and 11:

(v/p)cos @ — 1 = Ka(k-a2/02){1 + Kpac(k-p; )}/ D" (A4)
and
(v/p)sin ¢ = Ka(k-a/@)[1 — (k-a/w){(k—a/w)
+ Kpas(k-s; 0)}/ &), (A3)
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where the relation of k/k—¢—Kq in Eq. 18 of Ref. 8 is
considered and a short notation is introduced:

@' = {(k-a/w) + Kpos(k-p; w)}2

+ {1 + Kpae(k-p; w)}2 (A6)
Considering the asymptote as w—0 in Eq. A4, we have
linol (v/p)cos ¢ — 1 = Ka(l + Ka). (A7)

On the other hand, the asymptote may be correlated with the
gradient of the adsorption isotherm:®

lir(r)l (v/p)cose — 1 =

(RTo/Ve){d(4 + B)/dP}. (= K.'). (A8)
A comparison of Eq. A7 with Eq. A8 leads to
Ks=aK’ and Kg=b/a, (A9)
where a short notation is introduced:
a =(d4/dP)./{d(4 + B)/dP}.=1 — b. (A10)

Substitution of the relation in Eq. A9 into Eqgs. A4 and A5
leads to the final results of Egs. 12—16.
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