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Diffusion of Penetrants in Organic Solids
Accompanied by other Rate Processes

J. H. PETROPOULOS and P. P. ROUSSIS

Physical Chemistry Laboratory,
Democritos Nuclear Research Center,
Aghia Paraskeyvi,

Athens, Greece

Abstract—An examination is made of the possibility of studying diffusion
occurring concurrently with another rate process of comparable velocity in
penetrant-organic solid systems by means of simple experiments. It is shown
that a model of diffusion with time-dependent ‘ thermodynamic ™ per-
meability and solubility coefficients offers a useful kinetic description of such
systems. Attention is drawn to certain advantages of this approach over
earlier similar treatments and to the information which can be obtained by
comparing uptake and permeation kinetics. These points are illustrated (with
the aid of numerical solutions of the relevant equations where necessary) by
detailed discussion of two examples of rate processes which can accompany
diffusion, namely: (i) penetrant-induced molecular relaxations in glassy
organic solids; and (ii) immobilizing irreversible reaction between the pene-
trant and suitable groups in the solid. The possibility of quantitative charac-
terization of the accompanying rate process under suitable conditions is also
illustrated in example (ii). It is, in fact, shown that considerable information
can be obtained about the order and magnitude of the rate constant of the
reaction, at least in the simplest systems, by methods similar to those of
homogeneous reaction kinetics.

Introduction

Isothermal sorption and diffusion of penetrants in organic solids may,
not infrequently, be accompanied by other rate processes. Two
examples of such processes will be considered here, namely reversible
penetrant-induced change in the microstructure of the solid (at the
molecular level) and irreversible chemical reaction. The analysis of
kinetic data in such systems is reasonably straightforward, if the
accompanying rate process is either very slow or very fast on the
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diffusion time scale. In the former instance, the two processes may
be analyzed separately according to the kinetics appropriate to each.
In the latter, the over-all process has all the characteristics of normal
(““ Fickian ) diffusion! (assuming a homogeneous solid). There is
considerable difficulty in the intermediate case, however. Here, the
observed kinetics differs from that characteristic of either of the
concurrent processes alone, and is, furthermore, not subject to rela-
tively simple analysis. This is largely due to the fact that the
equations to be solved are generally non-linear. Nevertheless,
appreciable progress has been made in the study of systems of this
kind.

Our intention here is to indicate what kind of information can be
obtained from data as simple as uptake and permeation curves for a
given solid. These involve, respectively, measurement of the amount
of penetrant (as a function of the time ¢) which has either (i) been
taken up by the solid from adjacent reservoirs, or (ii) permeated from
one reservoir to another through the solid (acting as a barrier). The
usual experimental conditions®-* involve constant penetrant activity,
a, in the reservoirs (which are in equilibrium with the solid surfaces)
at all ¢ > 0, and uniform initial (i.e. at ¢ = 0) penetrant activity in the
solid. It is most convenient (from the theoretical, and often also
from the practical, viewpoint) to have the solid in the form of a thin
slab (thickness [), with diffusion occurring along the thickness
(X direction).

Experimental data obeying *‘ Fickian >’ diffusion kinetics can be
analyzed by means of appropriate solutions!:? of the equation

aC/at = (8/8X)[D(3C/aX)]; 0K X <I. (1)

The concentration of penetrant in the solid C is obtained as a func-
tion of a through equilibrium uptake measurements. The diffusion
coefficient, D (which is either constant or a function of €' or a only)
is deduced from the uptake curve (e.g. the uptake half-time £, or the
initial constant slope obtained on a ./; scale), or from the final
linear part of the permeation curve (in particular, the slope or the
intercept on the f axis, the latter known as the time lag L).1-4
Incidentally, this type of analysis applies also to other simple geo-
metries of the solid (such as the cylinder or the sphere).t It is worth
mentioning that method (i) is particularly useful in such cases. It
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has the added advantage that the requirement of simple geometry
can be relaxed to some extent. Thus, solids in powdered form have
been used,® although marked irregularities in particle shape and/or
size render the significance of the values of D so obtained obscure.

As already pointed out, the presence of a concurrent rate process
usually leads to deviation from * Fickian  diffusion kinetics. Thus,
“ non-Fickian ” kinetic behavior is frequently, but not always,s*
characterized by departure from linearity of the initial portion of the
uptake curve (on a ./; scale),2-6—% and discrepancy between observed
and expected (““ Fickian ’) time lags.?¢ Study of the nature of such
anomalies can yield interesting qualitative and semiquantitative
physical information, as is illustrated below.

Diffusion Accompanied by Reversible Molecular Relaxations in the

Solid

“ Non-Fickian " kinetic features of the type mentioned above have
been observed in organic solids (usually polymers) near or below the
glass transition temperature. Here, penetrant-induced reversible
molecular relaxations can occur in the solid at a rate comparable
with diffusion. These kinetic features have been interpreted reason-
ably well by means of Eq. (1), by making D and/or the boundary
concentrations simple increasing functions of the time.?#*-¢ The
time-dependence of the boundary concentrations has been ascribed
to a relaxation process confined to the boundary.3:1®* The assumption
of such a localized relaxation process is not considered very realistic,
however.1?

An alternative treatment, not subject to this difficulty, has been
developed on the basis of the equation:

aC|at = 3(Sa)/ot = (3/0X)[Pr(2a/oX)] ; (2)

where Pp = DypS, Dy, S =Cla are the ° thermodynamic” per-
meability, diffusion, and solubility coefficients respectively.!’ Here,
the “ non-Fickian >’ kinetic features in question can be discussed
simply in terms of the time-dependence of Py and §. This formula-
tion has other advantages. For example, it emerges that the dis-
crepancy between observed and “ Fickian ’ time lags, Ly, reflects
the variation with time of Pjp, whereas uptake kinetics is also
influenced by the time-dependence of S.411 Hence, complementary



Downloaded by [Tomsk State University of Control Systems and Radio] at 06:28 17 February 2013

346 ORGANIC SOLID STATE CHEMISTRY

information can be obtained from permeation and uptake kinetic
measurements.

The treatment based on Eq. (2) has so far been applied to the inter-
pretation of time-lag data. It is, therefore, of obvious interest to
apply it to uptake kinetics, particularly with a view of examining
more thoroughly the recently suggested possibility of a decrease of
P; with time in certain systems.!! Accordingly, calculations were
performed, in which ¢ = a8 and Pr (both these quantities being
increasing functions of a) were allowed to vary moderately with time
by first order kinetics,®-%:11 at a rate comparable with diffusion.
The equations used were exactly analogous to Eq. (1) of Crank,”
e.g., for Py,

0Pp(a,t)/ot = [0Py(a, 0)/da)(0a/dt) + b[Pp(a, ©) — Pp(a,t)];

where b is the relaxation frequency (for both P, and §). These
equations were then solved simultaneously with Eq. (2), by means of
a finite difference explicit method, on an IBM 360/40 computer, with
the boundary conditions already referred to, namely: a(0,t)
=a(l,t) = a4 a(X,0) =a,. In addition,’! Pp(a,, ) = Pr(a,,0),
C(a,, ©) = C(a;,0). For generality, the following dimensionless
variables were introduced :

a=(a - a))/(a, - a,), S0l
e=(C-CY)(Cy-Cy), so0kegl]
where C, =C(ay, ©), Co=C(ay ») ; 8 =c¢fa;
P=Dps'[Py, Po=(Dps)ymy; 8 =8(ay - a,)[(Cy = C)) ;
T=Py/it; B=0bl2P,; z=2X]|I. (3)

Examples of computed uptake curves (showing mean fractional
concentration of penetrant in the solid as a function of T) are
given in Fig. 1. In agreement with the treatment based on
Eq. (1),%-8 there is a marked acceleration effect (S shape), when both
S and Py increase with time (Line 2).1 A much less marked effect
of this kind is found when § alone increases with time (Line 3). This
condition is appropriate to the case of ““ Fickian ” diffusion accom-
panied by an independent immobilizing chemical reaction.® The

% Other results (not included in Fig. 1) indicate that this feature persists
when P, g are strongly increasing functions of «, as is often the case in practice.
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Figure 1. Uptake kinetic curves for: P(«, ) =1 + 0.5¢ + 0.5x% Plx, 0) =1

(Line 2); P(x, ©) =1, P(a, 0) =1 + 0.5« + 0.5«* (Lines 4, 5); P(«, ) =1,

Pla, 0) =1 + 0.1a + 0.14® (Line 6); P(a, ®©) = Pz, 0) =1 (Lines 1, 3);

s{a, 0) = 0.8 + 0.2z, 8(ax, 0) = 0.55 + 0.05« (Lines 2, 3, 4, 6); s$(a, 0) = 8(«, 0)
=0.8 + 0.2« (Lines 1, 5); 8 = b.

present result agrees with those of Crank! (see, in particular,
Fig. 8.7 given by this author). With P, decreasing with time, the
uptake curve tends to assume a shape (Lines 4 and 5) more difficult
to distinguish from the “ Fickian” form (Line 1). In fact, the
opposing tendencies of S and Py to vary with time may largely
“ compensate ’ each other and yield uptake curves of very nearly
“ Fickian ” shape (Line 6).1 The suggestion!! that this may be the
case in certain polymer-water systems studied by Stannett ef al.?

t As a matter of interest, the values of Lp corresponding to the uptake
curves of Fig. 1 should be positive for Line 2, zero for Lines 1 and 3, and nega-
tive for Lines 4, 5 and 6,
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thus receives some further support, although the evidence is not as
yet such as to permit more than tentative conclusions.

Nevertheless, the general picture of diffusion accompanied by
molecular relaxations which emerges from these conclusions appears
to be reasonable. Thus, increase of § with time (at any a) is to be
expected, since the final (relaxed) molecular configuration of the
solid should be thermodynamically more favorable than the initial
unrelaxed one.?:6.7:11  For the corresponding change in P;, however,
there appear to be two possibilities: (i) If the solid acts as a ““ good
solvent ”’, the penetrant will tend to be nearly molecularly dispersed
in both initial and final molecular configurations of the substrate.
(ii) If, on the other hand, the solid acts as a poor solvent, the tendency
of the penetrant towards aggregation should favor a relaxed mole-
cular configuration of the solid permitting higher penetrant clustering
than is possible (for steric reasons) in the unrelaxed configuration.
If this increase in penetrant clustering is sufficiently pronounced,
Py will tend to be lower in the relaxed than in the unrelaxed state
(since clusters are not expected to contribute appreciably to pene-
trant transport).1!

More complete characterization of a * non-Fickian ** system from
a quantitative point of view requires rather elaborate experimenta-
tion.®:* Study of the accompanying rate process in any given experi-
mental conditions by simple methods is particularly difficult, as
pointed out earlier, except in the limiting case where this process is
very slow on the diffusion time scale. In principle, this can always
be achieved by reducing ! sufficiently, but such manipulation of [ is
often not feasible in practice. Nevertheless, as will be shown below,
study of the accompanying rate process is possible, even when its
rate is comparable with that of diffusion, provided that it can be
followed experimentally independently of the total uptake. This
can often be done in the case of a chemical reaction, which is con-
sidered below.

Diffusion with Immobilizing Irreversible Chemical Reaction

This case is of considerable interest in solid state chemistry and
will be discussed in some detail. Attention will be directed to simple
irreversible chemical reactions and the information which can be
obtained about them from reaction curves (i.e. from the extent of



Downloaded by [Tomsk State University of Control Systems and Radio] at 06:28 17 February 2013

DIFFUSION OF PENETRANTS IN ORGANIC SOLIDS 349

reaction as a function of time) determined experimentally. More
specifically, we shall consider the general (heterogeneous) reaction
in which the penetrant (denoted by A4) and fixed groups in the solid
(R) react to form an immobile product (B).I As in previous
studies,t13-15 attention will be confined mainly to the simplest
gystem of this kind, namely one in which: (i) the physisorption
associated with the diffusion process obeys Henry’s law: S,=C,/a,
=constant; and (ii) the diffusion and reaction processes do not inter-
act, their respective characteristic rate parameters D, and K being
constant,

It is well known that the reaction R + 4 — B, though usually
expected to be of second order, can exhibit a variety of mechanisms
and hence also of kinetic behavior. To give a few simple examples,
this reaction may appear as first order (in 4 or R respectively), if

k ks
Az 4, R+A = B, hk<ky<k, (a)
ks
or
ky &,
R= R, R+A - B, k<hky<hk,, (b)
b

or as third order (second order in 4 and first order in R), if

k k
24 = A,, R+ A, > B, ky<hy ks, (c)
by

and so on.

An analytical quantitative treatment is generally useful only when
the reaction accompanying diffusion is first order (with respect to
A).! For a second order reaction (first order in either reactant), an
analytical approach is possible only in limiting cases.!3:¢ More
recently, Lebedev!s obtained numerical solutions for the general case
of such a heterogeneous second order reaction over a very wide range
of conditions. His work has also served to indicate the range of
applicability of the more approximate analytical treatments, thus

1 The symbols A, R, B are also used as subscripts to denote quantities
referring to the respective species.



Downloaded by [Tomsk State University of Control Systems and Radio] at 06:28 17 February 2013

350 ORGANIC SOLID STATE OCHEMISTRY

facilitating their practical use. Nevertheless, there exists as yet no
general method of characterization of a simple heterogeneous reaction
of the type considered here (i.e. of determination of its order and
reaction constant), comparable to those used in homogeneous reaction
kinetics. Aswill be shown below, however, application of the approach
discussed in the previous section offers some new insight into this
problem and leads to certain useful results.

Taking the case of the second order reaction as an example, we
have

3C0g|3t = — 80R/3t = KC,Cp (4)

to be solved simultaneously with Eq. (2), in which, under the condi-
tions stated above, Py = D;S,.14 We also have: C' =C, + Cp,
and Cj =Cp + Cp, Ch being the total concentration (assumed
uniform in X) of the fixed groups of the solid taking part in the
reaction (reacted + unreacted); C,=C§ + O}, where (Y is the
concentration of A in the solid at the boundary. Further, in addition
to (3), we define ¢4 = C4/CY, cp =Cr/Cy, a;=C,=0 and noting
that ¢4 = a, T = D C%/[I?C,, we finally obtain

9c[oT = 9%,/0x%; - Ocp/eT = (IPKCy/Dy)cacr (5)

Equations (5) show that, on the diffusion time scale (T') defined
here (which, it is worth noting, differs from that used by other
workers),1-18-15 the rate of reaction is governed by an “ effective rate
constant ’ Kg = [2KCy/D,. The value of Kz may serve as a measure
of the extent to which the observed rate is controlled by either of the
concurrent processes. For example, as Ky decreases, the observed
rate becomes increasingly reaction-controlled, until, in the limit,
conditions of homogeneous reaction kinetics are established. Under
these conditions, as is well known, characterization of the reaction is
quite simple, e.g. by examination of the half-time, #,, of the reaction
curve. This parameter has a known fixed value when measured on a
dimensionless reaction time scale 7. For example, under the present
boundary conditions (C'§ = constant during the course of the re-
action), Eq. (4) yields 7, = KC3t, = In2. The expression for 7,
naturally depends on the order of the reaction, which is obtained
experimentally by suitable variation of the initial concentrations of
the reactants. Thus, for the second order reaction under examina-
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tion, #,C should be found to be constant, when C§, C§ are varied.
The form of Eq. (5) led us to suppose that similar behavior might be
observed under conditions of heterogeneous reaction kinetics, if care
was taken to vary C§, C§ in a way not affecting the relative rates of
the concurrent processes, i.e. the value of Kj.

Equations (5) were solved simultaneously for a wide range of
values of Kz by the methods previously described, and with boundary
conditions:

CA(O:t) = CA(Z: t) =1; CA(X: 0) =0; CR(X’ 0) =1; cB(X:O) =0.

The close approach to complete reaction and diffusion control respec-
tively at each end of the Kz range used is indicated by the tendency
of the dimensionless reaction (r,) and uptake (7';) half-times to the
correct limiting values (that of 7', depending on C§/C3!), as shown
in Fig. 2. This figure also shows that our original hypothesis is borne

.
L] 2k
-
- o
10p 45 41
-
L]
t . ! 1 T
. o
Th Th ﬂ|.ocsTh'
. t
LG th F
5k a -] a— [} ] h . . JO
ot -0
- e - b
-] -] . = o o
Ly ° : T i il ]
L " N - L s L L
S 0 1 2 3 -~ 0 1 2 3
LOG Kg —= LOG KE —w

Figure 2. Dimensionless reaction (O, @) and uptake ((J, H) half-times for
second order reaction. =, =KCity; Ti=D,401*Cy; Ky =12KC,/Dy
C4/Cy =10-* (@, W) to 10% (O, O).

out to a remarkable extent, 7, being very insensitive to a change in
C4/C3, at constant C, by a factor of as much as 104 (although its
value departs from that for homogeneous reaction kinetics), until
the reaction becomes quite strongly diffusion controlled.

As shown by Figs. 3-5, very similar results are obtained with first
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Figure 3. Dimensionless reaction half-times for first order (with respect to 4)
reaction. 7, = KC3,/Ch; Kp =R KC,/D,C). IPKC Dy =0.1 (@), 1 (O),
10 (+), 100 ( x ).

and third order reactions, i.e. cases (a) to (c),] provided, of course,
that the appropriate expressions for r, and Kz are used, with the
exception of the results for (b) (Fig. 4). This discrepancy can be
explained readily, however, because, in this case, the diffusion process
interferes with the kinetics of the reaction. In fact, on moving away
from the homogeneous kinetics region, the reaction ceases to be
simple first order for any reasonable values of k,, k,, k; (at the same
time the accuracy of the computed 7, decreases, while the computing
time increases very markedly, so that it was not considered worth-
while to pursue the computations further).

1 The condition y>z in the theoretical schemes was rendered by y = 100z
in the computations.
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Figure 4. Dimensionless reaction half-times for ** first order * (with respect to
R) reaction. 7, =Kt,; Ky =01KC,/DyC). IPKC, D4 =0.1 (@), 1 (O),
10 ( +).

From the above results, it follows that, outside the region of strong
diffusion control, there is, in general, a possibility of obtaining in-
formation about the order of a simple heterogeneous reaction and the
approximate value of K by measuring ¢, with suitable variation of
C§. C3. For example, if one keeps C§ < C}, reactions which are
first or second order in A can be distinguished by the fact that, as
O increases, ,C3 will tend respectively to be nearly constant or to
decrease. Examination of the variation of {,C§ with C, {e.g. by
varying C§, when C3z C3) should then permit an approximate
estimate of K (and also of Py) to be made by comparison with the
results of the present calculations, if the reaction is first order in R.
If not, the order with respect to B must, of course, be determined
before K can be estimated. This can be done conveniently in systems
where it is possible to vary C} easily without materially affecting the

N
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Figure 5. Dimensionless reaction half-times for third order (second order in A,
first order in R) reaction. =, = KCS%%,; Kg =2 KC3C,/D4. IPKC,/D4 =0.1
(@), 1 (O), 10 (+), 100 ( x), 1000 (O)-

structure of the solid, and hence the values of D, S, and K.1¢ In
addition, Fig. 2 suggests that the behavior of ¢, might also provide
useful information.

The model investigated above is probably not unrealistic for many
simple experimental systems. Furthermore, simple models have
often proved sufficient to interpret various aspects of the behavior
of experimental systems known to be quite complex.t0:11.17 Hence,
there appears to be little point in elaborating the present treatment
extensively, except in the light of the behavior of particular experi-
mental systems to which it is to be applied. Nevertheless, it is well
to bear in mind that D, and K, and possibly also 8,4, can be very
structure sensitive particularly in crystals, where the presence of
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crystal lattice defects tends to enhance both diffusion and reaction
rates.’® Since formation of the reaction product usually implies
introduction of further defects into the parent crystal lattice, auto-

0 5 10

Kkt e

Figure 6. Reaction curves for second order reaction with: 04 =0.05,05 =1;

Dyjir=1, ——~= DyfI*=1 +10Cg; K =5 (Line 1), 60 (Line 2),
10 + 100Cg (Line 3); 1 + 10Cp (Line 4); %k =1 (Lines 1, 4), 10 (Line 2),
5 {(Line 3).

catalytic phenomena can be expected in many such systems.
Account of such effects can be taken in the simple model by making
D, and/or K increasing functions of Cp, although these phenomena
can be much more complex than is implied by this simple approach.}

Some calculations for a second order reaction with K increasing
linearly with Cp show that the reaction curve tends to be S shaped,

1 Reaction-induced structural changes in crystals may range from minor
changes in dimensions of the parent lattice to formation of a completely new
phase. The possibility that the overall effect may be one of autoretardation
rather than autocatalysis also exists, of course.
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but becomes progressively less markedly so on moving away from the
region of reaction control to that of diffusion control (Fig. 6). This
S shape should not be used indiscriminately as a criterion for auto-
catalysis, because our calculations show that an S-shaped curve is
obtained in the absence of autocatalysis, if C}/C} is sufficiently high
(Fig. 7). Excluding this case, S-shaped reaction curves are also

1r

0.5

O s 1 I}
0 025 a5

T —-

Figure 7. Reaction curves for second order reaction with I KC,/D4 = 10;
C341C, = 0.95 (Line 1), 0.5 (Line 2), 0.05 (Line 3).

obtained when D, increases with C'z under conditions where neither
of the concurrent processes is strongly rate-controlling (Fig. 6).
Increase of Dy (or S,) with Cp is also indicated, incidentally by
Ly >0, in contradistinction with the previous case of K = K(Cp)
for which one expects Ly = 0. Thus, here again, comparison of two
types of kinetic measurements can yield useful information. In fact,
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in experimental systems for which the present model has some
validity, the results presented here offer the possibility of assessing
roughly the extent to which acceleration of each of the concurrent
processes contributes to observed autocatalytic phenomena.
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