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= Applied current density impressed upon the
test electrode surface (Amps/cm?)

= Equilibrium exchange current or corrosion cur-
rent density (A/cm?)

ioxidationy = Partial anodic current generated from the oxi-

dation of metal m to m*

ireauctiony = Partial cathodic current generated from the
reduction of substance z

= Charge transfer coefficient (dimensionless)

= Electron transfer equivalents

Polarization offset or overvoltage (V)

Universal gas constant (mL2T72)

Polarization resistance (dV/dl at E_,,)

Temperature (K)
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Sorption/Diffusion Prediction in Nonmetallics

ABSTRACT

Using Fick’s Law™

E.M. Rosen and D.C. Silverman*

INTRODUCTION

Rapid evaluation of nonmetallic materials to predict long-term ab-
sorption, diffusion, and permeation properties in corrosive service
remains an elusive goal in materials engineering. A number of
efforts have been reported that have used various forms of the
analytical solution to the diffusion equation to make lifetime pre-
dictions from mass change measurements. This paper explores
the limitations of three approaches for making these predictions.
The analysis is limited to absorption with no simultaneous desorp-
tion from the nonmetallic material. Consideration of the dimension-
less group Dt/? is important in deciding on the appropriate sam-
ple thickness and test time. The results of this evaluation indicate
that some results reported in the literature are incorrect,
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Nonmetallic materials such as plastics and rubbers are widely
used as materials of construction in the process industries. Their
prevalence is created by their ability to withstand some environ-
ments better and at lower cost than metallic competitors. They can
function as sheet linings or as stand-alone materials for contain-
ment among other applications. Their use is widely documented."

Choice of which plastic or rubber to use in an application of-
ten requires assessment of its behavior in the desired environ-
ment. This assessment usually involves exposure of the nonmetal-
lic to the environment for some perind of time and then evaluation
of the exposed sample for changes in physical properties. An ex-
ample of a standardized test is given by ASTM™ D-471 for evalu-
ating rubber materials.? Tests derived from the standardized im-
mersion test have been applied to a large number of rubbers and
plastics. Usually, a number of physical properties are evaluated at
predetermined intervals. Judgment is made on the expected long-
term behavior from the effects of the environment on changes in
mass (weight), volume, hardness, and strength of the tested mate-
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rial. The need for protracted test times can sometimes pose a
problem in that some materials may require test times of 90 or
180 days and the answer is required sooner. This need has been
a driving force for development of accelerated tests for predicting
the long-term behavior of these types of materials.

Two properties that can affect usefulness of a nonmetallic
material are the rate at which the contained environment can mi-
grate through the material and the amount of the migrating mate-
rial that absorbs into it. For a material to be useful, both the rate of
migration through and the amount of absorption into the nonmetal-
lic after long times must be small. Otherwise, the contained fluid
would reach the outside environment and the containment vessel
might fail because of loss of strength. The capability of predicting
these properties from simple immersion tests has been pursued by
a number of workers.

In addition, the lifetime of a lining material might depend on
how rapidly the environment will permeate through it to attack the -
metal-lining bond. Information on the time to affect this bond re-
quires knowledge of the rate of permeation through the material.
This permeation rate is related to the diffusion rate and the solubil-
ity in the nonmetallic material. In fact, when the diffusion coeffi-
cient is independent of concentration, and the concentration of the
absorbing species in the nonmetallic is directly proportional to its
concentration in the external environment (the sorption isotherm is
linear), the permeation coefficient becomes, simply, the product of
the diffusion coefficient times the solubility.®* This relationship as-
sumes that the absorption and desorption processes between the
liquid and lining membrane are rapid so that an equilibrium is es-
tablished quickly at the interface between them.

This relationship among permeation, diffusion, and solubility
means that the ability of a contained liquid or its components to
permeate through plastics and rubbers might be quantified by de-
termining the diffusion coefficient and solubility of the medium in
the plastic or rubber without running a separate permeation test.
Since relatively fast performance predictions are often required,
accelerated tests that can be designed to provide the necessary
data have been desired. This need has fed a number of workers
to explore how diffusion coefficients and equilibrium concentrations
might be estimated rapidly using nonmetallic samples taken from
the same base-stock as would be used to construct the actual lin-
ing or containment vessel.

Reports on designing such experiments and then using the
results to estimate diffusion coefficients and concentrations at infi-
nite time (equilibrium concentrations) for corrosion predictions
have usually started with the assumption that Fick’s laws can be
used to model the diffusion process. The experiment has been
constructed so that some form of the analytical solution to Fick's
second law could be used to make predictions. The full solution to
Fick’s second law is an infinite sum of terms of decreasing

magnitude.® The attempts to apply this solution have focused on
either of two approaches. The first is to use the first exponential
term of the infinite sum in the complete analytical solution. The
second is to use the solution derived from the Boltzmann transfor-
mation of the independent variables in which the nonmetallic ma-
terial can be treated mathematically as an infinitely thick solid
(even though it might be of the order of several millimeters thick).
This solution can be applied at short exposure times. The require-
ment of using material from the same base-stock as the actual
vessel or lining has led to certain constraints because of size and
thickness that have to be considered in setting up the experiment.
Though in some instances more than one component might be
diffusing into the nonmetallic, the assumption has been that the
estimated diffusion coefficient is like an effective diffusion coeffi-
cient of the absorbing components. Following is a brief review of
some procedures used to make these estimates. These proce-
dures are the focus of this paper.
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Tikhomirova et al.>® and Borisov” attempted to estimate the
diffusion coefficient in plastics by weighing immersed samples pe-
riodically and by plotting the logarithm of the mass gain as a func-
tion of time. The values guessed for the infinite time or equilibrium
concentration were varied until the plot became a straight line that
fit the data in a visually pleasing manner. The diffusion coefficient
was evaluated from the slope of the line. The experimental times
were short, the order of four days or less. This use of semiloga-
rithmic paper assumes that only the first exponential term of the
infinite expansion of exponentials dominates the solution. Justifica-
tion of this assumption was not presented. ‘

This approach was refined by Fisher and Carpenter®® to
eliminate the above need for deducing the diffusion coefficient
from a hand-drawn plot. They used a computer program to try to
fit the mass change with time to the analytical solution to the diffu-
sion equation, again using only the first of the exponential terms of
the series expansion. Their experimental procedure included an
additional desorption step in an oven held at the same tempera-
ture as the absorption step to determine if desorption of compo-
nents (e.g., plasticizer) from the nonmetallic occurred while the
environment was absorbing into the nonmetallic. They concluded
that Fick’s law for one component could only be used for the ab-
sorption phase to model the mass change when there was no (or
little) simuttaneous desorption during that cycle. Otherwise, the
mass change reflects more than one diffusion process and
requires a second diffusion equation for a complete solution (as-
suming both processes are decoupled). This point tended to be
overlooked by previous workers. Again, no justification was pre-
sented on the simplification of using the first of the exponential
terms only for the experimental conditions described.

Jason and Peters'® have successfully estimated diffusion co-
efficients involved in a bimodal diffusion process through fish
membranes. They showed that for their particular situation, they
could estimate two distinct diffusion coefficients by appropriate
manipulation of the analytical solution to the diffusion equation.
Thus, decoupling of diffusion processes to estimate two distinct
diffusion coefficients from mass change information may be possi-
ble.

There is a major assumption in these approaches. The as-
sumption is that the series solution to the diffusion equation con-
verges rapidly enough so that the first exponential term becomes
dominant and the sum of the balance of the terms become negligi-
ble. The applicable geometry and series expansion solution® for
the experiments used in the above studies is shown in Figure 1.
This solution is derived from the one-dimensional form of Fick’s
second law written as

aC 9*C
_~ =D_= ]
ot ax? M
The solution shown in Figure 1 is rewritten in Equation (2) to

separate the first exponential term from the balance of the expan-
sion for the discussions to follow. The equation becomes

|l

© @

As shown in Equation (2), the variable that determines the magni-
tude of the exponential such that the terms within the summation
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FIGURE 1. Specimen geometry and analytical solution for estimat-
ing sorption properties.

are negligible is the term diffusion coefficient times time divided by
the square of the half-thickness, a dimensionless variable, Dt//2.
Its physical significance is that it is the ratio of the actual time to
the time for the penetrating molecule to move to the surface of a
sphere whose radius is the half-thickness /, a measure of the time
to move a distance /. This dimensionless group must be examined
closely to determine the rate of convergence of the infinite series.
For example, for diffusion coefficients of the order of 1070 to
107° cm/s (predicted for diffusion of some liquids through rubber
linings®®), fong times might be required for the first term to domi-
nate so that the others can be ignored and still obtain a reason-
ably accurate estimate of the diffusion coefficient and concentra-
tion of absorbate at infinite time. That the use of the first
exponential term only may not adequately determine the value of
the series summation has not been demonstrated. The relation-
ship among diffusion coefficient, test duration, and sample thick-
ness to minimize this error resulting from neglecting all terms after
the first needs to be determined.

A second approach to making these estimates is to monitor
the amount of absorption for “short” times and then to plot the to-
tal absorption versus the square root of time. The diffusion coeffi-
cient is deduced from the slope of the straight line. This approach
makes use of Equation (3)

M 2 Dt \'2
CRENG

which is the truncated solution to the diffusion equation after im-
plementing the Boltzmann transformation. The summation of terms
in the complete solution® involving the complementary error func-
tion are assumed to be negligible. The mathematics leading to this
solution is discussed elsewhere.®

This transformation combines the variables of time and dis-
tance into one variable of distance divided by twice the square
root of time. This method is often used to predict diffusion after
short exposures because one of the boundary conditions is that
the absorbate concentration approaches its initial condition as the
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transformed variable, x/2t'"2, becomes infinite.® The application to
short times arises from the observation that as time approaches
zero, the transformed variable becomes infinite and the concentra-
tion approaches its initial condition.

This method has been used by Angus and Marshall'! to esti-
mate diffusion in pipe linings and by Southern'? to estimate diffu-
sion of water through rubber materials, among others. The results
presented suggest that under certain conditions, the use of Equa-
tion (3) is valid. The question is what limitations are imposed on
the experimental parameters by using Equation (3).

A third approach is to estimate the diffusion coefficient and
the uptake at infinite time by using all of the contributing terms in
Equation (2). Nonlinear regression is used. This approach has not
been reported previously for engineering evaluations of nonmetal-
lic materials.

This paper has several goals. The paper first examines how
the requirements for using the methods discussed above create
certain experimental restrictions. That is, the estimation procedure
used affects the ability to estimate the diffusion coefficient for a
given thickness and experimental test time. The paper then at-
tempts to arrive at the best mathematical alternative for making
this estimate. Three procedures are examined: (1) regression of
the mass change against time using the complete analytical solu- .
tion, (2) regression of the mass change against time using only
the first exponential term, and (3) the solution assuming diffusion
into a semi-infinite solid. The focus is on absorption in the
absence of simultaneous desorption and sa is restricted to a fairly
simple case. However, the results should provide insight as to how
these parameters might interact in more complex situations.

REGRESSION USING ALL TERMS

The geometry assumed for the analysis is shown in Figure 1.
This geometry is typical of the specimens used in the studies re-
ported to date. Included is the equation that determines the uptake
as a function of time, thickness, and diffusion coefficient for that
geometry. The slab is assumed to have a thickness that is much
less than the width and height. Use of this geometry means that
the diffusion process is one dimensional. This conclusion is best
seen by noting that the concentration gradient, of the order of
AC/distance, is much larger in the direction parallel to the thinnest
direction, the thickness 2/. Experimentally, this requirement can be
achieved by using a thin sample, e.g., several millimeters. If this
dimension is about an order of magnitude smaller than the other
dimensions, then one dimensional diffusion can be assumed.

When constructing an experiment, one must know the actual
magnitude of the thickness so that a physical sample can be pre-
pared. Since the dimensionless variable is Dt//2, the required
thickness should be related to the diffusion coefficient and the test
duration. Small values of Dt//% mean that the diffusing species has
not penetrated far into the specimen. This term is important math-
ematically because it governs how the change in concentration

-gradient relates to the rate of uptake. This change in gradient is

one parameter that may affect the ease with which a regression
analysis can solve Equation (1) for the diffusion coefficient and
uptake at infinite time. For example, a small gradient change may
mean that small changes in the variables as imposed during the
regression analysis have little effect on the objective function be-
ing minimized. This lack of sensitivity would mean that a large
number of iterations might be required to minimize the objective
function.

Use of the complete summation in Equation (2) to estimate
the diffusion coefficient and M., from M, versus time data by re-
gression using all terms was investigated in the following manner.
Values were selected for D//2 and M... These values are referred
to as the “true values.” Then a maximum value of time (the test
duration) was chosen and this time was broken into 30 equal in-
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crements. A value of M, was calculated at each time increment.
These calculated values of M, versus time represent the data for
the regression analysis. The regression attempted to find the true
values of D//% and M., from this mass versus time profile by start-
ing with values of D//Z and M., that differed from the true values
by 0.1 and 10 percent.

Two regression routines were used. The first routine used
most extensively is based on Marquardt’s method. The algorithm
itself has a long history of success on a wide variety of problems
including the circuit analogue analyses of electrochemical imped-
ance spectra.’® It minimizes the sum of the squares of residuals
between a calculated and actual objective function. An earlier ver-
sion of the routine (called BSOLVE) has been published.'® The
second routine is based on the method of Nelder and Mead."®
This routine seeks to minimize the function of a number of vari-
ables by comparing the function at the vertices of a general sim-
plex. This procedure does not require derivative evaluations. In
both cases, terms in the infinite series that were smaller than
1 x 107'® were assumed to be equal to zero.

The ability of the regression analysis to calculate the speci-
fied diffusion coefficient and absorption at infinite time as a func-
tion of time was estimated by following how the routine proceeded
in minimizing the sum of the squares of the residuals. A distinct
boundary was found to exist in D//Z versus time space between
regions.in which the true solution could and could not be
estimated by the regression analyses. Figure 2 shows a typical
plot. The points that demarcate the boundary fall on a straight line
when plotted in log—log format.

Figure 2 shows that the boundary is somewhat dependent on
starting point and the algorithm used to perform the regression
analysis. However, the boundary does not disappear. A boundary
is found, but at a slightly different location that depends on the
error in the starting point. Though only two algorithms and a small
number of initial conditions were attempted, such a boundary be-
tween “Solution Unobtainable” and “Solution Obtainable” regions
is believed to be a universal numerical phenomenon when using
this approach. The reason is that the sum of the squares of resid-
uals surface is flat with respect to small changes in the regressed
variables. As experiment duration (time) is decreased, this insensi-
tivity prevents the minimum in the objective function from being
located. The time below which no solution is found is a function of
the diffusion time, /%/D, used in its inverse form in Figure 2. The
minimum value of the exposure duration, t.,,, for a given diffusion
coefficient and thickness is given approximately by the relationship
Dt.,..//2 > 0.17. The existence of the boundary was verified by
observing the slow change in the sum of the squares of the resid-
uals with iteration in the region of the boundary. The number of
iterations required to reach the minimum increased dramatically as
the boundaries shown on Figure 2 were approached.

That the regression analysis might be used to estimate diffu-
sion coefficients and mass uptakes at infinite time in the region
marked “Solution Obtainable” was demonstrated in two ways. A
sample of a thermoplastic elastomer (TPE) was immersed in deio-
nized water at 95°C. Duplicate tests were run. The mass versus
time profile was determined by periodically removing the samples,
wiping them, weighing them, and then reimmersing them for the
next time period. The absorption test lasted 45 days. A drying test
run at the end of the absorption test in an oven at the same tem-
perature showed that the mass returned to its original value, sug-
gesting that no simultaneous desorption had occurred during the
exposure to water. Thus assumption of diffusion of one component
is reasonable. The mass versus time profiles of the two samples
are shown in Figure 3. The resuits in D//? versus time space are
shown in Figure 2. Note that the profiles shown in Figure 3 result
in the same estimated diffusion coefficient, but in slightly different
equilibrium mass uptakes. This difference is most likely a result of
the errors introduced during weighing and in measurement of
thickness.

948

loooi
-‘\ Solution
~ Obtalnable

100

o ]

) ]

x j
~
RS
N
(a)

10

: El:l:a:'llncbl' .‘\._ \~~
NS
N \~‘
1 T T — T T T
1 10 100 1000
TIME (days)

FIGURE 2. Boundary between regions of solution and no solution.
Included are results for Marshall (Reference 15) and TPE (Figure 3).
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FIGURE 3. Thermoplastic elastomer in deionized water at 95°C.
Duplicate samples run. D= 3 x 107"° cm?/s. Infinite time ratio:
sample 1 = 0.65; sample 2 = 0.59.

Sample 1 data: () measured, (—) calculated.

Sample 2 data: (0) measured, (———) calculated.

In addition, J.M. Marshall provided the original mass versus
time data’® used for the paper referred to previously.!' The uptake
versus time curves were used to estimate diffusion coefficients
and infinite time concentrations. Regression analysis was success-
ful in all of these cases. The results are included in Figure 2.

As can be seen, all results lie in the “Solution Obtainable”
region of this figure. Unfortunately, there is not corroborating evi-
dence for the accuracy of the diffusion coefficients and infinite time
concentrations. Therefore, the absolute values may be in error.
However, the important point is that Equation (2) can be used to
estimate these parameters, but with the observations that the ex-
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periment must be designed so that the regression analysis can
succeed and that some error might be introduced by the periodic
removal of the sample for weighing and its reinsertion in the solu-
tion.

The practical implication is shown in Figure 4. The boundary
in Figure 2 was used to create a new boundary as a function of
test time plotted in the coordinates of diffusion coefficient and
thickness. Three boundaries are shown that correspond to test
durations of 3, 30, and 300 days. The boundaries correspond to
10 percent error in the initial guess and a 10 percent change in
mass at infinite time. Included is the thermoplastic elastomer data
point from Figure 2, which corresponds to a test duration of 45
days. The “Solution Obtainable” region lies below (to the right of)
each line, The data point lies in this region, e.g., to the right of the
30-day line. Curves such as these, or the relationship Dt //2 >
0.17, can be used to estimate the required test time if the thick-
ness is known and the diffusion coefficient is estimated or the re-
quired sample thickness estimated if the test duration is known
and the diffusion coefficient is estimated.

REGRESSION USING
FIRST EXPONENTIAL TERM ONLY

A more popular method that has been used to estimate the
diffusion coefficient and infinite time concentration has been to fit
the first two terms of Equation (2) to a mass change profile.5°
This approach makes the implicit assumption that the terms for n
greater than zero in the summation are negligible. Examination of
Equation (1) suggests that the variable Dt//? should be important
in determining the validity of the assumption. The size of each
term depends on the value of e raised to the negative of this vari-
able. Thus, time, thickness, and diffusion coefficient do not individ-
ually determine the validity of the assumption of relative size of
terms.

The assessment of using only the first two terms of Equation
(2) for making an estimate of M., and D was made using Equation

),
g B

e
= w2 =0 (2n+1)2 (4

2

For various values of (Dt//3),.,, corresponding values were esti-
mated for (Dt//2).,. such that Equation (4) is fulfilled. Figure 5
. shows the comparison of the two dimensionless groups.

Significant deviation of the values occurs at true Dt//2 values
as large as 0.2. A 10 percent érror will arise at true Dt//2 values of
about 0.08. The important point is that using the shortened analyti-
cal solution results in an asymptote for Dt//2. No positive value of
(DW/?),,,; can be found for values of (Dt//2),,,, less than about
0.03. This finding implies that for short times, e.g., the one week
sometimes used,>” and thicknesses of several millimeters, e.g., 3
mm, the minimum diffusion coefficient estimable with a 10 percent
error in the dimensionless group is about 3 x 1078 cm/s. For
these conditions, diffusion coefficients of less than 5 x 107° cm?/s
lie in the region to the left of the asymptote. Diffusion coefficients
of this magnitude cannot be calculated by using only the first two
terms'in Equation (4).

Usable rubber and plastic types of materials often require
diffusion coefficients of less than 107° cm?/s or so to be reason-
able barrier materials.® For example, rubber materials have been
predicted to have diffusion coefficents for water at room tempera-
ture of the order of 1 to 5 x 107'% cm?/s.® Use of only the first
exponential term of the analytical solution may require longer test
times or thinner samples than if the full solution were used for the
regression analysis. Values of Dt//2 smaller than about 0.25 can-
not be calculated by this procedure. If either the time or thickness
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FIGURE 4. Maximum sample thickness vs diffusion coefficient for
various times of exposure for the regression analysis of the full
analytical solution to be successful. Included are the diffusion
coefficient, exposure time, and thickness data from Figure 3. Test
time: (— — —) 3 days; (- - -) 30 days; (---) 300 days. (e} TPE.

is chosen improperly, diffusion coefficients could be grossly over-
estimated by this analysis. The result would be that potentially ac-
ceptable materials might be rejected.

In addition, even if the total test time is appropriate, the first
two terms of the summation might not adequately represent the
mass versus time profile for the first few measurements made
early in the exposure. The regression analysis would be incorrect
for those data points. This statement would be true for those
points for which (Dt//%). is less than about 0.03. This situation
would not be uncommon when evaluating materials with practical
diffusion coefficients.

The required test time to make the “True” and “Calculated”
values of Dt//% in Figure 5 be within 10 percent of each other can
be estimated as a function of diffusion coefficient and thickness.
This 10 percent value is used for the sake of argument. Similar
figures could be developed for other values. Figure 6 shows this
estimate. Included are some of the results estimated by previous
workers.5® The valid region that causes less than a 10 percent
error in the dimensionless group lies below (to the right of) each
line. Test times of 3, 30, and 300 days are shown.

Tikhomirova et al.>€ and Borisov’ tended to perform their ex-
periments for five days or less. Their data when plotted on Figure
6 show that the results for absorption of nitric acid by polytetrafiuo-
roethylene (PTFE) are probably inaccurate, especially those re-
sults that suggest a diffusion coeffient of 107° cm?/s or less. The
others may be reasonable. Fisher and Carpenter tended to run
their tests for 30 to 100 days depending on the material. As
shown, their test duration should place their results in the region of
the curve in Figure 5 in which the true and calculated values of
Dt//2 are similar.

The small diffusion coefficients estimated in some of the re-
ported tests suggest that the use of only the first exponential term
in the solution is not an improvement in the analysis procedure.
Estimating small diffusion coefficients with samples of reasonable
thickness (e.g., several millimeters) would require test times of 50
to 100 days to minimize the error in the estimated dimensionless
group (and a complementary error in the absorption at infinite
time). Use of one exponential term in place of the complete analyt-
ical solution does not make the data analysis and test simpler or
more efficient. Indeed, some of the results reported in the litera-
ture as discussed previously using this approach are in error be-
cause of inadequate experimental design or inappropriate estima-
tion procedures.
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D2, The difference is the error caused by including only through
the first exponential term in the analytical solution.
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FIGURE 6. Maximum sample thickness vs diffusion coefficient for
various times of exposure for the diffusion coefficient estimated by
including only through the first exponential term to equal the true
diffusion coefficient. Test time: (— — —) 3 days; (- --) 30 days;
() 800 days. ((>) Tik — PTFEitric; (o) Tik — PE/PIB-nitric;
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ESTIMATION USING
BOLTZMANN TRANSFORMATION

The last procedure is to use the solution resulting from sub-
stituting the Boltzmann transformation in Equation (1). This solu-
tion is derived by performing a change in variables so that the
time and thickness become a new variable in which the thickness
is divided by the square root of time. This transformation changes
the partial differential equation to an ordinary differential equation

with the important boundary condition that as the distance divided ‘
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by the square root of time approach infinity, the concentration ap-
proaches zero. This solution is valid for thick solids (/ — «) or for
short fimes {t — 0). The solution is in terms of a complementary
error function, which for short times is given by Equation (3)
above.

This equation has been used by a number of workers to esti-
mate diffusion coefficients.'®'"'® The reason is as follows. Figure
7 shows a plot of the slope of the mass uptake curve defined by
Equation (1) versus the parameter (Dt//2)"2. This curve was ob-
tained from the analytical first derivative of Equation (1) as a func-
tion of this dimensionless parameter. Included is the constant
2/='2, Significant deviation occurs between the slope of Equation
(2) with respect to (D1//2)"2 and the slope from the Boltzmann so-
lution at a D/ of about 0.25. Assuming that the dimensionless
group must be less than this value for the Boltzmann transforma-
tion to be valid for the physical situation and that the thickness of
the sample is 0.3 cm, diffusion coefficients of 107'°, 1079, and
1078 cm?/s could, in principle, be determined from experiments
that last for up to about 2 x 108, 2 x 107, and 2 x 10° seconds
(about 200, 20, and 2 days, respectively). Thus, small diffusion
coefficients could, in principle, be estimated by using this
approach.

However, there are two drawbacks to using this method. The
first drawback is that M., cannot be separated from D in the slope.
The reason is that there are two unknowns (D and M..) and one
term to define them, the slope. Therefore, the uptake at infinite
time would still have to determined from a separate experiment or
by allowing the absorption to continue until equilibrium is achieved.
In the case of large diffusion coefficients (e.g., 10~8 cm?/s), this
equilibrium is achieved fairly rapidly.'®'” However, nonmetallics of
practical interest usually have much smaller diffusion coefficients.

Waiting for equilibrium is usually not practical so a separate exper-
iment would often have to be run to estimate the uptake at infinite
time. Since both parameters can be estimated by using the other
two methods, there is no advantage in designing an experiment to
use the mathematical simplification offered by the Boltzmann
transformation.

The second drawback is the fact that the slope of the experi-
mentally determined mass uptake versus square root of time curve
is being used to obtain the diffusion coefficient. To determine a
slope accurately from experimental data requires fairly accurate
data with a minimum of scatter. Obtaining the mass change profile
from weighings will place some error in the results, especially at
short times when two relatively large numbers are being
subtracted to obtain a relatively small number. Angus and Marshall
attempted to circumvent this problem by using a radioisotope
technique."” However, their data was still prone to a fair amount of
scatter at short times. They still had to perform a second experi-
ment to obtain the mass uptake at infinite time. Since the previous
two analysis techniques baoth use the actual profile and not the
slope, they would be more tolerant of errors in the mass measure-
ment.

CONCLUSIONS

P Regression of the mass versus time profile against the com-
plete analytical solution to the diffusion equation is a reasonable
approach to estimating and predicting diffusion and sorption when
Fickian behavior applies.

P Use of only the first of the exponential terms in the infinite sum
offers no advantage to using all terms for estimating diffusion and
sorption. Indeed, this approach places additional restrictions on
the experimental design.
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FIGURE 7. Slope of the absorption curve (M/M.) from the full
analytical solution and the Boltzmann transformation as a function of
(Dt/1?)'2. Slope source: (—) actual derivative, (- - -) Boltzmann.

p The solution resulting from the Boltzmann transformation of
variables does not separate the diffusion coefficient from the ab-
sorption at infinite time. An additional experiment is required to
estimate the equilibrium uptake.

P The dimensionless group Dt//2 must be considered when
choosing the test time and sample thickness. Otherwise, resulis
can be in significant error.

P Presently reported results using above methods (2) and (3)
may be in error.

P The guidelines provided refer only to absorption in the absence
of desorption. Further work is required to extend these analyses to
the case of simultaneous absorption and desorption.
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APPENDIX A
List of Symbols
C = concentration (mol-cm™3) of species at time t and
distance s
D = diffusion coefficient (cm?s™")
/ = sample half-thickness (cm) (sample thickness = 2/}
M. = mass uptake (g) at infinite time by nonmetallic
M, = mass uptake (g) at time t
t = time (s)
X = distance (cm) into specimen (one-dimensional
diffusion)
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