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A Critical Rerriew on Anomalous or |üon-Fickian vapor

Sorption

Lars Wadsö
Division of Building Materials

Lund University
Box 118, 5-221 00 LUND, Sweden

June 22, 1992

Abstract
In many cases of vapor transport and sorption it has been found that Fick's law can not

adequately desc¡ibe the processes. This paper reviews the experiments made to describe non-
Fickia.n behavio¡, and the models which help in explaining the phenomena. The non-Fickian
(or anomalous) behavior is very complex as non-Fickian sorption in general means everything
that is not Fickian. In the present paper is presented a new definition of anoma.lous behavior
wÌ¡-ich concent¡ates on the causes of the phenomena, not on its efects.

The articles reviewed provides a massive evidence of non-Fickian behavior in polymers,
wood and fibers. The measurements on polymer-penetrant systems being the most valuable
as wood and fibers ale very complex polymer systems. Certain characteristics of a.nomalous
sorption seems to be found in many systems. This includes absorption at higher vapot con-
centrations showing more non-Fickian behavior, and that sorption is often found to have two
stages, the fi¡st of which is Fickian.

Man¡' models of anomalous sorption have been made but none can describe aJI aspects of
uon-Fickian behavior seen in experiments. In most models the anomalous behavio¡ is seen ¿^s

being caused by either a surface concentration which is not in equilibrium with the external
vapor pressure, or by interactions between sorption and swelling stresses.

Case II (linear kinetics) is seen by many authors as a secoud limiting case (Fickian diffusion
being the first). This view is not shared by the present author-
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1 Introduction
This is the first version of a critical review on anomalous sorption. I do not consider it a finished
product; therefore it is only published as an internal report.

The review is quite compact and can be difficult to read even if I have tried not to use too
many terms from polymer chemistry. A lisi of most of the nomenclature used, and an introduction
which explains the basic concepts, is incìuded. The review has not been reviewed with respect to
my usage of the english language.

I will continue to penetrate the papers reviewed here so that I can write a second better review
which (at least partly) will be used in the articles I write for my thesis.

All comments are encouraged!
The support by the Swedish Council for Building resea¡ch is gratefully acknowledged.

2 Nomenclature
To shorten the text I have used abbreviations for the most commonly used parameters (which are
not the same as in the original articles):

a,b constants iu various equations
c concent¡ation of permeant in polymer kgl^"
Ð" diffusivity with c as potential m2 /"
Dp difusion coefficient with p as potential kg/(m s pa)
E dimensionlesssorption (AM(t)/LMr)
4 characteristic length (half thickness of rectangular sample) m
M weight kg
LIUI weight change kg
p vapor pressure pa
r radius ¡¡
RH relative humidity Tc
Ts glass temperature (see page 4) oC

f time s
r cha¡acteristic time scale s

The following indices have been used;

diflusion
initial (at start ofsorption)
final (at end of sorption, equilibrium value)
relaxation
saturation (p, is saturation vapor pressure

d
i
f
r
s

J



3 Introduction
3.1 basic concepts

This review is about transport and sorption of vapors (penetrants) in solid materials (poÌyrners).
For each such pair of material and vapor a steady state sorption isotherm is deflned as the
amount of vapor which the material absorbs as a function of the vapor pressure (Fig. 1). In the
following such a curve is thought to exist, despite the problems in attaining equilibrium which are
described. The sorption curve has the functional form

c = c(p) (1)

where c is the vapor concentration of the material (in kg/m3) and p is the vapor pressure (in
pressure units of Pa).

The transport by diffusion is usually modelled by Fick's law:

dp
s = Do'# Q)

where g is flovr'(in units of kg/(mzs)), D, is the diffusion coefÊcient (in units of kg/(Pa m s)) and
ø is distance (in m). Fick's law was originally stated with a potential of concentration:

-g=D,
dc

dt
(3)

(here the diflusivity D,, has units of ^' /r). These two formulations are as good and D. can be

transformed into Dr, and vice versa, provided the slope of the sorption curve is known (du(p;)/dp).
I have used the term absorption (which is the opposite of desorption), because it is a more

general term than adsorption (which usually denotes absorption on a surface).
The terms diffusivity. diflusion coefficient and permeabiüty can have different meanings to

researchers working in different fields, In this text I have used diffusivity and diffusion coeff-
cienJ interchangably for the diflusional transport coefficient. Permeability is the flow of a gas

or a liquid under a gradient in total pressure.
One usuall¡r differs between two tlpes of measurements: steady-state ureasurement of the

moisture flow through a sample placed between two relative humidities, and non-steady state
measurements of absorption or desorption (caìled sorption (rate) rneasuretnent or transient
measurement).

In steady-state measurements Do is measured; in non-steady state measurements D, is the
natural ¡esult. If the sorption isotherm is linear in the i¡terval considered one of these can be

transformed into the other by:
dc. D, - dp- Do (4)

Non-steady state measurements produce sorption rate curves which are initially linear when
plotted against the square root of time. 'I'he usual practice has therefore been to show sorption
results in plots of L,M(tft) or E(Jl (Fig. 1). Fujita (1961) gives 8 features of such Fickian sorption
rate curves (see section 1.2).

Integral sorption is a measurement of weight change after the relative humidity has been

drastically changed, often from p : 0 to near p = ps. fnterval sorption, which is also called
differential sorption, is made in many small steps so that the concentration is the sample does

not change appreciably during each step.
The glass temperature (Tg) of an amorphous polymer is a very important concept. It is

a second order transition temperature, i.e. a temperature at which the qualities of a material
changes without any heat release. Above Tn the polymer is rubbery and has low relaxation times;
below To it is glass-like and has long relaxation times. Non-Fickian behavior is usually associated

with long relaxation times, and is therefore found below Ç. Crystalline polymers have a melting
temperature (7-) instead of a glass temperature. As many polymers are partly amorphous and
partly crystalline they can show both To and ?^ but both are then rather indistinct.

I have made frequent use of direct quotations (marked with "...", omitted parts shown with [...],

l...abc]). In these texts I have not changed anything; therefore these texts do not always conform
to the definitions above.
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Figure 1: A sorption isotherm (left) and a sorption rate cu¡ve (right)

3.2 Fickian behavior
As non-steady state rneasurements produce sorption rate curves which are initially linear when
plotted-against the square root of time, the usual practice has been to plot sorption results as
LÃ'f út) or E6/ù (Fig. 1). Iujita (1961) gives 8 features of Fickian .u.h ,o.p[ion rate curves
which have been used as a test of Fickian behavlor:

(a) Boih absorption and desorption curves are linear in the region of small values of the abscissa.
For absorption the linear region is obtained over 60% or more of [the final weight increase].
When D. increases markedly wiih the concentration the absorption is linear ãlmost up tt
the equilibrium;

(b) Above the linear poriions both absorption and desorption curves are always concaae against
the abscissa axis;

(c) The shape of the absorption curve is not very sensitive to the dependance on concentration
of D-. It is often well approximated by the absorption curve for a constant D,.,, even when
D- varies appreciably with the concentration. On the other hand, the desorption curve is
rather markedly affected by the concentration dependency of D.;

(d) In both absorption and desorption the concentration distributions in the sample are greatl¡,
influenced by the functional form of D*(u);

(e) When the initial and final concentrations [...] are fixed, the reduced absorption cu¡ves for films
of different thickness all coincide with each other, yielding a single curve. This applies for
the corresponding family of reduced desorption curves;

(f) The single absorption curve so obtained is always above the corresponding single desorption
curve when D. is an increasing function of t¿. Both coincide over the entire range of the
abscissa when and only when D, is constant, The diffe¡ence between the two curves becomes
more appreciable as D, increases more sharply with u. lf D(w) passes through a maximum
the two curves may intersect at some position;

(g) For absorptions from a fixed iuitial concentration to various final concentrations the initial
slopes of the reduced absorption curves are larger as the final concentrations are higher, if
D. increases monotonically with tø;

(h) The same relation as (g) applies for reduced desorption curves

Fujita mentions that curves consistent with these criteria, especially with a, b, e and f have been
observed for a number of polymer penetrant systems. It is usual practice to regard a given sorption
curve as Fickian when it conforms to a and b above.

5



3.3 definitions of anomalous sorption
Generally we have anornalous or non-Fickian sorption when the sorption isotherm together with
Fick's law can not alone describe a case of transport or sorption.

Some authors of reviews on anomalous sorption have t¡ied to define anomalous sorption. Fujita
(1961) summarizes the features of non-Fickian sorption as follows (compare with the corresponding
fèatures for Fickian sorption above) (D is the diffusivity and c1 is the concentration, I is the time
and tr for thickness):

(a) In the region of small values of 6fÐ both absorption and desorption curves are not linear;

(b) The absorption curve has an inflection point;

(c) Despite the expectation that D, should increase with i¡creasing trr the paired absorption and
desorption plots intersect; the relatively high initial rate of desorption is followed by a very
slow rate which leads to intersection of the two curves;

(d) Paired absorption and desorption cutves which have the coincident initial slopes do not coin-
cide over the entire region of $rfl;

(e) The initial slopes of absorption curves from different initial concentrations to a fixed concen-
tration pass through a maximum as the initial concentration increases;

(f) Absorption or desorption curves obtained from var;ring thickness experiments cannot be re-
duced to a single curve when plotted against t/lf a.

AII these features do not appear at the same time according to Fujita (1961).
Kishimoto (1972) presents a similar list as Fujita, but also includes that diffusion coefficients

determined from steady state measurements are often higher than those from sorption rate mea-
surements.

These lists of non-Fickian featu¡es gives rise to a question: Should the results of bad measure-
ments with large etrors be called non-Fickian because the sorption rate curves are not linear?

To complement the above definitions I would like to present a definition of non-Fickian behaviqr
which is based on the possible causes of the phenomena, not only on the symptoms:

A t¡ansient sorption is non-Fickian if it can not be explained by:

o An equilibrium sorption curve with hysteresis.

e Fick's law with constant or concentration dependant diffusivity.

o External resistances to flow.

¡ Other sources of error in the me¿murements (e.g. Temperature
changes caused be the sorption).

I have made this definition because I think that we do understand some phenomena (e.g. the
surface resistance). We should therefore not say that these cause non-Fickian behaviour. Anoma-
lous sorption behavior should not be caused by experimental errors. This definition should probably
be used together with Fujita's, his being the more practical and mine making the researcher think
twice before calling a strange sorption phenomena non-Fickian.

As the initial part of a Fickian sorption rate curve is proportional to ú0'5, non-Fickian sorptions
rate curves have similar relationships with an exponent that does not equal 0,5. This has been
used by many polymer scientists even if not all rate curves can be fitted to such an expression (see

page 16).
This paper is called "A Critical Review on Non-Fickian Sorption". The term "non-Fickian"

(explained in the following section) should not be misinterpreted as a criticism of Adolf Fick's
original work (a description of which can be found in Tyrell 1964). His law of diffusion, which
was de¡ived as an analogy wìth Fourier's heat conduction law and Ohm's electricity law, is still
the base for all calculations of moisture transport. But there are cases where it is not possible
to describe transport processes with such a simple equation. This literature review is about such
cases.
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Figure 2: Fickian (left) and non-Fickian (right) sorption rate cu¡ves adapted from Kishimoto etal. (1960)

3'4 examples of Fickian and non-Fickian sorption rate measurements
In Fig' 2 are shown two sorption rate curves, one which is Fickian and one which is decidedly
non-Fickia¡ (according to the features listed by Fujita 1961).

It will be shown later (page 15) that non-Fickian sorptián rate curves can have various f'orms.
Here we restrict ou¡selves to noting that both Fickian and non-Fickian behavior exists, even for
two measurements made in the same wa¡, with the same polymer_penetrant system, but under
different conditions.

3.5 analogies to non-Fickian behavior
There are basic laws in other scientific fields that corresponds to Fick's law, i.e. they are linear first
order equations. Are there also deviations from these simple laws that could be said to be analogies
to non-Fickian behavior? There certainly are many such examples where more te¡ms than one are
needed to describe experimental observations. Some of these are tabulated below. Note that these
examples are not di¡ect analogies, they only serve to illustrate ihat similar problems have been
dealt with by other researchers.

basic law deviation

ñ
I

Fick's
Hook's
Fourier's
Darcy's
Ohm's

mass flow by diflusion o( mass gradient non-Fickian behavior
plasticity, creep
convection, radiation
deviations at high flow velocities
time effects with AC

strain o< stress
heat flow x temperature gradient
liquid mass flow o< pressure gradient
electrical cu¡rent x voltage difference

I
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Figure 3: Adapted from Crank & Park 1951

4 Experimental investigations

4.1 polymers

Polymers are natural or synthetic materials composed of very large organic molecules. Except in
a few cases I have not stated which polymer-penetrant systems which were used in the different
studies as this would have made ihe review too hard to read (rnany articles concerns many different
systetn). The penetrants are usually rn'ater vapor for the natural polymers and solvent vapors for
the synthetic materials.

The first systematically reported deviations from Fick's law were made in the early fifties (Crank
& Pa¡k 1951; Long & Richman (1951), Mandelkern & Long 1951) even if there are comments on
anomalous behavior in earlier articles (e.g. Hartley 1946).

The anomalous integral sorption rate curves observed did not have any initial linear part, but
were concave or convex toqrards the rf¿-axis (in the latter case they also had an inflection point).
The absorption was often initially slower than the desorption, but the two curves crossed each
other before reaching equilibrium (see Fig. 3).

Mandelkern & Long (1951) and Park 11953) found inflections in the sorption plots and initially
higher sorption in thin films than in thick. They concluded that this could not be caused by
behavior in accordance with Fick's law, not even with a concentration dependant diffusivity.

Kokes et al. (1952) and Long & Kokes (1953) made measurements at different temperatures
and vapor pressures and found that the behavior was Fickian aboveTs, but not below (see page 17).
They explained this a"s being due to the low mobility of the pol¡rmer chains below 7s, an explanation
than is still used today. The onset of non-Fickian sorption below Q has been confirmed in other
articles (Kishimoto et al. 1961).

Long et al. (1953) and Bagley & Long (1955) made series of inte¡val absorption measurements
and found that some sorption rate curves had an initial high slope which later changed to a very
siow attainment of equilibrium (Fig. a). As different film thicknesses were used it was possible to
deduce that the initial rapid weight increase was Fickian, wbereas the slow second stage was not
dependant on thickness. The anomalies in the sorption process was then restricted to the second
slower stage.

Bagley & Long (1955) presented more measurements of two-stage curves, some of which had
a quasi-equilibrium (the absorption slows down and nearly ceases before starting again). They
concluded that "a tentative explanation of these results is that the Fickian, initial sorption stage
involves only an elastic expansion of the polymer network without affecting the interchain bonds,
and that the rate-determining step for the slow stage is the breaking of these bonds rather than
ordinary diffusion".

Measurements were also made of the concent¡ation profiles in polymer samples while they were
sorbing a penetrant (Long & Watt 1956, Richman & Long 1960, Long & Richman 1960;'. It was
found that early in the sorption process the surface concent¡ation did only reach a small fraction
of its equilibrium value. After that the surface concentration only rose quite slowly. The surface
concentration was extrapolated from measurements of the concentration in the sample as it was
impossible to measure exactly at the surface of the sample. These authors assumed that it was

8
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Figure 4: Two-stage absorption curve adapted from Long et al. (1gb3)

the su¡face concentration that governed the whole sorption process (see page 28).
Newns (1956, 1959, 1968, 1973, 1974) measured water vapor sorption rates in regenerated

cellulose. The resulting curves we¡e linear at low vapor pressure interval sorption, but changed to
curves with plateaus and deflections at higher p. Newns also found that if he returned to the p¿
before the onset ofthe second stage ofa two stage sorption, no hysteresis was found (the weight of
the sample returned to the original weight). If the measurement contirued into the second stage a
hysteresis effect was found. Two stage behavio¡ was founcl in both absorption and desorption, but
the amount absorbed in the second stage increased as p increased whereas there was liiile change
in the relative amounts desorbed in the two stages. The fraction sorbed in the initial stage at a
pariicular p is smaller if ihe p had been attained after a succession of small sorptions than if it had
been attained after a few larger steps. Ioelovich et al. (1982) have also found anomalous sorption
rate culves at higher p for water vapor in cellophane.

A number of articles (Christensen 1959,1965; Sadoh et al. 1958; Sadoh 1960ab; Sadoh & Chris-
tensen 1964) have been published about sorption in thin samples of hemicellulose. In these papers
diffusion was not considered to be the rate controlling process, but there was some disagreement on
how the sorption rate changed with increasing p. In Sadoh & Christensen 1964 this was atiributed
to the relative thicknesses of the samples measured.

Successive absorptions in very small intervals for several polymer-penetrant systems we¡e stud-
ied more closely by Kishimoto et a.l. (1960) and Odani et'al. (1961). They found a pattern in
the forms of the successive sorption curves (see page 17) and that the logarithm of the time at
which the second stage started was proportional to the initiat concentration of the experiment (see
page 18).

There is evidence that desorption rate curyes are quite normal compared to absorption curves
(Kishimoto & Matsumoto 1964), but most a¡ticles does only concern absorption measurements.

Alfrey (1965) and Alfrey et al. (1966) studied liquid sorption and found linear kinetics (E'(f)
is initialiy a straight line) and called this case IL Simitar observations had been made before, but
it was Alfrey and co-wo¡kers who saw the linear behavior as a limiting type of sorption. They
classified diffusion behavior into three categories: case I (Fickian), case II (Iinear) and anomalous.
The latter was thought to be something between the two limiting cases. This view is found in
many Papers (e.g. Marom 1985), but is not very good according to my opinion (see page 21).

Be¡ens (L977, 1978) and Enscore et al. (Ig77 ab) studied interval sorption into very fine polymer
powders. It was found that for nonuniform powders the sorption rate curve could be analysed as
a sum of sorption rate curves for different sized particles (this was not and should not be called
non-Fickian sorption). At high p anomalous behavior was seen even for uniform powders and this
was attributed to the contribution of a relaxation controlled mode of sorption. As integral and
interval sorption gave diferent results "it appears that the presence of a penetrant at the start
of a sorption step retards the attainment of equilibriurn'' (Berens). Enscore et al. found case II
behavior in some of iheir particles.

Mirley et al. (1985) and Schneider et al. (1988) studied sorption on elastomers containing
a hard phase. They found a non-Fickian behavior in absorption, which was larger for thinner
samples. The anomalous behavior was the result of the hard phase actiag like a reinforcement.

9



The swelling of the soft phase (ihe elastomer) is controlled by ihe relaxation of the hard phase.
Mee et al. (1985), Sax & Otiino (1985) and Serrano et al. (1987a) also studied the sorption of

vapors in polymer blends. Mee et al. found that only a polar solvent at high pf p, gave anomalous
sorption. Sax & Ottino studied the sorption of CO2, N2 and 02 and found anomalous behavior
in polymer blends of different volume fractions even if the sorption in the pure components were
Fickian. Serrano et al. also found some non-Fickian behavior in the homopolymers.

Some othe¡ measrlrements of anomalous sorption rates should also be mentioned: Park (1961)
saw two stage sorption during absorption, but not during desorption. Rogers et al. (19ô0) found
that the sorption became more anomalous when the crystallinity of the polymer increased. Kishi-
moto & Matsumoto (1964) saw anomalous behavior at temperatures slightly above Q. Enscore et
al. (1977b) found that pre-swelling increased both the rate and the amount of subsequent sorption,
and that thermal annealing reduced the same rate and amount. ln both cases it was the second
relaxation controlled stage that was affected. Barrie et al. (1982) found that larger penetrant
molecules produced more non-Fickian behavior in copolymers.

The above mentioned articles are only the most important ones as the literature on non-Fickian
behavior in polymers is quite extensive.

AgoodsuÍrnaryof thesituationisgivenbyEnscore etaI. (7977a): "Thetransportof organic
molecules in glassy polymers often does not fit the Fickian diffusion model. Fickian difusion is
often eucountered in glassy polymers for sorption at low activities and for desorption". Because of
the large nt:ntbers of polymers and penetrants useC in these stuCj.es it is hard to make a suínmary
of non-Fickian behavior in polymers. The reader is referred to section 3 for a further discussion of
the cha¡acteristics of anomalous behavior.

4,2 Ìyood

Wood is a natural polymer with a large porosity. The primary components are cellulose, hemicel-
lulose and lignin, which are ordered in a complicated way in the cell wall. Wood has three principal
directions (longitudinal, tangential and radial) which have different moisture transport properties.
The results discussed below all refers to works done with water vapor as penetrant.

The first evidence of non-Fickian behavior of wood is an article by Christensen & Kelsey dated
1959. In this they show that the wood cell wall absorbs water vapor slowly at high relative
humidity. This is contrary to conrmon belief that the wood cell wall is so thin that there is always
local equilibrium between the vapor in the cell cavities and the cell wall. This article is very good;
as a matter of fact the rest of the papers reviewed in the section on wood does not contain very
much more i¡lformation on anomalous sorption.

The measurements were done i¡r the absence of air. Therefore there was no influence of external
resistances. The measurements were done on samples from 20 pm to 2 mm, with little difference in
the results. The authors concluded "that diffusion of water in wood was not the factor controlling
the rate of sorption".

Different sized integral and interval sorptions were performed. Judgiag from the times to half
sorption smaller steps in p results in longer sorption times. It was also shown that a sample that
was initially dryer will reach a higher moisture content, even if both samples are absorbing moisture
at the same p. Similar result was obtained by Hergt and Christensen (i965) and McNamara (1969).

A rise in temperature of the samples was measured but it was in all cases less that 1 K after
12 minutes.

In a later parallell study (Christensen 1960) the wood species used was quite unpermeable so
there was a size effect at low p. At high p the result was similar to Christensen & Kelsey (1959).
An excellent summary of the above works and measurements on regenerated cellulose can be found
in Christensen (1965). The evidence that the rate determining process of thin samples is othe¡
ihan diffusion is summarized in three paragraphs in this article:

"(1) The rate of approach to sorption equilibrium is independent of the thickness of the wood
specimen below certain limits [...].

(2) For successive equal increments of moisture content but over diflerent ranges, e.g., 0 to 3, 3

to 6, 6 to 9, etc., per cent moisture content, the sorption rate decreases markedly as the value
of the initial moisture content increases [...]

10



(3) For moisture content increases having the same final value, the time required to reach equi-
librium inoeases markedly the smaller the moisture content change invålved [...] ."

If equilibration was by diflusion with an increasing difusivity would lead to the reverse of these
observations.

Comstock (1963) measured diffusion by steady state and non steady state methods. When
RH<50% the two types of measurements agreed, but at higher vapor pressures the steady state
method gave higher diffusivities than the sorption rate measurements. Desorption was found to
be faster than absorption. Comstock proposed that this was the effect of the surface not reaching
equilibrium concentration immediately and this was discussed in terms of the effect of stress on
the attainment of true equilibrium.

A similar study was made by Prichananda (1966) and Ska¿r et al. (lg70). Below is part of
Prichananda's own surnmary of the experimental result

c The tangential diflusion coefficients for desorption were 5 to 10 times larger than the corre-
sponding values for absorption at the higher humidities.

¡ The tangential diffusion coefficients for absorption and desorption tend to converge at lower
humidities.

o The tangential diffusion coeffcients for desorption are in the same order of magnitude as the
steady-state coefficients.

r The evaluated tangential diffusion coefficients for thin sarnples are consistently lower than
the values for thick samples. 'This difference is most pronounced for absorpìion at high
humidities.

The above points led Prichananda to the following conclusions:

¡ Fick's laws are inadequate to completely describe the process of moistu¡e sorption by wood.
Moisture diffusion coefficients calculated in the classical manne¡ show anomalous non-Fickian
behavior unde¡ certain conditions.

o A second plocess, involving the ¡ate of bond-breaking or offormation of holes or new sorption
sites, is superimposed on the classical Fickian behavior under certain conditions.

Accordiag to Prichananda the findings we¡e in agreement with the investigations by Christensen
& Kelsey (1959) and Christensen (1960).

Liu Tong (1988) also made both steady state and non steady state measurements and found
that desorption diffusivities were larger than those measured at absorption.

Choong and Fogg (1968) made permeability and sorption rate measurements on six wood
species. The permeabilities varied but the sorption rates were about the same for all samples.
The diffusivities measured with desorption were higher than those measured with absorption in all
three directions. The initial part of the sorption rate curves was Fickian but the approach to final
equilibrium was "very slow and certainly non-Fickian".

Kelly (1968) and Kelly & Hart (1970) made a study of sorption in the absence of air which
wa"s similar to Christensen's works, except that they worked with larger samples and made special
studies on the heat effects.

Some results from thÈ investigation:

¡ Fickian diffusion could not generally describe the sorption behavior.

o desorption over the same vapor pressure range wa,s faster than absorption.

o in most cases larger steps in vapor pressure resulted in a higher final concentration.

o heat of sorption appeared to be an important factor controlling the desorption rate.

McNamara (1969) and McNamara & Hart (1971) tried to measure the effect of stress on the
diffusion in wood by studying drying rates and moisture content profiles of the drying samples.
Interesting results of this study were:
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. Reducing the width to thickness ratio so that less gross stress is developed in drying did not
substantially affect the calculated values for the diffusion coefficients.

o The calculated integral diffusion coefficient was close to the maximum value reached by the
interval diffusion coefficient for the same moisture content step.

r A moisture gradient was found in wood that has apparently reached equilibrium moisture
content. This gradient is probably the result of internal stresses that are developed in the
drying of wood.

¡ Equilibrium moistu¡e content is a function of drying rate. This was shown by the fact that
the higher air velocity in desorption gave a lower equilibrium moisture content.

A large number of articles in the field of wood science have been concerned with evaluating
mea,surements of the external resistance to moisture flow (Choong & Skaar 1969, L972; Haú 1977:

Rosen 1982; Dekrét & Kurjatko 1986; Avramides & Siau 1987; Wadsö 1989;). It seems that the
surface resista¡rces evaluated from sorption rate experiments invariably are very large; much larger
than the theoretically calculated resistance of a ihin layer of air. In the lighi of the above mentioned
investigations on non-Fickian sorption it seems natural to assume that the effects treated as being
caused by external factors in fact are inte¡nal sorption anomalies.

In an a¡ticle by Avramides & Siau (1987) a two stage sorption rate curve is shown (see page 19).

This is the only case of clear two stage sorption reported for wood.
Christensen (1967) and Hunt (1989, 1990) have reported that the swelling of a sample is much

faster l,hen the sorption of moisture. Christensen gives no information on how is experiments
were performed, and gives no explanations to why swelling should be faster than sorption. Hunt's
articles are better, giving the half-times of the different processes and discussing a model for the
sorption behavior.

Nearly all observations of non-Fickian sorption in wood have been explained by the word

'relaxation'. This seems to be because no one have t¡ied to model such behavior or look for its
causes. No usable model of anomalous behavio¡ in wood exists. Christensen (1959) and Sadoh &
Christensen (1964) made some attempts to cor¡elate the times to half sorption with p¿ and P¡ , but
did not try to modeì whole wood. Kelly do Hart (1970) developed a model for sorption which only
is a numerìcal curve fitting. Some of the models developed for polymers could probably be used

for the cell wall, the sorption in whole wood being more complicated.
A summary of the experimental evidence for non-Fickian sorption in wood would have to i¡clude

the following observations:

i. At high vapor pressures absorption becomes slower and attainment of true equilibriumtakes
very long time.

2. The non-Fickian effects are not as evident in desorption as in absorption.

3. Larger absorption steps come to equilibrium faster than smaller ones.

4. Samples absorb more moisture when the absorption step is larger, even if the final p is the

5. Swelling is faster than sorption at higher vapor pressures

These observations are principally the same as for simple polymer-penetrant systems

4.3 fibers
Fibers are natural or synthetic materials which have a very high length to width ratio. Most of the

are polymeric substances used in the textile industry. Because of their very large exposed a¡ea the

study of fiber sorption is compiicated. Most research in this field has been made on wool fibers.
Many studies have been made on the absorption of dyes in fibers, and i¡ many cases have one

found anomalous behavior. These anomalies have for some cases been shown to be produced by

the dye bath having a frnite content of dye or other external factors (Lindberg 1950).

King & Cassie (1940) measured the temperature rise in a bundle of wool which absorbed water

vapor from RH=0 to 700To. They found a 40 K increase in a very short time. Therefore they draw
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the conclusion that the sorption rate in the absence of heat effects was very high. The sorption
was completely controlled by the temperature rise in their measurement

This effect of temperature has been discussed a lot by researchers on wool and other fiber
material (Morton & Hearle 1986). The results of more than one experimental investigaiion has been
proved to be uncertain by later investigations. Armstrong & Stannet (1966) derived more accurate
cor¡ections to measurements with heat effects, but I doubt if they are very useful as conections.
Watt & McNlahon (1966) studied the influence of temperature changes during sorption and found
that both absorption and desorption was delayed when there were such effects. This is natural as

an increase in temperature iowers ihe higher vapor pressure (at the sample in absorption), and the
decrease in temperature rises the lowest vapor pressure (at the sample in desorption).

Denton (1956) found a two-stage behavior of sorption into a fiber of regenerated cellulose.
The first stage was attributed to the "diffusion of water from the surface to the center of the
filament through regions which are immediately accessible". The second stage was controlled by
the "transport of water into regions made accessible by an interaction between them and the
water already absorbed". Nothing is mentioned of temperature effects but these might have been

negligible as the sorption processes continue for a very long time (more than a week).
Haly & Roberts (1956) found that desorption in wool fibers was initially faster than absorption,

but that its rate decreased so that the absorption came to equilibriurn before the desorption. They
measured the weight of samples before and after they had been in an air stream. Each point in
their diagram theiefoie comes from one sample. Mackay et al. (i969) mentions this article as an
example of an article "for which there is evidence that the heat-of-sorption effects are small".

Downes & Nlacka¡'(1958) found that "the time required to attain final equilibrium [.. ] depends
on the magnitude of the sorptìon step, and is considerably shorter for large steps as compared rvith
small". This conclusjon is probabl,v right even if there are later evidence that heat effects disturbed
the measurements. The measurements were made with the vibroscope technique, i.e. one measures
the natural frequency of a single fiber, this beìng a function of the w'eight of the fiber.

Downes & Macka.v (1958) also found two-stage behavio¡ both in absorption and desorption in
wool fibers.

Watt (1960ab, lVatt & Algie 1961) made measurements which later were "found to have serious
limitations for studying rapid-sorptiorr kinetics of water i¡ wool owing to heat-of-sorption effects".
Watt (1960b) interrupted the sorption during the first stage and found no hysteresis. An interrup-
tion during the second stage did however produce hysteresis. Watt & Kennett (1960) found that
the weight of dry wool was dependant on the moisture prehistory.

Mackay et al. (1969) and Mackay & Downes (1969) seerrm to have made the best measurements
of sorption in wool with an improved vibroscope. The first article concerns the instrumentation
and an error analysis. The second paper gives the result from the measurement. In the abstract
the authors write that "among the more interesting observations, it is shown that:

(i) after a step change in relative hurnidity, desorption, other than to zero regain, continued for
very long times (in excess of eight days) with no sign of termination, wherea,s absorption
reached completion relatively quickly;

(ü) the position of the desorption limb of the regain versus r.h. isotherm is both time- and
size-oÊstep-depend ant ;

Walker & Harrison (1971, 1972) measured the sorption into small wool samples and large wool
bales and found anomalous behavior, but the value of these works are in my opinion uncertain.

It is hard to make any conclusions about sorption in fibers as heat-of-sorption effects have been
shown to play a large role in determining the sorption dynamics. The articles of Mackay et al.
(1969) and Mackay & Downes (1969) probably describes the best works done. It is probable that
the non-Fickian effects seen for other materials also apply to fibers.

4.4 other materials
Very little work on anomalous behavior seems to have been done in other fields of science on
anomalous sorption. Bomben (1973) mentions that it could be expected in foodstuffs. He discusses

heat and mass transport in structured foods and makes the following remark concerning a discussed

theory: "A further limitation [...] is the fact that it assumes that, although the material as a
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whole is a non-equilibrium system, there exists a local equilibrium between the phases within each

microscopically small cell. In most food materials the solid matrix between the pores is of a colloidal

nature which contains water. At low moisture levels this will be where the water is predominantly

located. The diffusion coefficient of water inside these matrix/lamellae structures will be very low,

and, therefore, the rate-determining factor for the moisture transport is the transport of moisture
from the inside of the lamellae to the pores. In such situations there will be no thermodynamic
equilibrium between the solid lamellae and the gas phase because of existing water concentration
gradients inside the lamellae, and therefore the theory [...] will not apply to the drying of foods in
many cases".
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Figure 5 Different forms of sorption rate crrrves adapted from Roger (1965)
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5 Methods of studying anomalous sorption rate curves
The usual practice has been to look for Fickian behavior by plotting the weight change as a function
of the square root of time; an initial linear part would imply ihat the sorption was Fickian. When
one looks for anomalous sorption and tries to find its characteristics one have devised new ways of
studying the sorption rat,e curves (which still are the main result from sorption studies).

5.L different types of sorption rate curves
Kishimoto et al. (1960) characterized sorption rate curves as Fickian, pseudo-Fickian, sigmoid or
two-stage (Fig. 5 from Roger 1965):

"Pseudo-Fickian type a. The sorption and desorption curves resemble true Fickian curves inas-
much as they do not exhibit any inflection in slope.

b. The initial portions of the curves are linear, but only over a small part of the total
concentration change [...] The approach to final equilibrium is very slow-

Two-stâge type Two inflections in slope. The first stage [...] involves

a. Rapid sorption which apparently obeys Fick's law [...] I" some c¿rses, however, the curve
may resemble more nearly the pseudo-Fickian type.

b. Establishment of a quasi-equilibrium [...]

c. The rate of desorption þom the quasi-equilibrium] obeys Fick's law [...]

The second stage [...] involves:

d. A slow increase in the overall sorbed concent¡ation without any significant concentration
gradient present in the system [...]

e. Establishment of a true equilibrium [...] after a long period of time.

f. 1...] Desorption f¡om the second stage exhibits a pronounced hysteresi" t...].

Sigmoid type a. The sorption and desorption curves are both nonlinear in the region of small
times.

b. The sorption curve is of sigmoid shape; a single inflection of slope is present, usually at
Mr/M* nearly 0.5.
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c. The initial rate of desorption is greater than the initial rate of sorption but is followed by
a slower rate, so that the cutves eventually intersect".

Sorption late curves which are linear when plotted against time have also been found, especially
for liquid sorption (see page 21). All curves except the two-stage curves are conveniently classified
with the ö-value of the best fitting o .fó (see below).

5.2 classification according to best fitting exponent
Manyresearchers (e.g. Jacques et al. I974, Nicolais et al. 1979, Aminabhavi & Aithal 1990) have
classified sorption rate curves according to the best fitting value of b n E - øtb by plotting the
curves in a Ìogarithmic diagram- The following values of å can be obtained (see also page 15):

o ô ( 0,5 pseudo-Fickian (or initial two-stage behavior)

¡ ö=0,5 Fickian

o 0,5 < ó ( 1 Sigmoid (or later two-stage behavior)

¡ ó = 1,0 case II or linear kinetics

o á > 1,0 super case II

This way of classifying sorption curves is simple but quite powerful, but it is hard to use il on
two-stage curves. In Arninabhavi & Aithaì (1990) and other articles from the same laboratory this
method have been used [o analyse a large number of liquid sorption curves.

5.3 a dimensionless group
Vrentas et al. (1975) and Vrenta,s & Duda (1986) proposed the use of a dimensionless group which
they called "a Deborah number for diffusion". This was defined as:

6-L t5)
Td

whe¡e the dimensionless number ó is the ratio of the characteristic times scales of the ¡elaxation
(r,) and the diffusion (r¿). The use of ó is explained as follows:

r if ó ) 1 the process is relaxation controlled

o if ó ¡v 1 the process is controlled by both relaxation and diffusion

o if ó ( 1 the process is diffusion controlled (Fickian)

The authors gave general expressions for the characteristic times, but that fc¡r r, is probably
very hard to evaluate in most cases. The Deborah number is an interesting concept which increases

the understanding of non-Fickian behavior, but in my opinion it is not of much practical use.

Astarita & Nicolais (1983) and Joshi & Astarita (1979) i¡troduced a similar parameter as

V¡entas et al., but they did not specify any characteristic time scales.
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6 Observed characteristics of anomalous sorption
In this section I discuss the most commonly observed characteristics of anomalous sorption. Ali
topics below are not of equal importance, but I have wanted to make the list as extensive as

possible.

6.1 patterns in successive interval sorption curves

Kishimoto et al. (1960) found that successive interval absorptions of vapors in polymers produced
a pattern in the forms ofsuccessive absorption curves:

For amorphous polymers:

sigmoid * pseudo-Fickian * two-stage - pseudo-Fickian * Fickian

For partly crystalline polymers

sigmoid' psedo-Fickian .- two-stage - sigmoid

or

pseudo-Fickian - tu'o-stage - pseudo-Fickian

6.2 absorption vs. desorption
For wood it has been shown by many researche¡s (Comstock 1963, Skaar et al. 1970, Choong &
Fogg 1968, Kelly & Hart 1970, NlcNamara & Hart 1971 and Liu Tong 1988) that absorption is a
siower process than desorption. This has been seen as a consequence of the swelling of the samplc
or the cell wall in absorption slowing down the rate of absorption.

For polymers it has been reported by many researchers that desorption is initially slower but
catches up and eventually comes to equilibrium before absorption. Similar observations have been

made for fibers.
Park (1961), Kishimoto & Matsumoto (1964), Enscore et al. (1977b) and Schneider et al.

(1988) found that desorption kinetics were more rapid than the corresponding absorption kinetics,
and seems to call this a general phenomena.

6.3 influence of Ts and relaxation rate
It was seel quite early (Kokes et al. 1952, Long & Kokes 1953, Kishimoto et al. 1960) that
anomalous sorption behavior is for amorphous polymers seen only at temperatures below the glass

temperature Ts . 
^t 

T 1 Tn the polymer chains can not move freely and the material behaves like
a glass. At f > Tn the chains can move rnore freely and the material becomes easy to deform.

Below Ts, rclaxations (i.e. time-dependant mechanical phenomena) take comparatively long
time; longer than the characteristic times of the sorption process. As part of the sorption process

is dependant on the opening of new sorption sites this will delay the sorption.
Rogers (1985) writes that "non-Fickian behavior usually occurs with glassy polymers, with

semicrystalline polymers above Ç, and with polymers with more rigid chain conformations and
higher internal viscosity when the penetrant swells the polymer". If the rate of relaxation is slower
than the rate of diffusion, the former can control the sorption.

It should be noted that Tn is dependant on permeant concentration as a high concentration
acts as a plasticicizer. If measurements made at a temperature which is below To fot the dry
polymer are started at c = 0, anomalous sorption is often seen. If the concentration is successively
increased by interval sorptions Tn rrray be lowered so much that it becomes lower than the ambient
temperature. In such a case the sorption rate curves will become Fickian at higher concentrations.
This is the rea.son fo¡ the pattern of successive interval sorption curves for amorphous polymers to
end with "Fickian type" (see page 17).
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Figure 6: Twestage curves adapted from Kishimoto et al. (1960)

Ii should also be noted that measurements of Tn are often made by dynamic methods that give

results which depends on the frequency used. One should therefore be careful when matching such

data with sorption observations.

6.4 time untii inflection during two stage sorption

If the two-stage sorption has a quasi-equilibrium. i.e. the sorption slows down before continuing
(seeFig.6),itwillalsohaveaninflection. Kishimotoetal. (1960)foundthatthelogarithrnof the

time to this inflection was a linear function of the initial concentration in the sample. They called

this time ú* and marked it with an arro\i¡ in their plots of c(1fú) (Fig. 6).

A similar characteristic time was used by Sadoh (1960a). He found that log(f ) was a linear

function of the moisture concentration in the samples. His f* was an inflection point in a E(log(l))-
diagram. I{is sorption curves were never plotted as afunction of Jî, but they would probably not

have shown any inflections in such a diagram.

6.5 swelling

Rogers (1965) writes that sorption with penetrants that extensively swells the polymer often exhibit
anomalous sorption behavior. Bagley & Long (19ã5), Christensen (L967) and Hunt (1989,1990)

have reportecl that swelling is much faster that the sorption. It could be that it is caused by the

sorption of a fi.rst stage, the second stage not giving any swelling.
In articles describing anomalow sorption in wood swelling is often described as causing the

deviations. It is not clear if it is swelling in the whole sampie of wood, or swelling within the cell

wall, that is meant.

6.6 heterogeneous and multicomponent systems

These are polymers which contain more than oue phase, i.e. composite materials and polyblends,

or polymers which are built by more that one type of chain-units (coploymers)' Most commercial

polymers, including wood and natural fibers, are of this type. Most measurements have been

made on simpler polymers than these. Diffusion in composites is complex due to interphase effects

(Rogers 1985) and is not completely understood even for systems with Fickian behavior.

It seems that two polymers with Fickian behavior can give non-Fickian behavior in a compoeite

(Sax & Ottino 1985, Shah et al. 1985), but it is more common that non-Fickian components give

Èi"ki"o behavior when mixed. Ma¡om (1985) writes: "As fa¡ as composite materials are concerned

the most striking phenomenon with regard to the anomalous behavior is its diminishing or even

complete disappearance with the introduction of a rei¡rforcement" -

Mirley et al. (1985) and Schneider et al. (1988) found that the addition of a hard phase to

an elastomer caused the material to behave anomalous. The absorption on the elaetomer was

controlled by the relaxation of the hard phase.
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Figure 7: An example of sorption with a quasi-equili'orium adapted from Berens (1978)

6.7 characteristics of the stages during two-stage sorption
Long et al. (1953) seems to have been the first to observe and discuss a two-stage sorption rate
curve. Since then many researchers have observed this (Bagley & Long 1955; Long & \4âtt 1956;
Newns 1956, 1959; Kishimoto et al. 1960; Long & Richman 1960 etc.) and they all seems to agree
on the following points:

¡ The first stage is Fickian.

¡ The second stage ìn non-Fickian and probably relaxation controlled.

Bagley & Long (1955) also found that it was the initial stage that waÆ accompanied by the
swelling, the second stage seems to go without any dimensional changes.

Newns (1959) and Watt (1960b) found that no hysieresis could be found if an absorption step
was interrupted before the second stage had started. If sorption proceeded into the second stage
before the intenuption hysteresis was fou¡rd.

6.8 two-stage sorption rate curves with a quasi-equilibrium
In some cases it have been reported that the sorption seems to come to an end at a 'quasi-

equilibrium' before the second stage starts. Fig. 7 from Berens (1978) gives an example of this
phenomena. Similar curves have been observed by Long & Watt (1956), Newns 1956, Kishimoto
et al. (1960), Odani et al. (1961) and Avramides & Siau (1987) (for wood).

In Fig. 6 is shown one such curve with a quasi-equilibrium at B. It should be noted that the
presence of a quasi-equilibrium makes it hard to know when a sorption rate experiment should be

finished.

6.9 integral vs. interval sorptions

"It appears that the presence of penetrant at the start of a sorption step retards the attainment
of equilibrium" (Berens 1978).

It has been reported that large absorption steps (i.e. integral sorption) are much faster than
smaller ones (e.g. Downes & Mackay 1956, Christensen 1959, 1967, Odani et al. 1961, McNamara
& Hart 1971, Berens 1978). This could be explained by that the large swelling sttesses during the
integral sorption makes the sorption proceed faster by increasilg the relaxation rate. "It appears
that the presence of penetrant at the start of a sorption step retards the attainment of equilibrium"
(Berens 1978).

6.10 prehistory of sample

The observations below are not really coupled to anomalous sorption behavior, but are still inter-
esting in the present context.

t
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6.10.1 annealing

Annealing (heat treatment) reduces the free volume in the polymer and makes it ha¡der for the
penetrant molecules to diffuse. Irrversely a polymer which has been cooled very fast has a large
free volume and a high diffusivity. Windle (1984) found a higher front velocity for case II sorption
after such fast cooling. This effect is effectively erased by successive cyclic sorptions betweerr high
and loq' c.

6.10.2 pre-swelling

Pre-swelling increases both the rate and the equilibrium absorption (Enscore et al. 1977b), but
the effect is completely erased after some cyclic sorptions.

6.10.3 drawing

Windle (1984) reports that a much higher sorption is seen after deformation of a polymer above

its elastic limit.

6.11 overshoot

Watt (1960a,) saw a maximum in the absorption curve before equilibrium. The measurements were

made on wool and it is not clear if there were heat-of-sorption effects.
Berens (1978) reported a sorption rate curve which first rose to a sharp maximum in the first

few minutes, then decreased to a minimum before the sìow increase toward equilibrium above the
level o[ the first maximum.

Only a few observations have been made of overshoot in sorption curves. In some cases these

could be artifacts of the experiment design. Overshoot in Iiquid sorption curves can be caused by
the leaking out of components of the polymer.

6.12 final weight being a function of moisture history
Wati (1960c) reported that there was amaximum amount of retained water in samples being dried
in vacuum from RHry50%. Less water \ryas'left if the samples were exposed to lower or higher RII
before being dried.

Hergt & Christensen (1965) found similar results for wood dried with diferent procedures. A
maximum amount of retained water when the wood was dried from RHæ50% and a minimum
when the samples were dried from the wetted state.
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7 Linear Kinetics and Case If
Alfrey (1965) and Alfre;r et al. (1g66) found that the sorption of liquids in polymers sometimes
produced a constant weight increase and calìed this case II sorption. Earlier observations of such
behavior have been made, but Alfrey proposed that this was a second limiting case (the other
being Fickian behavior which was called case I). "The essential attributes, namely sharp step-like
penetrant profiles moving inwards from the surfaces with constant velocity which give, for sheet
specimens, weight gain plots which are also linear with time, have nou' been frequently observed
and widely recotded" (Windle i984)- The practice of plotting sorption data against rÆ to check for
Fickian characteristics sometimes hides the linear kinetics Hopfenberg et al. (1976) have replotted
data from Andrews et al. (1973) and found case II behavior. Similarly Kwei (1972) redraw curves
from Bagley & Long (1955).

Some information about the sharp moving boundaries comes from visual observations on trans-
parent polymers. Most comes from weight measurements. One system that produces case II
behavior and that is also convenient to work with is PMMA and r¡rethanol.

It is possible to obtain sharp moving boundaries by having diffusivity with a step-like depcn-
dency on the concentration (Crank 1975). These boundaries can, however, not be made to move
with a eonstant velocit¡'as do the case II sorptiou, so the linear kinelics must have other causes.

In the above mentioned PMN{A-methanol system and other systems the following obse¡vations
have been made (Windle 1984):

. At 30o and belon linear kinetics is shown.

¡ The sharp penetrant front moves at a constant velocity, both if measured b.v weight change
or optically (..g. by staining the methanol with iodine).

r The time at which the weight gain abruptly stops corresponds to the meeting of the opposing
fronts.

o The rate of the front traverse is independent of the concentration of the penetrant.

o Case II sorption in thin specimens gradually becomes Fickian if thicker specimens a¡e used

¡ The swollen material behind the front is deformed by stretching in the flow direction.

¡ As the fronts meet an increase in a¡ea and a decrease in thickness can be observed.

o Increasing temperature gives

- higher rate of sorption.

- increased equilibrium sorption.

- a trend away from case II sorption towards Fickian sorption.

Case II behavior is associated with liquid sorption in gÌassy polymers and it has not been found
for elastomers absorbing liquid solvents, although such behavior can be anomalous (Schneider et
al. 1986, Aithal & Aminabhavi 1990, Aminabhavi & Aithal 1990, Harogoppad & Aminabhavi
1991ab, Aithal & Aminabhavi 1991).

Many theories have been developed for the case II sorption. Some of the early work on non-
Fickian sorption have been used, together with other theories.

The higher rate of sorption at higher temperatures is explained by the difusivity increasing with
temperature. The trend away from case II sorption is explained by that the penetrant supply to
the advancing front becomes more difficult as the front velocity increases. The similar explanation
can be given to the fact that the thicker specimens show less case II behavior, as the penetrant
has to travel a longer distance to get to the front of a thicker specimen.

The dimensional changes which can be seen at the end of case II sorption are att¡ibuted to that
the restraining effect of the unswollen core disirppears as the fronts meet-

Many reported case II sorption plots show an induction period before the linear portion of the
curve is established. This has been ascribed to a sutface effect, but this is also an intrinsic aspect
of some theories for case II sorption
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Nearly all experimental evidence of linear kinetics comes from liquid sorption experiments. In
the reported cases ofvapor sorption producing such behavior (Kweí1972, Enscore et al. 1977ab) it
is not clear whether there is a f¡ont with a constant velocity or if the sorption curves just happens

to become linear by chance. It is my opinion that case II behavior is caused by liquid sorption
or integral sorption under special circumstances. It is not, in my opinion, a second limiting case'

This will be discussed below.
Case II is seen by many researchers as a limiting case of pure relaxation controlled sorption;

other anomalous behavior should then be a mixture of case I (Fickian) and case II. Petropoulos &
Roussis (1967, 1969, I974)have developed a model for relaxation controlled concentration. This
theory predicts linear kinetic when both D and a relaxation parameter are third order functions of
the c. This seems to me to be a complicated way of modelling case II behavior, which probably is

the result of what happens in the moving boundary (Windle 1984). If it is something that has to
happen in the front (e.g. breaking of bonds or crazing) before the front can continue, the velocity
will be constant. This is very far from normal vapor sorption, even if it is completely relaxation
controlled. It is not necessary to kn<¡w the exact nature of the processes in the front to realize that
such a sorption process can give linear kinetics. Under normal conditions of vapor sorptìon we

can get all kinds of strange sorption curves, but they are probably not caused by a front moving
through the material.

Therefore I do not think that general anomalous behavior is a mixture of Fickian and case II
behavior. In my opinion case II is a special case found under the extreme conditions of liquid
sorption. Normal anomalous behavior is normally caused by slow sorption in the whole sanlple'

Ottino & Shah (1984) and Enscore et al. (1977a) are examples of papers in which theories are

developed for 'the limiting cases', Fickian and case II. These theories are then used to treat normal

anomalous sorption behavior. This ìs not correct in my opinion.
Peterlin's (1965, 1977, 19?9) idea that there is a Fickian tail preceding the linearly moving

front in case II, is logical.
The super case II reported is recognized as a steepening of a more or less established linear

sorption plot- A number of theories have been put forward for this kind of sorption: 'overlapping
precursors' in which the two opposing fronts will give rise to an increased sorption when they
come near each.other, and 'differential swelling stresses'in which an adjustment in ihe equilibrium
sorption of the sample is caused by the release of stresses when the fronts meet.
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I Models of non-Fickian sorption
Numerous attempts have been made to quantify anomalous sorption phenomena. I have tried here
to make a complete review of such theories. To give some order to the account I have piaced the
models under difle¡ent headiags, This has been impossible to do in a completely logical way, but
it makes the section easier to read.

The models treated all concern two phase systems in which a penetrant enter into a polymer
(or leaves it) with no complications from external factors, More complicated systems are often
found in engineering problems. Three modeìs of non-Fickian behavior il three phase systems are
given by Chang et al. (1988).

8.1 changing surface concentration
These models are the most successful in that they are the most cited and most used models. In
my opinion it is doubtful if the conditions of the surface of the sample could control the sorption
in the whole sample. I would think the relaxation in the whole sample should control the sorption.

model 1 Crank & Park (1951) made thefust useful modelof non-Fickiansorption by intre
ducing a time dependant su¡face concentration:

c, = co(1 - ,-þ') (6)

They reasoned that the surface concentration might not immediately atiain its equilibrium value.
Instead this could be "established at a finite rate". The calculated sorption curves are sigmoid
and show a good likeness with some experimental absorption curves. lVhen absorption curves are
sigmoid, the desorption curves are often pseudo-Fickian (see page 5.1). Crank & Park found it
"reasonable to assume that, even though the surface concentration rises slowly during [ab]sorption,
on desorption it can fall to zero instantaneously when placed in contact with an atmosphere of
zero vapor pressure".

This model is probably the most quoted one in the literature on non-Fickian sorption. The
first order model of the surface concentration was probably the most natural way to model such
a phenomenon, but tr am sceptical to the idea that the surface concent¡ation should govern the
sorption. If the surface concentration only rises slowly it does so because the whole sample is
unable to sorb a large amount of vapor in a short time. The first order model should therefore not
be applied on the surface only, but in the whole sample.

This model has recently been used by Narebska et al. (1984a) and Smith & Fisher (1984).
model 2 Long & Richman (1960) found that the surface concentration changed in a more

complex w-ay than Crank & Park (1951) had assumed. They found that it initially changed rapidly
to a value cs (between c¿ and c¡), and then slowly increased towards c¡. The first part of this
adjustment initially followed cs = c0 *o'f (n'here o is a constant), but this equation can not be
used as the c" can not exceed c¡. They therefore proposed the following equation:

cs = co t (c¡ - co)(I- ¿-Þt¡ g)

With this model Long & Richman were able to accurately imitate experimental results with
clear two-stage sorption. If the diffusivity is low and B is low there will be a very marked two-stage
behavior. In one figure two simulated curves are shown which are very similar except that one
shows a twostage behavior. The only difference between these simulations is that the diffusivity
has been changed a factor 100. At least for that case it seems that the diffusivity has a minor
influence on the result, which is more a result of B.

The model can imitate two-stage behavior but it is rather doubtful whether one should consider
the surface concentration to be the controlling factor, Petropoulos & Roussis (1974) reviewed this
theory and found that a more general expression showed that the variation of c" was only a
manifestation of the time dependance of the sorption in the whole sample.

model 3 Joshi & Astarita (1979) develops a model, using theoretical thermodynamic con-
cepts, which in the end turns out to give an identical equation for the weight increase as the model
by Long & Richman (1960).The model treats a system with diffusion and relaxation. The cou-
pling between them is expressed with a dimensionless ratio between characteristic relaxation and
diffusion times. The model has been used by Wakesman et al (1979).
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model 4 Fujita & Kishimoto (see Fujita 1961) found that the above models did not reproduce
their measured series of interval sorption. They found it "more reasonable to assume that also the
initial increase þf surface concentration was] time dependant" (but they have in fact only added
one mote first order term to the equation of Long & Richman 1960):

cs = co * (r, -.0)(1 - e-Þfi\1- (c¡ - cr)(l - ,-þ") (8)

With this equations they could reproduce all curve forms found in a series of interval sorptions.
The model of Fujita & Kishimoto contains four parameters (cq, e, B1 and þz). It should there-

fore not surprise that it can accurately reproduce many experimental results; it should probably
be considered a numerical model, not a physical one.

8.2 changing diffusivity
I think these models are interesting but I am not convinced that the diffusivity is the rate controlling
factor. In my opinion the rate of ano¡nalous sorption is mainly controlled by the rate of sorption,
i.e. it is the availability of the sorption sites that governs the sorption process. Neve¡theless, these
models have been successful in predicting anomalous sorption curves.

model 5 Crank & Park (1951) studied the effect of a surface skin on the sorption rate to
try to reproduce absorption and desorption rate curves which crossed each other. Thev succeeded
in this by introducing a l'ery variable difusivity in the outer layers of the sample (a skin). At the
same time "no appreciable linea¡ part will be observed in the sorption curve" and this did not agree
with ihe experimental results they were studying. They concluded that "it seems unlikely that we

can reproduce simultaneously the sorption and desorption behaviour to agree with experimental
observation by combining the effects of a skin and concentration depenCant diffusion".

The experimental sorption rate curves shown in the article have no "appreciable linear part".
The absorption curves do however have an initially increasing slope which is not reproduced in the
calculated curves which have decreasing slopes.

model 6 Crank & Park (1951) also proposed a diffusivity which was dependant on the history
of the diffusion process: 

ôD(t,x\
Ë: a(DÍ - D(t,x)) (e)

where Ð¡ is the equilibrium diffusivity. They give this equation ("the simplest expression of any
physical signifcance describing the rate of change of the diffusion coefficient") and note that "any
sort of rearrangement of polymer molecules, proceeding relatively slowly, will presumably lead
to history dependant diffusion". No calculations were made to verify that the model produced
relevant sorption rate curves.

I can well imagine a history dependant diffusivity, but think that the effect of such a difusivity
will be rather small compared to other effects (e.g. relaxation producing new sorption sites).
Normally the diffusivity does not change ver¡r much during interval sorption; Eq. 9 can not produce
anything but a diffusivity which slowly changes from its equilibrium value at the initial to its
value at the final concentration. During integral sorption the situation might be different as the
equilibrium value of the diffusivity can change very much during such a sorption.

model 7 Crank (1953) furthe¡ develops this theory to account for the observations of one

fast and one slow stage in the sorption. He gives the following flrst order approach:

ry:+**a(D¡-D(t,x)) (10)

where D1 is that part of the diffusivity which can change immediately and D¡ is the frnal diffusivity
at equilibrium, This is a further development of Eq. 9 and it is assumed that the concentration
at the surface immediately reached c¡. The above equation was evaluated with the following
assumptions:

D1 -- Dseo" Dl : Doeb" a = qoeoc (11)

where c, b, Ds, ag and ø are constants.
According to Crank the above equations with the above assumptions will produce history

dependant sorption only if the concentration interval a¡d the thickness of the sample are in certain
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where ø and ö are constants.
The result shown indicates that an increase in stresses set up, a reduction in plasticization, or

a decrease in the rate of stress relaxation all reduces the sorption rate. The diagrams are shor¡/n
with ú on the x-axis which makes it hard to compare them with diagrams from other papers.

Linear kinetics can be generated with this model, but it is not associated with sharp penetrant
fronts.

8.4 models using irreversible thermodynamics
model 15 Frisch (1964) used irreversible thermodynamics to make a model of anomalous sorp-
tion. This includes " a set of unspeci-fied internal parameters which are used to describe the gradual
'freezing'or relaxing ofinternal degrees offreedom as the system passes through a'glass-like'tran-
sition region" (Crank 1975). The given final equations are very general in nature, but probably
not very useful.

Frisch et al. (1969) and Wang et al. (1969) also used irreversible thermodynamics in making a
model of strain dependant sorption (se page 26).

8.5 theories based on equilibrium sorption
model 16 I Lrad been proposed by rlany researchers that sorption was occurring by two distinct
rnodes- Vieth Ú" Sladek (1965) put this on a rnathematical form in what has become known as the
'dual sorption mo<ìel'. The sorption isotherm is made up of two components: one which is linear
(Henry's law) and one which is nonlinear (Langmuir sorption). The second component has been

termed 'hole-filling'. These molecules are immobilized and do not take part in diffusive transport.
The diffusion equation becomes:

ô2c ô"1 c*.b ID #=äl'*ffi] ttar

where a is the Henry's law constant, ò is a hole affinity constant, and c¡7 is a hole saturation
constant.

Vieth & Amini (I974) discusses both positive and negative deviations from Henry's law. Fenelon

(I974) gives "experimental support" to this theory.
Hunt (1990) also used a sorption isotherm model (by Kollmann 1963) to explain why swelling

was faster than sorption in thin wood samples at high RH. Kollmann's isotherm model contains
three terms: sorption, submicroscopic capillary condensation and microscopic capillary condensa-
tion. Hunt assumes that it is the first of these that correlates with swelling, but does not make

any model of the kinetics of swelling and sorption.

8.6 theories for multiphase polymers

model 17 Sax & Ottino (1983), Ottino & Shah (L984) and Shah & Ottino (1986) developed a
theory for muliiphase materials which they called the effective medium theory (EMT). It predicts
the overall tra^nsport properties for ¡andomly inhomogeneous systems and works best when one of
the components has a very much higher diffusivity than the other (for two-phase systems). The
actual system is replaced by an effective homogeneous system that exhibits the same properties as

the actual material. It has been used by Shah et al. (1985) and Serrano et al. (l9E7b).
The EMT is a computer-based model which uses the theory of equivalent networks. Earlier

models of multiphase systems used series and parallell coupling of the phases. The EMT model is

a more general theory in which the coupling of the phases is expressed i¡ more general terms. An
important conception is the 'percolation threshold', by which is meant the lowest concentration
when one of the components has a continuous phase.

Sax & Ottino (19S3) discusses the model without any references to non-Fickian behavior, but
Ottino & Shah (1984) uses different transport laws within each phase or domain. They do however

restrict themselves to linear kinetics. It is not easy to value a theory which is as complex as this
one.
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model 18 Wadsö (1992) models anomalous behavior in whole wood specimens as being
caused by a finite rate of absorption by the cell wall. The flow into the sample is modeled using

Fick's law and data from steady-state measurements. This initial Fickian sorption is absorbed on

part of the ava.ilable sorption sites (fast sorption). A second slower absorption is modeled by a
second Fickian process into the cell walls of the sample.

This theory could correctly describe the major part of some anomalous sorption curves, but
there were also an extremely slow attainment of equilibrium which the slow Fickian process could

not capture. An addition of more time scales would have made the model better, but these time
scales would not have such physical relevance as the Fickian subprocesses.

8.7 numerical models

Numerical models are models which are not based on physical models. Putting a model in this
group is probably a matter of taste, but it should not be viewed as a depreciation. Berens model

below is one of my favorites; it gives the time scales of processes and is very general and easy

understandable.
model 19 Sadoh (1960b) proposed the following equation for sorption in thin hemicellulose

sampìes, as the sorption was independent, of thickness:

E_I_e-t/, (19)

where r is a viscoelastic "retardation time [...] or network deformation". This frrst order model

imply that the sorption is not at all governed by diffusion.
Even if the model is described in terms of relaxation I have put it in the subsection of numer-

ical models, This might be a mistake, but the article is in japanese which makes it difficult to
understand the reasoning behind the model.

model 20 The model by Berens & Hopfenberger (1978, 1979) contains a Fickian term F(f )
and a sum of first order relaxation terms. It was used for small spherical particles:

W=a.r,(i) *t4.e-k^t "+Lbn:r (20)
"-J n=1 n=7

The Fickian term contains information about (. and D of the specimens.
Enscore et al. 1977a and Berens (1978) uses the model with one or two relaxation terms and

gets a good fit to experimental data of various forms. Berens even gets a very good fit to an

absorption rate curve which has a minimum by using a negative value of ü2. This shows that the

model is a good model, but not much more than a numerical model.
A model such as this is of no general use as it does not include any material dependant pa-

rameters in thc sccond part of the equation, but the ,tr:s do give the time scales of the sorption
process. Therefore a numerical model can be of value even if it does not relate the sorption to any

material parameters.
model 21 Kelly & Hart (1970) proposed the following equation for absorption or desorption

in wood: 
cJ - c - (ot + ("0 - l)')'lu (2r)

where f is a correction factor for the first stage of the sorption. The equation seems to have given

a good fit to the experimental curves, but does not seem to have any physical relevance.

model22 Walker & Ha¡rison (1971) observed that the weight chânge, when wool was dried,

did uot obey Fick's law. Flom their measurements they calculated a mean deviation from Fickian

behavior and called this "function.g". ,9 was expressed as an eighth degree polynominal in -t and

used to predict sorption in cylindrical samples:

F(E) = s@D; Q2)

where F(E') = Dtlr2 for cylindrical samples under Fickian conditions. F seems to depend on

the geometry of the sample, but this is not further explained in Walker (1977) where he tests the

function 5 on older measurements made on wooden slabs and cylinders. According to Walker .9

has no physical base, but seems to give a better fit to experimental data than does Fick's law alone.

I my opinion .9 is not of much use as it is highly improbable that all anomalous sorption rate

curves should show the same deviation from Fickian behavio¡.
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ranges. If they are larger or smaller normal concentration dependant sorption will be the result.
This seems to be an effect of the above definition of D 1, D ¡ and a. In an experiment with ìnterval
sorption covering the whole range of p from dry to saturated sample the measured diffusivity will
change from D1 at low p to D¡ at high p, and this change may occur in a quite small ¿interval if
o is large.

Crank also gives some calculated sorption rate curves showing that the following phenomena
can be simulated:

¡ The absorption rate curve can be above (emall values ofö o¡ large thicknesses) or below (large
values of ó or small thicknesses). The two curves can also intersect (intermediate values).

r For large values of á the absorption rate curve is sigmoid.

¡ The sorption proceeds relatively more quickly for thicker samples (when plotted *íth 1ffi
on the x-axis).

8.3 strain dependant diffusion
As the models concerned with strain dependant diffusion use quite a lot of equations and definitions
I have tried to describe thei¡ most important details wiih words only.

In my opinion these models are good, in that they model a realistic pFocess in the whole samplc.
The model by Newns is very interesting-

model 8 Crank(1953) proposed a simple model of strain-dependant diffusion. The increas-
ing diffusivity is modelled as a discontinues function of the concentration as this simplifies the
mathematics. The resulting concentration profile has a high gradient at a certain position in the
sample. The sample is therefore partly swollen and partly dry.

The model used the following relations:

1. The area of the specimen is the same throughout its thickness.

2. The swelling and the strain are uniform in the swollen and the dry parts respectively.

3. The total forces of compression and extension are balanced (the elastic moduli for the dry
and swollen polymer are needed).

4. The diflusion coefficients are related to the compression and extension by sirnple relations-
The difusivity in compression decreases linearly with increasing compression, and the diffu-
sivity in extension increases linearly with increasing extension.

5. The ratio of the diffusivity of the fully compressed pol;'mer to that for the u¡stressed swollen
polymer is the same as the corresponding ratio for the unstressed to the fully extended dry
polymer. This simplifies the mathematics.

Crank calculated some sorption rate curves that can be obtained with the model. If the elastic
modulus fo¡ the dry material is much lower then that of the swollen material (the swollen material
is much stiffer) the resultirrg sorption rate curves looks Fickian. If the elastic modulus of the dry
polymer is the larger (the dry material is stiffer) the curves are sigmoid. An interesting effect is
that there can be a time when a thin specimen contains more penetrant than a thick specimen.

Crank's model is certainly very interesting and can give good descriptions of some observed
anomalies, but it is doubtful whether the diffusivity is strain dependant.

model 9 Newns (1956) correctly predicted several features of two-stage sorption rate curves
with a model in which he considered that the first stage sorption swelled the polymer to such an
extent that no more sorption could take place before relaxation had decreased the stresses. The
hypothetical pressure (tI) at any time during the second stage is

- - 4,T r f¿) (2)tt- y *\t/

where I/ is the partial molar volume of the penetrant. The balancing stress is given by Hook's law:

P - 7A,a (13)
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where At, is the fractional volume change during the first stage sorption and 7 is a constant.
When these two equations are equated expressions for weight increase and fraction sorbed

during ihe initial stage can be developed, The model developed is of a quantitative nature but
seems not to have been used very much by Newns or any other researcher. Crank (1975) seems to
find the model good as he devotes nearly a page to a description of it. Also Christensen & Kelsy
(1959) discusses a similar model.

model 10 According to fi,ogers (1965) Fujita et al. (1959) have proposed a model which is
similar to lhat of Newns. "The rate of the continuous slow expansion of polymer structure f¡om
the state of quasi-equilibriunr toward the equilibrium configuration corresponding to the external
pressure is assumed to depend primarily on the strength of interchain forces in the presence of
penetrant and on the magnitude of the swelling stress caused by a given increment of external
pressure. The plasticizing effect of an increasing sorbed concentration will cause a gradual weak-
ening of interactions between chains even when the polymer is in the glassy state" (the quotation
is from Rogers (i965) as I do not yet have this reference).

model 11 Christensen (1959) and Sadoh & Christensen (1964) discussed swelling pressure
(Eq. 12 above) in the cell walls and thin hemicellulose samples and found that tt-ln(p¡lp¡) were

constant (tr is the time to half sorption). The same kind of relation was also found when other

fractions of sorption were s¿udied. A general formula for these results (which was nct given by
Christensen or Sadoh & Christensen) would then be:

E=f J|-na
Pi )

(14)

where / is a single valued function.
It is doubtful whether this equation can be of any general use, but it interesting to note that

the logarithmic expressions, which are the result of the expressions for swelling pressure, seems to
describe at least some anomalous sorption phenomena.

model 12 Frisch et al. (1969), Wang et al. (1969) and Kwei Ez Wang (1974) added a second

term to the gradient in Fick's larq. This should include the efect of the swellirg stress of the
p enetrant:

ôc ! ( 

"* -,,\ (1b)
ôt= ô"\"ar-"")

This was called "a generalized diffusion equation". D primarily ¡efers to the swollen region.
By irreversible thermodynamics a solution which can be seen as a sum of a Fickian component

and a case II component was developed. The position in a sample with a certain concentration
has the following form as a function of time:

r = all +bt (16)

where a and ó are constants. If å is small the sorption is Fickian, and if a is small the sorption is
case II. This model is very similar to the model by Peterlin (1965, 1977,1979), but that model is

primarily developed for case II sorption.
model 13 Petropoulos & Roussis (1974) extended Crank's (1953) theory by assuming the

polymer to have viscoelastic properties. Using computer simulations sigmoid and two-stage sorp-

tion rate curves were calculated. It was also pæsible to generate plots which had long linear
portions. The authors discuss extending the model by including more physically releva^nt relations
into the model. "Clearly, the model could become very complicated. It has the advantage, however,
that the additionat parameters should normally be deducible from the mecha¡rical properties".

The authors forced the model to simulate linea¡ kinetics (ca.se II) by using steeply increasing
empirical functions of D and 0. The model does however not produce sharp penetrant fronts (even

if the weight increase is linear).
model 14 Petropoulos & Roussis (1978) extended their own theory by treating the polymer

as a linear viscoelastic medium. The elastic modulus will decay with a first rate function from
an initial value to a final value af,ter infinite time. The area of the sample is "constrained to be

uniform" which gives a local stress. The diffusivity is modelled as dependant on both c and o
(stress):

D(c,o) = Doeo"rbo (17)
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8.8 models of case II and super case II
Case II is also termed Ìinear sorption as the weight increase in such a case is proportional to the
time. Super case II starts as case II but speeds up after a while (the sorption rate increases even
if the sorption is plotted against linear time).

Case II models are models in which a penetrant f¡ont traverses the specimen at constant speed
(for a rectangular specimen). Such models are developed primarily for liquid sorption or dissolution
and can probably not explain anomalous vapor sorption but are included here as they usually are
discussed in association with models for vapor sorption.

Anomalous behavior is often seen as a mixture of Fickian and case II behavior. Therefore some
of the models described above have been developed for both Fickian and case II behavior. The
models in this subsection have, however, been developed specifically to show linear kinetics.

model 23 Peterli¡ (1965, 1969, 1977,1979) proposed that case II behavior was the result of
Fickian diffusion under special conditions. He assumed that the polymer swelled when a certain c

had been reached, and that the diffusivity at the same time increased by some orders of magnitude.
For the sake of simplicity he assumed the sample to be half infinite, the swelling to be instantaneous
and the diffusivity in the swollen part to be infinitely large. As there also is a diffusivity in the
unswollen part a Fickian 'tail' will precede the moving front. Therefore the weight increase wilì
start as a Fickian process. Later the discontinuity "between the region with Fickian diffusion
and the swollen network" will move with a constant velocity i.e. show one of the signs of case II
sorption.

The diffusion equation was writien:

9:=L(,
Òt ä¿\

dc

- 
-'ùCdr

(23)

The diffusivity is associated with a Fickian tail ahead of the front.
Peterlin uses irreve¡sible thermodynamics in his reasoning. Flisch (1980) notes that Peterlin's

theory "contrasts with the views of almost all other investigators who seems to believe that there
are some mechanistic diferences between Case I and Case II". I also agree with Frisch (1980) when
he says thai the "model in no way relates the constant case II velocity o to the diffusion problem".
Peterlin (1977) writes that one "has the rather unexpected result that the same mathematical
formalism [...] yields both types of diflusion: Type I for constant or approximately constant and
Type II for extremely pressure or concentration dependant D, S l= c/p] and P [permeability...]
Type I diffusion is a rery special case confined to ideally linear systems with consta¡t D and .9".

The last statement is not true and the whole theory seems strange.
model 24 Jaques et al. (1974) modelled super case II sorption as arising from the interaction

of two Fickian tails ahead of the linearly traversing fronts.
model 25 Sarti's (1976) theory for case II sorption is based on the crazing which is seen

accompanying the sorption front in polystyrene systems. Reported kinetics of craøing in dry
polymer under mechanical load is used in the model.

model 26 T\r (1976) and Tu & Ouano (1977) describes a model of the dissolution of a glassy
polymer ìn a solvent. The system is modeled as having three parts: the glassy polymer, a rubbery
gel layer, and the liquid solution. As the dissolved polymer are carried away, and the glassy polymer
contains very little penetrant. the system will look the same at all times there are polymer left to
swell and dissolve. Therefore the front will travel into tbe material at constant speed.

model 27 Asterita & Salti (1978) have modelled case II behavior by solving the diffusion
equation behind the moving front. The solvent flow is proportionaì to the adva¡rcement of the
front times the concentration jump across the front. This produces linea¡ weight increase and a
front moving with constant velocity.

model 28 Sarti (1979) presented a model in which the swelling at the moving front was the
rate determining process. The stress was evaluated Ín terms of penetrant concentration and the
velocity of the front was expressed in terms of swelling stress. This theory is similar to the one

described in Sarti (1976).
model 29 Thomas & Windle (1980, 1982) have developed a theory which produces sharp

diffusion fronts propagating at constant velocity, and a linear weight gain. This theory models the
viscous response to the osmotic pressure of the penetrant at the front. Two basic parameters are

used: D and the viscous flow rate of the glassy polymer.
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model 30 Enscore et al. (1977a) made a very straight forward model of case II sorption by
introducing a case II relaxation constant È (in uuits of kg/(mzsi by supposing that the case II
front also travels with a constant velocity in a sphere. The expression for the absorption in a single
sphere becomes

dM2

-=fr.+Trdú
(24)

where r is the position of the advancing front (the corresponding equation for the rectangular case

would simply be dM /dt-fr). After some simple calculations one gets the following equation for
the dimensionless sorption:

E=l ht 
(25).-(1- 

Rc¡)"

for a sphere of radius .R (in the corresponding equations for cyliaders and slabs the exponent is

changed to 2 and 1 respectively).
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I If you want to read ten articles on non-Fickian behav-
lor...

This review contains a long list ofreferences, but these are not all the ones I have had to read...
I would like to suggest ten papers and articles which I think are good. I have chosen them as they
are easy to read, contains interesting information about the subject, and/or have been cited a lot.

Here they are:

1. Crank & Park (1951) contains both experimental data and two kinds of models for anomalous
sorption. Probably the most cited article in this branch of science.

2. Crank (1953) further develops a model.

3. Long & Richman (i960) is one of the articles by Long and co-worke¡s, Concentration profiles
are mea,sured which show two-stage behavior. A model is also proposed. Richman & Long
(1960) describes the apparatus used.

4. Christensen & Kelsey (1959) is a extensive original article on measurements of sorption on
thin samples of wood. Christensen (1965) is a nice english summary of the work.

5. Skaar et al. (1970) is a surnmary of Prichananda's work on anomalous sorption in larger
specinrens of wood.

6. illackay et al. (1969) and Mackay & Downes (1969) contains the best work on wool with the
vibroscope technique. Impressive error analysrs-

7. Petropoulos & Roussis (ß7a) is a description of three kinds of models for non-Pickian sorp-
tion. Nice to read.

8. Be¡ens (1978) is a nice article on sorption in smallspheres of PVC.

9. Thomas and Windle (1980) is a very nice article on ca,se II behavior.

10. Jacques et al. (1974) is a well written account of super case II.
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