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Model for water transport into powdered xanthan combining gel swelling and vapor diffusion
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Water ingress into xanthan powder compressed to various packing densities has been studied using nuclear
magnetic resonance stray field imaging~STRAFI!. A foot is observed ahead of the main water ingress front
which is attributed to vapor transport around the particles. The main development of the reported work is an
analytical model which describes the coupling of vapor transport through the pore space and liquid transport
through the progressively swelling gel which gradually occludes the vapor path. Good agreement between
theory and experiment is found over a wide range of packing densities with the model requiring only one
adjustable parameter, the water diffusivity in the gel measured in a constant polymer mass reference frame. It
is suggested that the results are of considerable relevance to situations where the polymer is produced at low
concentration by bacteria such as in the rhizosphere and aerial bio films.

PACS number~s!: 81.05.Rm, 66.30.Ny, 76.60.Pc, 82.70.Gg
e
t
a
d
io

s
he
m
a
ss
bl
la
b
ru
t
n

he
o
io

er
ne
ria
m

ems
rt in
-
port
rm

in
r is

be-
ing
te.

ort
wet
o-

ation
d to

e a
to

was
eds
e
es
on
Al-
by
the
or-

cu-
-
us

ter
in
I. INTRODUCTION

Xanthan is one of a series of microbial polysaccharid
which are well known for their ability to strongly interac
with, and bind, large amounts of water. This property h
lead to the suggestion that such biopolymers are produce
microorganisms to slow down water loss during desiccat
in soils @1#, in aerial bio films@2# and in marine environ-
ments subject to tidal exposure. It has further been sugge
that the biopolymers prevent excessive water uptake w
the bathing solution is very hypotonic, thus preventing da
age due to water stress@3#. Xanthan is frequently used as
gelling and thickening agent, an emulsifier in food proce
ing @4# and as a binder for pollutants in water. Considera
effort has been put into investigating structure-function re
tionships in order to better understand the interactions
tween water and ion transport properties and chemical st
ture of different xanthan types. Modern technology aims
tailor such properties for specific applications in the food a
other industries.

Liquid transport in polymers in particular has been t
subject of a number of investigations. A large variety
phenomena are observed ranging from Fickian diffus
where the mass uptake varies as the square root of time@5# to
case II diffusion where mass uptake is linear with time@6#.
The latter in particular results from the viscoelastic prop
ties of the polymer. Most of these studies have concer
rubbery or glassy polymers presented as solid bulk mate
There has also been some work looking at highly co
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pressed pelleted material notably for drug release syst
@7#. Other areas which have been studied include transpo
gels and polymer dissolution@8#. However, there is consid
erably less work which attempts to measure water trans
in loose agglomerations of polymer. This is exactly the fo
in which polysaccharides produced by bacteria are found
many natural desiccated environments. Here, the polyme
found at low concentration with considerable air space
tween agglomerates. The role of this air space in determin
the water transport through the polymer is still under deba
The objective of this work is to measure water transp
through aggregate polymer systems undergoing the dry-
transition. We do this by using stray field magnetic res
nance imaging to measure the time and space concentr
dependence of water ingressing loosely packed, compare
tablets, xanthan powder beds. In addition, we introduc
model based on coupled liquid water and vapor diffusion
describe the data. It is based on our previous one which
introduced to describe the coupled transport in packed b
of zeolite powder@9#. It was subsequently found to b
equally applicable to low level water diffusion in sandston
@10#. The key advance reported in this work is the inclusi
of swelling which causes the vapor path to be occluded.
though the complexity of the mathematics is increased
swelling, we suggest that the generality of the model and
underlying physical considerations are of widespread imp
tance.

There is considerable previous work on xanthan, parti
larly in relation to the food industry, but most of it is con
cerned with studies of viscosity and self-diffusion in aqueo
gels and solutions. MRI is highly suited to the study of wa
dynamics in xanthan and indeed for liquids in polymers
5353 ©2000 The American Physical Society
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general. Numerous previous examples of its satisfactory
for quantitative study can be cited including the semi
work of Blackband and Mansfield@11# and subsequent stud
ies by, amongst others, Weisenberger and Koenig@12#, Hyde
et al. @13#, and Narasimhanet al. @14#. This particular study
follows on from our own previous work where we inves
gated the effect of chemical modification of the polysacc
ride on water uptake@15#.

II. SAMPLE PREPARATION AND EXPERIMENTAL
METHODS

Keltrol F, a commercially available xanthan, was suppl
as a lyophilised powder by Keltrol-Nutrasweet plc.~Epsom,
UK!. The xanthan powder was equilibrated in a desicca
above dry silica gel where it achieved a water fraction o
wt. %. Further drying was not possible without recourse
more extreme methods, which may radically alter the phy
cal structure of the polymer. The dehydrated powder w
loaded into the bore~2 mm inner diameter! of glass capillar-
ies. It was compacted with two steel pins which we
mounted in a press, one being attached to a screw. A kn
torque was applied on the screw to achieve reproducibility
compaction. The density of the sample was calculated fr
its mass, the length of the compacted powder column in
capillary and the cross section of the capillary. In the exp
ments, the top of the dry xanthan sample was expose
deionized water. The time course of water ingress was p
filed using stray field imaging~STRAFI!.

Stray field imaging is a form of magnetic resonance i
aging which exploits the very large magnetic field gradie
found below superconducting magnets to achieve high s
tial resolution at very short echo times@16,17#. The short
echo times improve quantitation of the experiment since
the hydrogen nuclei in the sample are excited and obser
The standard multiple quadrature echo pulse seque
@16,17# was used, 90x2t2@90y2t2echo2t#n2 where
90x/y signifies an excitation pulse of relative phasex or y and
2t is the first echo time andn is the number of acquired
echoes. The quadrature pulse sequence refocusses dire
stimulated echoes in phase and therefore obtains better s
to noise than the version using solely 90x pulses. In the
experiments reported here the gradient strength was 58
the pulse length was typically 6ms corresponding to a slic
width of 65mm. The first echo time was typically 60ms and
n was 16. 30 slices were acquired at increments of 300mm
giving a profile length of 9 mm. The single profile acquis
tion time was 20 s and 64 averages were collected for sig
averaging.

In order to still further improve the signal quantitatio
uniformly equilibrated samples at various hydrations w
also measured. For this purpose, xanthan samples were
pared by mixing the appropriate amounts of xanthan pow
~Keltrol F! and water using a pestle and mortar. The samp
were kept at 4 °C for a week to equilibrate. The xanth
samples were then quickly transferred into small test tu
and profiles acquired using exactly the same experime
setup and parameters as for the ingress experiments. A
bration curve~Fig. 1! was derived from the signal intensitie
and known hydrations of these samples to correct for
sidual signal attenuation due toT2 and T1 relaxation and
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diffusion, apparent even in STRAFI experiments.
Finally, the adsorption isotherm was measured for Kelt

F xanthan by equilibrating previously dehydrated mate
over a series of salt solutions of known water activity for
days@18# and measuring the mass uptake~Fig. 2!.

III. MODEL DEVELOPMENT

A. Background

A model is suggested in which three regions are defin
according to the principal operative diffusion mechanis
~Fig. 3!. Region 1 is a bed of loosely packed xanthan pow
with initial void fraction k0. The water transport rate is pri
marily controlled by water vapor diffusion between the po
der particles. As water is absorbed into the xanthan parti
they swell, diminishing the void fraction. However, wit
void space still remaining, there is no overall expansion
the sample along the tube length. In region 2, it is assum
that the void space is completely filled with swollen xanth
and ~liquid! water diffuses through a continuous gel matr
The swelling causes macroscopic expansion of the gel w
increasing water content. In region 3 the macromolecu
disentangle and dissolve.

FIG. 1. Calibration curve for relaxation- and diffusion-weighte
signal and corresponding water volume fractioncw . The dots rep-
resent experimental data which were obtained from xant
samples equilibrated at known water contents. The solid line
cubic spline interpolation which was used for calibration.

FIG. 2. Absorption isotherm of xanthan. The dots represent
perimental data obtained from samples which were equilibra
over salt solutions of various water vapor activitiesaw . mw is the
adsorbed water mass. The constantsA50.162 g/cm3 and B
50.361 were obtained by fitting~solid line! the Oswiin equation,
Eq. ~8!, to the experimental data.
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It is assumed that the diffusion obeys Fick’s law in
three regions:

]cw

]t
5

]

]x FDapp~cw!
]cw

]x G , ~1!

where cw is the volume fraction of water andDapp is an
apparent diffusion coefficient referenced to the laborat
space and time coordinatesx andt, respectively. Fickian dif-
fusion implies that other processes, such as the condens
of water vapor onto xanthan particles and the local expan
of the polymer due to water uptake occur on time sca
which are fast compared to the water transport. Con
quently, in region 1, swelling xanthan particles and wa
vapor are always in local equilibrium according to the a
sorption isotherm. In all regions the swollen gel matrix is
local equilibrium with the liquid water concentration. Th
results in an apparent diffusion coefficientDapp, which is, in
general, a function of the water concentrationcw only.

For semi-infinite systems such as approximated by
current experimental setup, the Boltzmann transformatioh
5x/(2At) can be applied to Eq.~1! to yield

052h
dcw

dh
1

d

dh FDapp~cw!
dcw

dh G . ~2!

The solutioncw(h) of this differential equation of a single
variableh is referred to as a master curve.

Given experimental master curves, it is possible to cal
late Dapp(cw) using algorithms set out in the literatur
@11,19#. However, the calculation is notoriously sensitive
noise in the data. Moreover, this procedure does not pro
insight into the diffusion mechanism. We prefer in this wo
to derive an analytical expression forDapp(cw) for each of
the three regions and from this to evaluate the master c
for comparison with data.

Equation~2! cannot be solved analytically for an arbitra
Dapp(cw). It is therefore solved numerically using standa
forward differences and single step iteration methods

FIG. 3. Schematic of the compacted xanthan powder show
the three regions and two coordinate systems described in the
y
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~h i2h i 21!~h i 212h i 22!
Di . ~3!

Since the base of the sample is fixed within the capilla
swelling forces the polymer gel and solution in regions 2 a
3 to move upwards. To simplify the calculations, two spa
coordinate axes are used. The first, unprimed, coordinax
refers to the laboratory and maps onto the unprimed varia
h. The origin is at the initial water/xanthan interface. T
second, primed, coordinate system is fixed with respec
equal masses of polymer. The origin of this system is loca
at the dissolution interface between regions 2 and 3. T
interface between regions 1 and 2 occurs ath5hk0

where

cw5k0 and the interface between regions 2 and 3 ath5
2h08 wherecw5c0, the concentration required for dissolu
tion. The solution of Eq.~2! can be found by various tech
niques. A convenient method is to set the valuec5c0 at h
50 and, starting from an estimate ofdc/dh, iteratively vary
the gradient until the solution for which isc→0 ash→`
is found. The solution is then transformed according
h→h2h08 . The local swelling of the polymer is accordin
to dh85dh(cP1k0)215dh(12cw1k0)21, where cP is
the polymer concentration. The overall expansion of the
region is proportional to the volume of water taken up by t
polymer over and above the void space, assuming tha
conformational change of the xanthan molecules occurs
ing expansion. The uptake is proportional toAt. It is given

by *
2h

08

hk0 (cw2k0)(12k0)21dh.

B. Region 1

Initially in region 1 vapor diffusion alone controls ingres
dynamics. However, as vapor condenses on the xanthan
ticles and the particles swell, vapor diffusion is increasing
replaced by liquid water diffusion through the developing g
matrix. The mass transfer from vapor to water and lo
swelling of the particles is considered in a pair of coupl
modified Fickian diffusion equations for both vapor and w
ter as follows@20# :

k~ t !
]mv

]t
5

]

]x Fk~ t !Dv

]mv

]x G2
]S

]t
, ~4!

@12k~ t !#
]mw

]t
5

]

]x F @12k~ t !#Dw

]mw

]x G1
]S

]t
, ~5!

wheremw andmv are, respectively, the mass of liquid wat
per unit volume of polymer and the mass of vapor per u
volume of free void space. The void fraction at timet is
denotedk(t) and Dv and Dw are, respectively, the vapo
diffusion coefficient and water diffusion coefficient in th
gel; the last being defined more carefully in the next secti
The rate of water adsorption from the vapor phase onto
particles is]S/]t. The coupled equations, Eqs.~4! and ~5!,
are replaced by a single equation with an apparent diffus
coefficientDapp. Sincekmv!(12k)mw for all k of inter-
est, it follows that, by adding Eqs.~4! and ~5!

g
xt.
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]mw

]t
'

]

]x FDapp

]mw

]x G ~6!

with

Dapp5
k~ t !

12k~ t !
Dv

]mv

]mw
1Dw , cw<k. ~7!

The vapor and liquid water are in local equilibrium. It
assumed that the adsorption isotherm for Keltrol F xant
can be fitted to the Oswiin equation@21#:

mw5AS aw

12aw
D B

, ~8!

whereA andB are constants characteristic of the polysacc
ride andaw is the water vapor activity. The activity is relate
to mv by mv5awmv

0 wheremv
0 is the mass of vapor per un

volume of void above liquid water. Bearing in mind th
mw(cw)5cwrw /(12k0), whererw is the density of water, it
follows that

Dapp~cw!5
k02cw

12~k02cw!
Dv

mv
0

Bmw

~mw /A!1/B

@~mw /A!1/B11#2
1Dw

~9!

an expression which is valid forcw<k0. The water vapor
density mv

0 is calculated from the water vapor pressure
20 °C, 234 Pa@22#. Given a value of the atmospheric pre
sure of 10133 Pa, the molar mass of water, 18.01 g/mol
the molar volume of gas, 24 L/mol, then the density of wa
vapor,mv

0 , is 1.7331025 g/cm3.
Vapor diffusion takes place in the free pore space

tween the xanthan particles. Similar porous systems are
scribed as percolation networks which often show a fra
structure@23#. However, the geometry of the pore space
unknown especially since the particles can be deforme
the compressed powder. Furthermore, water is adsorbe
the particles and therefore the geometry changes with w
concentration. In this paper a phenomenological approac
describe the pore space is adopted. The vapor diffusion
efficient is reduced by a factor equal to the pore space to
osity t which describes the decrease of the mean squ
displacement due to obstacles in the diffusion pathway.
simplify the analysis, a constant tortuosity with respect
water concentration is assumed so that

Dv5
Dv

free

t
. ~10!

The water vapor diffusion coefficient in air is known fro
literature to beDv

self52.531025 m2/s @24#. For the simula-
tion a tortuosity oft53, which is typical for many porous
systems@25#, is used. Hence, the effective vapor diffusio
coefficient isDv5831026 m2/s.

A master curve for region 1, based on the adsorption
therm parameters for Keltrol F xanthan to be presented in
next section and at a compaction typical of our experime
k050.3 andDw510210 m2/s, is shown in Fig. 4~a!. The
water concentration ath52h08 is kept constant,cw5c0.
This master curve is compared to the master curve wh
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results from a constant valueDapp510210 m2/s. The com-
parison makes clear how vapor diffusion in the pore sp
leads to the formation of a foot ahead of the main ingr
front.

C. Region 2

In region 2, mass transport occurs as a result of wa
diffusion driven by the concentration gradient and swelli
caused by the water uptake. The latter results in a flow
polymer and water relative to the laboratory-fixed coordin
system in the opposite direction to the ingressing water
the proposed model it is assumed that the swelling is fa
than the ingress and therefore that the polymer matrix is
of mechanical stress. Both water diffusion and expansion
the polymer gel need to be considered in the apparent d
sion coefficientDapp. Assuming that there is no volum
change on mixing, that is, the individual densities for wa
and xanthan are constant, total volume is conservedcP1cw
51 and therefore the swelling of the xanthan is directly
lated to the water concentration. In the laboratory fixed r
erence frame the apparent diffusion coefficient is then gi
by @19#

Dapp5Dw~12cw1k0!22, ~11!

whereDw is the diffusion coefficient of water in the continu
ous polymer gel measured in the primed polymer-mass fi

FIG. 4. ~a! Two calculated master curves for two different initi
free pore space fractionsk050.00 for a completely compacte
sample~solid line! andk050.30 ~dashed line!. The ‘‘foot’’ ahead
of the main water front for the larger value ofk0 is observed. The
shift of the left most end of the curves ath5h08 andcw5c050.9 is
caused by macroscopic expansion of the xanthan sample c
sponding to the water/xanthan interface moving upwards due
swelling. The more compacted samplek050.00 shows a more pro
nounced shift, hence a greater expansion.~b! Calculated master
curves for different liquid water diffusion coefficientsDw in xan-
than for samples with no free pore spacek050.00. The numbers in
the figure representDw /(10210 m2/s). The curve with the highes
diffusion coefficient shows the greatest extension to the right an
the left indicating faster water transport into the sample as wel
the largest expansion of the polymer, respectively. The curves
tersect ath50.0.
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PRE 62 5357MODEL FOR WATER TRANSPORT INTO POWDERED . . .
coordinate system. That is, it is the diffusion coefficient re
tive to equal amounts of polymer. The factor in brack
corrects for swelling of the polymer to give a diffusion c
efficient in the laboratory frame.

In general, the water diffusion coefficientDw is a function
of the water concentrationcw . A general model for the
swelling of polymers without void space was suggested
Gao and Mackley@26#. However, for polysaccharides in pa
ticular there is little information on the concentration depe
dence ofDw available. Withouta priori information, we
choose to keepDw constant. In practice this choice leads to
diffusion coefficient in the laboratory frameDapp which in-
creases markedly with water concentration. Such an incre
is not unlike other arbitrary forms of transport diffusion c
efficient for liquids in polymers, such as exponential i
creases, to be found in the literature@14#.

Master curves for region 2 for different values of wat
diffusion coefficientsDw , are shown in Fig. 4~b! for the case
of a fully compacted sample~no free pore volume:k050, no
region 1! andc050.9. These curves make clear the existen
of an effective surface atx50 ~transformed toh50) from
which the diffusion appears to eminate. The locationh850
occurs at the extreme left hand end of the curves wherec0
50.9. Clearly the sample swells more rapidly asDw is in-
creased.

D. Region 3

Dissolution, that is mass transport of polymer across
gel/solution interface between regions 2 and 3, is determi
by the rate at which polymer chains disentangle and diss
as well as the rate of water diffusion into the bulk materi
In the unstirred solution the dissolution rate of the polyme
the interface is determined by the diffusion flux of wat
across the boundary. Since xanthan is a slowly dissolv
high-molecular weight polymer, an equilibrium water co
centration at the interface is not reached until after an ind
tion period with a time constant which is a function of th
disentanglement time, the mutual diffusion coefficient in t
solution and the water diffusion coefficient in xanthan. T
transient process@c05c0(t)# is beyond the scope of thi
paper. Further results will be discussed assuming equilibr
at the interface. The loss of polymer causes the interf
between regions 2 and 3 ath850 to shift by a small distance
Dh8. Since xanthan dissolves only at a very high water fr
tion, in excess of 90%@15#, this shift is always very much
smaller than the shift due to swelling and can be safely
glected.

IV. RESULTS AND DISCUSSION

Water ingress into Keltrol F xanthan experiments we
performed on five samples at different levels of compacti
The void fraction was calculated from the known mass of
xanthan and its volume under the assumption that the m
compacted sample contained no free space between the
ticles. The void fraction for the five samples ranged fro
0.00 to 0.65. Figure 5~a! shows a typical set of ingress pro
files from a sample withk050.4. The profiles shown wer
recorded at intervals of about 21 min. The profiles were c
structed from a summation of echoes 13 to 16. This cho
offered the best contrast between the polymer and the w
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signal. The signal intensities were normalized to that of
water reservoir in the first profile. In order to confirm Fickia
diffusion dynamics and to accurately locate the initial inte
face between water and xanthan, the position of h
amplitude of the profile,xf , was plotted againstAt. The
locationx50 is obtained by linear extrapolation of this plo
to t50. The experimental master curve was obtained
Boltzmann transformationh5x/(2At) of the entire data se
and is shown in Fig. 5~b!.

In order to test the model presented in the previous s
tion, it is necessary to evaluateDapp(cw). In order to mini-
mize the number of free parameters, as many as possible
obtained from other sources. Figure 2 shows the meas
absorption isotherm for xanthan together with a fit accord
to the Oswiin equation. The fit parameters areA
50.162 g/cm3 andB50.361 for Keltrol F xanthan. The po
sition x50 and the void fractionk0 were derived as above
andc0 was set to 0.9 in accordance with previous MRI a
chemical analysis measurements@15#. The vapor diffusion
coefficient and tortuosity were fixed as discussed in the p
vious section. The only remaining free parameter is theref
Dw which was treated as a free fitting parameter. Howeve
was a requirement thatDw was a constant across all fiv
samples.

Figure 6 shows best fit theoretical master curves co
pared to experimental data for five samples. The data po
for samples withk0.0 are systematically shifted one t
the next along the ordinate and the abscissa by 0.1
0.02 mm/s1/2, respectively. The number above each cur
represents the calculated free volume fractionk0 rounded to
the closest multiple of 0.05. The theoretical curves have b
weighted withT2 and diffusion using the measured calibr

FIG. 5. ~a! A typical set of experimental water ingress profile
(k050.40) as a function of time. The water reservoir is on the l
and the dry xanthan powder on the right hand side. The curves w
calculated from the sum of the last four echoes in trains of
echoes. The spatial resolution is 300mm. The time interval from
one profile to the next is about 21 min. The curves are normali
to the signal intensity of the water reservoir. These curves are
laxation and diffusion weighted.~b! Boltzmann-transform of the
experimental data set in~a!. Since the diffusion process is Fickia
the profiles collapes onto a single curve.
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tion curve, shown in Fig. 1, deduced from uniformly equi
brated samples in order that they can be compared dire
to experimental data. The best fits were obtained us
Dw51.3310210 m2/s. Considering that all parameters ap
from the compaction level were kept constant for all fi
samples, the agreement between theory and experime
very good. At higher values of the free pore space fract
k0 the extension of the master curve foot due to vapor
fusion at low water concentration becomes apparent.
scattering of the experimental data points in this region
probably due to inhomogeneous compaction of the pow
More careful inspection of the data suggests that the mo
overestimates the diffusion at low values ofk0 and underes-
timates it at higher values. In part, we suggest that this
because neitherDv /t nor Dw are necessarily constants. U
doubtedly, better fits can be obtained by introducing conc
tration dependence of these parameters. It is also prob
that the most compacted sample retains a finite pore volu
so introducing a systematic error into the calculatedk0
values. We have been unable to find a true measure of
than density in the literature and our own attempts to m
sure it by carefully dissolving small quantities of xanthan
water have not been sufficiently accurate to answer the q
tion.

Figure 7~a! shows the same theoretical master curves
without correction for signal attenuation. These curves m
more obvious the differences at high water fraction. T
strong swelling of the xanthan gel reveals itself in the hig
curved upper part of the master curve and its shift to nega
values ofh especially for smallk0. The shape of the theo
retical master curves is sensitive to the parameterc0. In par-
ticular, the intersection withh50 varies withc0. However,
the fits are not significantly improved by varyingc0 from the
otherwise preferred value of 0.9.

Finally Fig. 7~b! showsDapp as a function ofcw for three
values ofk0. At water fractions abovek0 the diffusion co-
efficient increases markedly for high packing densities, c
sistent with previous ideas in the literature. This occurs e

FIG. 6. Boltzmann transforms~symbols! of experimental water
ingress profiles of five samples of different levels of compact
and corresponding computed master curves~solid lines! which were
weighted according to the attenuation of signal intensity in the
periment. The values for the initial free pore space volume fract
k0 ~values given in the graph! are calculated on the assumption th
the most compacted sample contains no free pore spacek050.00.
All the theoretical curves were calculated usingDw51.3
310210 m2/s. This value was chosen to give best overall coin
dence with the five experimental curves.
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though the diffusivity in a polymer-mass fixed referen
frame is considered constant. The new feature coming
ward in this work is the local maximum ocurring atcw

'0.05. This is entirely due to the influence of the vap
diffusion and is likely to be significant in situations whe
polymers naturally occur, such as in the rhizosphere. I
likely to be as important as variations inDapp which occur
due to natural chemical modification and variability of th
polysaccharides arising from strain to strain variation with
the microbial community and as a result of changes in en
ronmental and nutritional parameters@27,28#.

V. CONCLUSIONS

Experiments have shown that free pore space in ligh
compacted polysaccharide powder beds has a significan
fluence on water transport through the bed. A model
been introduced which couples vapor transport in the p
space with liquid transport through a swelling gel. Reas
able agreement between theory and experiment has
found for the model with only one adjustable parameter,
water diffusivity through the polymer gel in polymer ma
fixed reference frame. Further experiments which attemp
couple the combined effects of packing density and chem
variability are in progress.

n

-
,

-

FIG. 7. ~a! Calculated~no relaxation- and diffusion-weighting!
master curves for the data sets in Fig. 6. The values in the g
represent the initial free pore space volume fractionk0. The curves
show clearly the ‘‘foot’’ ahead of the water ingress front resulti
from water vapor diffusion at high values ofk0. For small values of
k0 the expansion of the polymer is more pronounced, resulting
greater shift of the curve to the left.~b! The apparent diffusion
coefficientDapp versus the water volume fractioncw as it results
from the computation of the master curves in~a!. The correspond-
ing values of the initial free pore space volume fractionk0 are
given in the graph. The higher thek0, the larger the local maximum
at cw'0.05 which is caused by vapor diffusion and leads to
‘‘foot’’ in the master curves. The curvature at higher water volum
fraction is a result of the superposition of the motion of the expa
ing polymer and the liquid water diffusion coefficient in th
polymer-mass fixed coordinate system.
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