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Abstract

The ingress of water from various solutions into dense starch and sucrose:starch plaques has been observed over a range of temperatures
using stray field nuclear magnetic resonance imaging. Profiles of water content as a function of depth from the surface and sorption time have
been analysed to obtain mutual diffusion coefficients. This has been done using the Boltzmann transform and by measuring the front position
as a function of time which produces an average mutual diffusion coefficient. This average diffusion coefficient can be fit with an Arrenhius
expression with an activation energy of 56̂4 kJ mol21. It was found that the average diffusion coefficients for 30:70 and 50:50 sucro-
se:starch mixtures could be calculated using a weighted mean of the average diffusion coefficients for pure sucrose and pure starch. Although
the diffusion coefficients for amorphous and crystalline sucrose are quite different, this has a minor effect on the calculated diffusion
coefficients for the range of crystallinities observed in the sucrose:starch mixtures.q 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The transport of water in food materials is of general
importance; it plays a part in processes such as cooking,
drying, microbial spoilage and changes in quality of a
range of food products during storage. Starch and
sucrose:starch mixtures are model systems that should
capture the essential physics of the ingress of water into a
range of materials. The philosophy of this work is that
studying the individual food components will lead to a
better understanding of more complex composite systems.

It has been recognised for a number of years that starch,
as a polysaccharide, can be treated in much the same way as
a synthetic polymer and that, in particular, ideas such as
glass transition can be successfully applied to starch and
other food polymers [1]. This has implications for the diffu-
sion of penetrants in starch. Diffusion effects can be char-
acterised by a time exponent. In classical Fickian systems
this time exponent is 1/2, i.e. the underlying diffusion effects
exhibit a linear dependence on the square root of time. A
frequently observed phenomenon in synthetic polymers is
the so-called Case II diffusion [2,3]. In Case II diffusion a

time exponent of unity is observed. In practice, a continuum
of exponents are found of which Fickian and Case II diffu-
sion are simply the two more common limiting cases. There
have been numerous models of Case II diffusion in poly-
mers, the most successful of which are based on the physical
model of Thomas and Windle [4]. The key point of the
Thomas–Windle model is that the viscoelastic properties
of the polymer matrix are important and that the penetrant
molecule plasticises the polymer, changing the viscoelastic
properties during the course of ingress. It is the coupling of
the usual diffusion processes and the viscoelastic effects
which leads to the observed time exponent of unity.
Previous work by us indicated that Fickian diffusion is
observed for the ingress of water vapour into amylose
pellets and Case II diffusion is observed for the ingress of
liquid water into amylose pellets [5]. The work presented
here is an expansion of this initial investigation. It includes
the effects of temperature and a two-phase mixture. In addi-
tion, the experimental method and sample preparation have
been improved. The sucrose:starch system was chosen for
two reasons: firstly it clearly has direct parallels with a range
of food products and secondly it can be seen as being repre-
sentative of a group of systems where one component is
soluble and the other insoluble.

In this work transport properties are determined by
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examining the time evolution of a water content profile in an
initially dry sheet to which water is supplied at one surface.
This is done using stray field nuclear magnetic resonance
imaging (STRAFI) [6,7], discussed in more detail below.
Earlier work on the transport of water in starch was carried
out almost exclusively using gravimetric methods [8,9]
although there have been measurements by NMR relaxation
methods of the self-diffusion coefficients of water in both
starch [10,11] and sucrose [12]. The water content profile
method has a number of advantages over the gravimetric
methods: (a) it is less reliant on a model to analyse the data;
(b) in principle it allows the determination of the mutual
diffusion coefficient over a range of water contents in a
single relatively brief experiment; and (c) it is straightfor-
ward to study the ingress of liquid water rather than water
vapour and the investigation of soluble materials is also
possible. Imaging studies are complementary to NMR
relaxation measurements since they probe the mutual diffu-
sion coefficient rather than the self-diffusion coefficient. The
particular imaging method used here is especially sensitive
at low water contents. The distinction between the mutual
diffusion coefficient and the self-diffusion coefficient is that
the mutual diffusion coefficient is measured in a non-
uniform environment, in which the water content varies
from point to point, whereas the self-diffusion coefficient
is measured in a uniform environment and should be
thought of as a mobility. Self-diffusion and mutual diffusion
coefficients are linked via the sorption isotherm [11,13].

In a range of commonly found situations it is not pure
water that penetrates starch but rather some solution
containing a range of components. In particular, at sub-
zero temperatures liquid water is available in the form of
freeze concentrated solutions. Here we choose to study the
broad effect of these solutes by studying the effect of chan-
ging the water activity of the penetrant solution. Indeed, in
order to study the ingress of liquid water down to2208C, it
is essential to use a lower-activity solution since freezing
otherwise occurs, dramatically limiting the supply of liquid
water.

Conventional nuclear magnetic resonance imaging, using
switched field gradients, has been used to study the ingress
of water into pasta [14] and wheat grains [15]. The draw-
back of this method is that it is difficult to image systems
with short spin–spin relaxation times (T2), including solid
materials and penetrants at low concentrations. This diffi-
culty arises because maintaining resolution in shortT2

systems requires that high field gradients be applied for
short times and switched correspondingly quickly. The
conventional MRI of shortT2 systems therefore poses
serious technical challenges. For this work we use STRAFI
which has been developed in the last few years following the
original work of Samoilenko et al. [7]. This technique has
been specifically developed for high spatial resolution
imaging of shortT2 systems. The basis of STRAFI is to
place the sample of interest in a high, linear field gradient,
such as is found surrounding a high-field magnet. A broad

band radio frequency pulse is used to excite a thin slice of
the sample, typically 7–70mm, depending on the pulse
length and the gradient strength. There are two methods
for obtaining a ‘composition’ profile using STRAFI. The
first method is to move the sample within the field gradient
to excite successive slices and so build up a one-dimen-
sional profile in the gradient direction. This is often
described as the ‘sample sweep’ method and was used in
our previous work and is described in detail by Benson and
McDonald [16]. The second method is to keep the sample
stationary while changing the frequency of the excitation
pulse (frequency sweep). Again a one-dimensional profile
of the sample is generated. It is this frequency sweep
method which is used in this work and described in detail
by Glover et al. [17]. The sample sweep method sets no
restriction on the size of the sample in the direction of the
profile (z-axis). However, the sample must fit within the
excitation coil. In our implementation the sample is
restricted to approximately 7 mm diameter in thex–y
plane. Previous experiments have found that ingress of the
penetrant through the sides of the sample can occur. The
frequency sweep method restricts the sample thickness to
around 1 mm because it uses a surface coil upon which the
sample is placed. However, this means that there is no size
restriction in thex–y plane and since only the centre of the
sample in thex–y plane is probed, it is free from the
problems of side ingress. The drawback of the STRAFI
method is that it is a high-bandwidth experiment and thus
sacrifices the signal to noise ratio of the data considerably
when compared with the conventional liquid state, longT2,
experiments.

2. Experimental

2.1. Sample preparation and characterisation

In this work we use waxy maize starch which is substan-
tially composed of amylopectin and, henceforth, we will
simply refer to waxy maize starch as ‘starch’. Starch and
starch:sucrose mixtures, with around 30% added water,
were extruded through a rectangular slot die using a twin
screw extruder. This produced flexible ribbons of material
with a dry weight basis water content of approximately
25%. Samples with dry mass fractions of starch of 100, 70
and 50% were prepared, with sucrose as the other main
component. The extruded ribbons were subsequently
compressed with a pressure of 10–15 MPa at 1008C against
spacers to produce pressed sheets that were around 0.75 mm
thick. The still flexible pressed sheets were then cut into
25 mm squares and dried, under a heavy metal disk, such
that they remained flat. The 100 and 70% starch samples
were dried overnight under vacuum at 808C. After drying,
the samples were stored over silica gel. The water content
for samples stored in this way was found to be around 3%.
This was determined by drying the samples under vacuum at
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808C, without the weights used to maintain planarity, until
there was no further mass loss.

Initially, the 50% starch samples were dried in the same
way as the 70 and 100% starch samples. However, it was
apparent by visual inspection that that this resulted in
samples where a sizeable fraction of the sucrose had crystal-
lised. Subsequently, the pressed 50% starch samples were
dried at room temperature under vacuum and only after
several days were they heated to 808C. This resulted in
samples with a lower apparent crystallinity. A more quanti-
tative determination of the crystallinity is described below.

Two more pure sucrose samples were prepared for the
STRAFI experiments. The first was prepared by mixing a
minimal amount of water with sucrose crystals and then
pressing at 10–15 MPa at 1008C to produce a highly crystal-
line sample. The second was prepared by melting sucrose at
approximately 2008C and then pouring the resulting melt
into a cold metal mould to produce a substantially amor-
phous sample.

In order to characterise the sucrose crystallinity in the
samples, differential scanning calorimetry (DSC) was
performed using a Perkin–Elmer DSC 7. Thermograms
were collected using a heating rate of 108C min21. Thermo-
grams of pure crystalline sucrose exhibited a melting
endotherm at 192.78C (with DH � 120:9 J g21�: Amor-
phous samples prepared by quenching a molten sucrose
sample in the DSC at 508C min21 exhibited a glass transi-
tion at around 53.18C with DCp � 0:46 J g21 K21

: The
sucrose samples prepared for the STRAFI experiments
were found to have mass fraction crystallinities of 16%
for the amorphous sample and 86% for the crystalline
sample, based on the size of the melting endotherm relative
to that of the pure crystalline sample. In the case of the
amorphous sample it was possible to confirm this value by
measuring the amorphous fraction using the amplitude of
the glass transition. The 70% starch samples exhibited no
melting endotherms and so it was assumed that the sucrose
was amorphous. The 50% starch samples exhibited melting
endotherms, indicating crystallinities in the range 4–20% of
the total sample mass.

2.2. NMR methods

STRAFI experiments were carried out using the
‘frequency sweep’ method described fully by Glover et al.
[17]. As discussed previously, in this method the sample is
placed in a large field gradient and successive slices of the
sample are probed by varying the pulse frequency. In this
work a 9.4 T superconducting solenoid magnet is used,
producing a field gradient of 58 T m21 in the fringe field.
The proton resonant frequency at the point of optimum
gradient is around 235 MHz. The field gradient produces a
change in resonant frequency of around 2.3 MHz mm21.
Data is acquired using a surface coil, upon which the sample
is placed. This is illustrated in Fig. 1. The samples used here
are thin sheets of the starch or sucrose:starch mixtures
glued, on the underside, to glass coverslips. A PTFE tube
is glued to the top of the sample. The PTFE tube is used as a
well into which the solution for ingress is placed.

In these experiments the water content of the sample, as a
function of position, is measured by probing the sample with
the pulse sequence:a x–t–(a y–t–echo–t)n, wherea x/y is
a radio frequency excitation pulse of flip anglea and phase
x/y. a x/y is nominally 908, t is 30ms andn is 8. The pulse
frequency is varied and this provides the spatial sensitivity.
The frequency was increased by 66 kHz between successive
applications of the pulse sequence corresponding to a spatial
interval of 26mm. For each set of acquisition parameters,
data from a uniform rubber phantom is also acquired and
subsequently used to normalise data to correct for the loss of
sensitivity as a function of distance from the surface coil. In
principle, the echo signal amplitudes acquired for each slice
give the spin–spin relaxation behaviour of that slice. The
signal contains contributions, decaying exponentially in
time, from various populations of protons within the system.
Ideally, we would fit the data with a series of exponentials,
each characterised by a decay time and an amplitude, then
identify the relaxation corresponding to water and use the
amplitude of that decay as a measure of the water content.
However, since we only collect eight echoes with relatively
poor signal to noise, this scheme is impractical. Instead, the
intensities of the echoes are summed up and the water
content is determined from an empirical calibration curve.
To construct the calibration curve it is necessary to prepare
samples with a range of uniform water contents. It was
found that this was possible for the 100% starch samples.
However, for the sucrose containing samples it was not
possible to prepare a range of water contents. Therefore,
just the 100% starch samples with different, uniform water
contents were measured using STRAFI at 208C. The results
of these calibration experiments are shown in Fig. 2. The
calibration data of the summed echo intensity versus water
content were fitted with a straight line and in the remainder
of this work water concentrations in the 100% starch
samples will be calculated from this fit. The calibration
curve does show some deviation from linearity at low
water contents. This is because glass transition occurs in
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Fig. 1. Schematic diagram of the STRAFI experiment in ‘frequency sweep’
mode; the arrow indicated by B is the direction of the magnetic field and g
indicates the gradient in the magnetic field.



these samples at around 208C for a water content of around
0.1. The consequent increase in the spin–spin relaxation
time causes an increase in signal intensity in the later
echoes. We should also note that this calibration is only
strictly applicable at 208C.

In this work three experimental variables are considered
in the ingress properties of water into starch mixtures. These
are temperature, water activityaw and sucrose content in the
starch plaque. As a preliminary to the measurement of water
ingress profiles some gravimetric experiments were carried
out. The 100% starch samples, prepared in the same manner
as for the STRAFI experiments, were immersed in a range
of solutions of different water activity, and their weight
measured at intervals — taking care to remove the surface
liquid. Two types of solution were used to control water
activity: saturated salt solutions [18] and water:glycerol
mixtures [19]. In all the cases the activity of the solution
was measured by measuring the relative humidity of the
equilibrated water vapour above the solutions using an elec-
tronic meter. The following saturated salt solutions were
used: KAc �aw � 0:205�; MgCl2 �aw � 0:335�; Ca(NO3)2

�aw � 0:555�; and NaCl �aw � 0:76�: The samples were
kept at a constant temperature of 258C. Vapour uptake
experiments, where the mass increase of samples in vapour
above the solutions was measured, were also carried out.
The results of these experiments will be discussed more
fully below. In short, it was found that the sorption from
saturated salt solutions exhibited strong specific ion effects;
therefore, glycerol:water solutions and sucrose solutions
were used for subsequent experiments.

STRAFI experiments were used to follow the ingress of
water in the following systems:

1. aw � 0:8 glycerol:water mixture into 100% starch;
2. 25% sucrose solution into 100% starch;
3. 25% sucrose solution into 70% starch;
4. 25% sucrose solution into 50% starch;

5. 25% sucrose solution into amorphous and crystalline
sucrose (208C only);

6. variousaw solutions into 100% starch (208C only).

For experiments (1)–(4) temperature was used as a variable.
The activity of the equilibrium water vapour above a 25%
sucrose solution was found to be 0.93.

Temperature was controlled using a stream of dried air,
the temperature of which was maintained using electrical
heating. Sub-ambient temperatures were achieved by first
cooling the gas with either dry ice or liquid nitrogen. In this
way, the temperature of the sample was varied between220
and 458C with a precision of around 0.58C. For samples at
higher temperatures a continuous series of water content
profiles were acquired at approximately 5 min intervals
for periods of up to 2 h. At lower temperatures, typically
below 08C, the rate of ingress was much slower and so the
data were obtained over a period of up to 1 week with
profiles measured at intervals of the order of days and the
sample stored at the appropriate temperature between
measurements.

3. Results

3.1. Gravimetric experiments

We started by looking at the results of the gravimetric
uptake experiments. Uptake was monitored until mass
increase had ceased or until the sample in question had
disintegrated. Fig. 3 shows the kinetics of uptake for the
glycerol:water mixtures into 100% starch. The samples
exposed to high water activity reach equilibrium in a matter
of tens of hours while those with the lowest activity show no
discernable uptake of water even after 50 days. Following a
large initial uptake of water, the samples in the highest
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Fig. 2. Calibration curve for the summed echo intensity versus water
content for 100% starch. The line is a linear fit to the data. Fig. 3. Sorption kinetics for the uptake of water from glyercol:water

mixtures: aw � 0:0 (filled diamond),aw � 0:225 (filled square),aw �
0:425 (filled triangle),aw � 0:585 (cross),aw � 0:74 (star) andaw � 1:0
(filled circle).



activity glycerol:water solutions exhibit a small reduction in
mass uptake at later times. This is possibly due to the solu-
bilisation, or even breakdown, of some fraction of the
starch. Similar kinetic behaviour is seen for the uptake of
the saturated salt solutions (not shown), with the lowest-
activity solutions showing very low uptake rates. Equili-
brium was achieved for the samples exposed to vapour
and to the glycerol:water liquid sorption experiments,
excluding theaw � 0:425 glycerol water mixture. Among
the saturated salt solutions, only the NaCl solution,aw �
0:76; appeared to reach equilibrium.

Fig. 4 shows the final mass uptake for the three sets of
experiments. The data are shown on a log scale for clarity.
For both glycerol:water and saturated salt solutions it was
found that the mass of water adsorbed from the liquid in
direct contact was greater than that adsorbed from the
vapour of the same water activity. For the glycerol:water
ingress the difference between the final mass uptake for the
liquid contact and for the vapour contact increased with
activity. It was found that for the samples immersed in
saturated salt solutions the final adsorbed mass was much
higher than for the glycerol:water mixtures, with the
samples adsorbing up to 15 times their original weight of
water. For these samples the increased water uptake was not
monotonic with water activity. This effect was particularly
marked for Ca(NO3)2.

3.2. Ingress experiments

STRAFI of the ingress of water into samples was carried
out to times that were short in comparison with the time
required for the samples to reach an equilibrium water
content. Fig. 5 shows a representative diffusion profile for
the uptake of water of activity 0.8 into a pure starch. The
original sample surface is located at 0 on the depth axis, as
determined from a profile of the sample before the penetrant

is added. The ingress is from the left into an initially dry
sample. The time between profiles is 6 min. During ingress,
the sample swells. This is illustrated by the reduction in
water content, as ingress proceeds, for positions to the left
of the original sample surface. The shape of the profiles
indicates that the diffusion process does not arise from a
mutual diffusion coefficient which is fixed with respect to
the water content. If this were the case, then the profiles
would be described by an error function, which is concave.
Profile shapes for the ingress of water into pure sucrose,
70% starch and 50% starch were qualitatively different
from those for ingress into 100% starch. They exhibited
ingress fronts which were sharper, i.e. the water content
increased more abruptly as a function of position. Qualita-
tively, it was observed that the ingress was most rapid for
the pure sucrose samples and that the rate of ingress
decreased in the order 50, 70 and 100% starch at a fixed
temperature. As the temperature decreased, the ingress
becomes markedly slower. The profile shape for the ingress
of 25% sucrose solutionwas differentbelow08C, temperatures
at which the solution undergoes substantial freezing. Ingress
profiles at2108C are shown in Fig. 6. In these samples the
water content does not increase immediately to a constant
value which is maintained throughout the experiment, as is
the case at higher temperatures.

4. Discussion

4.1. Gravimetric experiments

The slower ingress at lower water activity can be
explained by a diffusion coefficient which varies with the
water content. Samples immersed in liquid absorbed far
more water than those exposed to vapour of the same activ-
ity. This can be attributed to the fact that the starch
immersed in water will form a two-phase system. One is a
starch-rich phase and the other is a water-rich phase of the
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Fig. 4. Sorption isotherms for 100% starch in direct contact with glycerol:-
water mixtures (filled diamond) or saturated salt solutions (open square),
and starch in contact with vapour of specified activity (open triangle).

Fig. 5. Water content profiles for the ingress of 25% sucrose solution into
0:100 starch at 08C; ingress is from the left and the time between profiles is
6 min.



same activity. The amount of the water-rich phase is not
controlled since the samples are immersed in an excess of
solution and so the amount of water taken up by the sample
will depend on the volume of ‘pores’ which open up in the
sample. Therefore, uptake is limited by the mechanical
stability of the starch — how much it can be swollen before
it disintegrates. The effect is much greater in the saturated
salt solutions. This is most likely due to specific ion inter-
actions which change the structure of the starch, allowing a
larger pore volume to form.

4.2. STRAFI experiments

The STRAFI experiments produced a large number of
water content profiles. In order to test whether or not
the observed profiles are due to Fickian diffusion, we plot
the diffusing front position as a function of

√
t, wheret is the

time. In the case of Fickian diffusion, such a plot will appear
linear so long as the front does not approach the far end of
the sample. We define the front position as the position
where the front reaches half the maximum concentration.
The front position is measured relative to the original
sample surface whose position is established from a profile
measured before the ingress solution is added. Fig. 7 shows
the front positions as a function of

√
t for a selection of

ingress experiments. The data are all well approximated
with linear fits, indicating that Fickian diffusion is taking
place. Fickian diffusion was found for all the samples, i.e.
for pure starch, pure sucrose and the mixtures. We can
obtain a ‘characteristic’ diffusion coefficientDav from
these plots since we know that the characteristic diffusion
length is given by (Davt)

1/2 which can be equated to the front
position.Dav is simply the slope of the front position versus
the t1/2 plot. This measure will be used frequently in the
subsequent discussion since it is a robust and straight-
forward way of parametrizing the profile position data

and is related to the magnitude of the mutual diffusion
coefficient.

The average diffusion coefficient for the ingress of 25%
sucrose solution into 100% starch at 208C was found to be
2.49(4)× 10211 m2 s21. This compares with the average
diffusion coefficients into crystalline and amorphous
sucrose samples of 5.04(8)× 10211 and 11.7(2)×
10211 m2 s21, respectively. This mutual diffusion coefficient
is comparable in magnitude to the self-diffusion coefficients
measured by Girlich et al. [12] using NMR relaxation meth-
ods for a range of sucrose:water mixtures. These diffusion
coefficients for sucrose actually relate to a mobility in a
composite material since the crystalline sample is 86% crys-
talline and therefore 14% amorphous and the amorphous
sample is 15% crystalline. We will discuss diffusion in
composite materials below. Sucrose and starch have essen-
tially the same chemical composition. Therefore, the
differences in the diffusion coefficients must be due to
physical effects. A likely reason is a difference in the
mechanical relaxation times. During ingress, the penetrant
will attempt to swell the substrate. The rate of transport
through the sample will depend to a degree on how easily
the sample can be swollen. In previous work, we found that
the ingress of water into amylose was described by Case II
transport. Case II transport occurs when the characteristic
times for relaxation and diffusion are comparable. The
difference here is that an amylopectin-rich starch is used
instead of amylose and the samples produced are structu-
rally more rigid. This has the effect of increasing the
mechanical relaxation time while the diffusional relaxation
time remains approximately the same and so the system
moves away from Case II behaviour. The observed ingress
rate in starch is thus limited by the reluctance of the starch to
swell to accommodate the water. In pure sucrose this is not a
limitation because sucrose dissolves easily (i.e. relaxes
rapidly).

I. Hopkinson et al. / Polymer 42 (2001) 4947–49564952

Fig. 6. Water content profiles for the ingress of 25% sucrose solution into
0:100 starch at2108C; ingress is from the left and the profiles are taken at
52 min intervals. The height of the ‘peak’ in water content increases with
time.

Fig. 7. Front positions versus (time)1/2 for the ingress of 25% sucrose
solution into 70% starch at 208C (open diamonds), 108C (open triangles),
08C (open squares), and258C (crosses). Solid lines are linear least squares
fits to the data.



4.3. Temperature dependence

If we assume that the temperature dependence of the
average diffusion coefficientD(T) is controlled by an
energy barrier, then it should obey an Arrehnius expression
of the form:

D�T� � D0 exp�2DH=RT� �1�
whereDH is the activation energy,D0 a constant prefactor,
R the gas constant andT the temperature. A plot of lnDav

versus 1/T will be linear. Such a plot is shown in Fig. 8. It
clearly shows that the ingress of 0.8 activity water into
starch obeys an Arrenhius law. The ingress of 25% sucrose
at higher temperatures is also described by an Arrenhius
law. However, for lower temperatures the 25% sucrose
data deviates from the linear trend seen at higher tempera-
tures. The physical explanation for this is that at210 and
2208C a significant proportion of the sucrose solution
freezes and the remaining liquid has a lower activity. There-
fore, the rate of ingress is reduced by the reduction in the
available water and the reduced activity of the water. The
effect of the reduced availability of water can be seem in
Fig. 6 which shows the ingress of 25% sucrose solution into
100% starch at2108C. At this temperature the sucrose solu-
tion is mainly frozen but some freeze concentrated liquid
remains. The profiles clearly show that the water content at
the surface increases with time in contrast to the data
collected at 08C where the surface water content is constant.
This means that at low temperatures the water supply is a
limiting step. The flux of water from the frozen phase is
most likely to depend on the detail of the microstructure
of the frozen solution. We have made no attempt to inves-
tigate this behaviour further.

The values for the activation energyDH were obtained by
making linear fits to the lnDav versus 1/T plots, excluding
the sub-zero data for 25% sucrose because the water supply

limit described above indicates a change of mechanism and
so the data are not consistent with those collected above
08C. The results of these fits are shown in Table 1. The
data show that the activation energy is only weakly
dependent on the composition and is lower for the ingress
of 25% sucrose than for the lower-activity glycerol:water
solution. These data can be compared with the gravimetric
results of Fish [9], who found the results shown in Table 2.
These data are ordered in terms of the average water content
of the sample for the period during which the diffusion
coefficient was measured. The results are for the samples
in water vapour and are the same for sorption and desorp-
tion. The best comparison with the Fish data is the data with
the lowest average water content (0.8%) since the ingress
observed is into an initially ‘dry’ sample with around 2%
initial water content. In this limit, the activation energy is
41 kJ mol21, which fits in well with our data. We can find
an activation energy from Girlich’s data for a 70 w/w%
sucrose solution which turns out to be 33 kJ mol21. Such a
value would be consistent with an activation energy that
varied only slightly with the sucrose content, as suggested
above.

4.4. Composition dependence

We now go on to look at how the average diffusion coef-
ficientDav in the pure materials relates to the diffusion coef-
ficient in the 50 and 70% starch mixtures and also whether
an effect of sucrose crystallinity can be seen. Table 3
summarises the average diffusion coefficient values
obtained for the ingress of 25% sucrose solution at 208C.
On inspection, it would appear that theDav for the 50%
starch sample lies somewhere midway between the values
for 100% starch and amorphous sucrose, so our first step is
to attempt to predict the values ofDav by weighted arith-
metic means of the values for the pure components. The
results of this analysis are shown in Table 3. For the pure
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Table 1
Activation energies for the ingress of water into starch

Sample Activation energyEA

(kJ mol21)

50% starch, ingress of 25% sucrose 28^ 7
70% starch, ingress of 25% sucrose 36^ 6
100% starch, ingress of 25% sucrose 39^ 13
100% starch, ingress ofaw� 0.8 56^ 4

Fig. 8. Arrehnius style plot of lnD versus reciprocal temperature. 25%
sucrose into 50% starch (open diamond), 70% starch (filled triangle) and
100% starch (open square) and ingress ofaw � 0:8 glycerol:water into
100% starch (filled square).

Table 2
Activation energies for the ingress of water into starch from Fish [9]

Water content (w/w%) Activation energyEA

(kJ mol21)

0.8 41.0
6.3 33.9

14.1 26.4
80 18.8



sucrose samples we have measured the crystalline and
amorphous fractions, so we can make a prediction for the
Dav for 100% amorphous and 100% crystalline sucrose. The
predictions for these systems are shown in the second
column.

For the remaining samples we calculate the average
values based on these 100% amorphous and crystalline
predictions. It is difficult to discern a trend in the diffusion
values for the three 50% starch samples with different crys-
tallinity. However, the average value obtained for the three
samples is consistent with the prediction, as is the predicted
value for the 70% mixture.

Crank [20] reports a model by Tsao, further developed by
Cheng and Vachon, for predicting the diffusion coefficient
in a heterogeneous medium. They assume a random distri-
bution of irregular particles and calculate the diffusivity of
the ensemble by representing these particles as a series of
parallel sheets. Diffusion coefficients can be calculated for
this ensemble. To do this both Tsao, and Cheng and Vachon
make assumptions about the distribution of the dispersed
phase. Cheng and Vachon make sufficient assumptions
that only the dispersed phase volume fraction is required
to estimate the diffusion coefficient. We have found that
the results of these models are essentially the same as
those found here, so long as it is assumed that the starch
forms the continuous phase. This suggests that our empirical
scheme is simply an approximation to a more physical
model.

Since it has been established that the ingress of the liquid
is Fickian, it is possible to obtainD(f ) analytically using
the change of variablez) zt21=2

; known as the Boltzmann
transform, in which case:

D�f� � 2
1
2

2j

2f 0

� �
f

Zf

0
j df 0 �2�

wherej � zt21=2
; subject to transformable boundary condi-

tions. In the common case wheref (0) is constant with time,

it is possible to superimpose diffusion profiles collected at
different times by the use of this transform. We found that
for the ingress into pure starch samples it was possible to
apply the Boltzmann transform to produce profiles that
superposed well. This is shown in Fig. 9. For the sucrose
containing samples it was not possible to superpose profiles
using the Boltzmann transform. This is because in these
samples the water ‘front’ is sharp and therefore there are
at most two or three points between the lowest water
contents and the highest water contents. For the ingress of
sucrose solution into starch the Boltzmann transformed
ingress profiles superpose for the three temperatures above
the freezing point of the sucrose solution at water contents
above 0.2. This suggests that the starch-rich phase of the
sample has a water content of around 0.2. Above this level,
water occurs in liquid form and as such the transport rate is
much less dependent on temperature. This phase behaviour
would be in agreement with the observed isotherm data,
which shows a water content for starch equilibrated with
the saturated vapour above a sucrose solution of around
0.2. Fig. 10 shows the mutual diffusion coefficient as a
function of water content, obtained from polynomial fits
to the normalised profiles shown in Fig. 9. In our previous
paper, we found that the calculation of the mutual diffusion
coefficient was prone to numerical error. A 15% uncertainty
in the mutual diffusion coefficient at any particular water
content is indicated by this work and shown in Fig. 10. It is
this uncertainty in the mutual diffusion coefficient that leads
to the apparent decrease in the mutual diffusion coefficient,
at some water contents, as the temperature is increased.
Such a decrease is inconsistent with the average diffusion
coefficients and with expectations of the variation of the
diffusion coefficient with temperature.

As a final piece of analysis, we compare the values ofDav

obtained using different solutions to the mutual diffusion
coefficient calculated using the Boltzmann transform for
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Table 3
Measured and predicted values for the average diffusion coefficient (in
m2 s21) for the ingress of 25% sucrose solutions at 208C. For the 50% starch
samples the percentage figure indicates the overall crystallinity of the
sample arising from the sucrose

D × 1011 (m2 s21)

Measured Predicted

Pure starch 2.49(4)
Crystalline sucrose 5.04(8) 3.7(1)
Amorphous sucrose 11.7(2) 13.2(4)

50% starch 4% 6.74(8) 7.5(4)
15% 5.0(3) 6.4(4)

21.4% 6.74(2) 5.8(4)

Mean 6(1) 6.6(9)

70% starch 5.5(1) 5.7(4) Fig. 9. Profiles normalised following the Boltzmann scheme from the
ingress of 25% sucrose solution into 100% starch at 08C (open diamond),
108C (open triangle) and 208C (open square).



the ingress of water into starch. These data are plotted as a
function of the water activity obtained from a fit to the
sorption isotherm. The results of these calculations are
shown in Fig. 11. They show that at higher activities there
is fair agreement betweenDav and the mutual diffusion. At
lower activities the measuredDav are an order of magnitude
smaller than the mutual diffusion coefficient. The discre-
pancy probably arises from a systematic error in the conver-
sion of arbitrary magnetisation units to water content at low
water content. This effects the shape of thej (f ) curve,
which is used to calculate theD(f ). In the lowf region
of the curve we are also more prone to numerical error since
the slope dj /df is smaller than at higherf and the inte-
gration range is small. Measurements on simulated pro-
files show that the error is not due to the slightly differing
definitions ofDav andD(f ).

5. Conclusions

We have shown how stray field NMR imaging can be
utilised to analyse the ingress of water into starch and
starch:sucrose mixtures and we have analysed how this
behaviour varies with temperature and water activity. We
have found that the temperature dependence of the diffusion
coefficient can be described by an Arrehnius type expression
and that the activation energy so derived appears to vary
only slightly with the sucrose content. The average diffusion
coefficientsDav obtained for sucrose:starch mixtures can be
estimated from the mass weighted arithmetic mean of the
Dav for pure starch and sucrose.
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