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Summary The self-diffusion coefficient of water was measured in starch–sugar–water systems of var-
ious compositions. The starch was either waxy maize or potato starch and the sugar was
either sucrose or xylose. The diffusion results obtained from sugar solutions (i.e. with a
zero polymer concentration) suggested that a free water behaviour should only be expect-
ed after a bilayer coverage of the sugar molecule. The presence of sugars was found to
decrease considerably the translational mobility of water in starch gels. This reduction
was proportional to the sugar concentration in the system but showed little dependence
on the type of sugar. An attempt was made to relate the self-diffusion coefficients of water
in starch–sugar–water gels to those obtained for the individual binary systems
(starch–water and sugar–water). A prediction based on the additive effects of sugar and
starch only corresponded with experimental results in dilute systems.
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Introduction

The diffusion of water is of major interest in
different areas of the food and pharmaceutical
industries. It is of primary relevance in hydra-
tion/dehydration processes, enzyme activity and
drug delivery, etc. Furthermore, there is little
doubt that diffusion of water has a direct impact
not only on the processing and the sensory per-
ception of foods, but also on the shelf-life of var-
ious products (Karel & Saguy, 1991).

Among the various NMR procedures used to
investigate biopolymer–water systems, the study
of restricted diffusion using pulsed field gradient
NMR techniques (Stejskal & Tanner, 1965), first
described by Tanner & Stejskal (1968), appears to
be particularly valuable in examining the struc-
ture of hydrocolloid gels (Ohtsuka et al., 1994),
the droplet size distribution in water-in-oil emul-

sions (Callaghan et al., 1983) and thus serving as
a probe of sample morphology.

Although a considerable amount of work on
the self-diffusion of water in biopolymer gels has
been reported (Jönson et al., 1986; Brosio et al.,
1994 & Ohtsuka et al., 1994), much less is known
about relatively concentrated systems (Kimmich
et al., 1993). Moreover, the effect of added sugars
on the diffusion of water has not been investigat-
ed. In this paper the translational mobility of
water was investigated in ternary
starch–sugar–water systems. The first section is
concerned with sugar solutions, i.e. a 0:100:w
composition of the ternary system (w being the
water content). The second section investigates
the 100:0:w starch–sugar–water system and the
third section illustrates the diffusion of water in
75:25:w and 50:50:w mixtures.

Experimental techniques

Sample preparation

The gels were prepared directly in the NMR tube
by heating a starch/sugar suspension to 65–70 8C
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for 5–10 min in order to obtain a consistent 
gel.

The samples were sealed and stored at 
25 6 2 8C in a temperature controlled room for a
minimum of 24 h to allow for ‘full’ retrograda-
tion of the system. The optimum storage time
corresponding to maximum starch recrystalliza-
tion, was estimated from the retrogradation
kinetics obtained elsewhere (Farhat, 1996) on
similar systems.

NMR measurements

Stejskal & Tanner (1965) recognized that magnet-
ic field inhomogeneity could be utilized to inves-
tigate the translational mobility of nuclear spins.
The nuclei are magnetically ‘labelled’ by applying
a field gradient which phase codes the spins. The
phase is then ‘decoded’ by a second field gradient
pulse equivalent to the first one in width and
amplitude. The motional history between the cod-
ing and the decoding gradients is probed by the
study of the magnetization echo. In a pulsed field
gradient spin-echo experiment (PFGSE), the fol-
lowing pulse sequence is typically used: 908x8 2

delay t1 2 Gz 2 delay t2–1808y8 2 delay t1 2 Gz

where t2 5 t 2 (t1 1 d) and d is the width of the
field gradient rf pulse. The intensity of the signal
recorded at 2t, also called echo is given by:

(1)

Where A(0) is the signal amplitude at the time
origin, t the spacing between the 908 and 1808 rf
pulses, g the gyromagnetic ratio for 1H, G the
amplitude of the field gradient, D the separation
between the two field gradients (D 5 2t) and D
the self-diffusion coefficient of the molecular
species yielding the NMR signal. Equation 1 can
be further simplified by replacing T2 by T2*, the
spin-spin relaxation time reduced by the field
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inhomogeneities (G0) other than those applied
during the experiment (G):

(2)

D is obtained from the slope of the ln plot of the
echo reduction R as a function of G2 for constant
gradient width experiments or as a function of
d2(D-d/3) for constant gradient amplitude experi-
ments.

(3)

Experimental procedure

A Bruker bench top Minispec NMS120 (Bruker
Spectrospin Ltd, Coventry, UK) operating at a
resonance frequency of 20 MHz (1H) and a tem-
perature of 40 6 0.1 8C was used. The samples
were sealed in 8 mm diameter NMR tubes and
held at constant temperature for 20 min in the
spectrometer probe-head prior to measurement.
Typically eight scans were accumulated with opti-
mum recycle delays ranging from of 1–10 s
depending on the spin-lattice relaxation time (T1)
of the particular system investigated. Both the
pulsed field gradient spin-echo (PFG-SE) and
stimulated echo (PFG-StE) sequences were used
to measure the self-diffusion coefficients. The
choice between these two techniques depended
upon the NMR relaxation properties of the sam-
ples. The general trend is for low water content
samples to have reduced T2 values. This leads to
a reduction of the time available to complete the
diffusion sequence, and the necessity to increase
the amplitudes of the field gradient pulses if
sufficient signal attenuation is to be obtained to
yield an accurate determination of the diffusion
coefficient. This technical problem is further
intensified by the feature that diffusion itself is
reduced in dry samples, leading to a reduced sig-
nal attenuation. Some alleviation is produced if
the stimulated echo triplet sequence (PFG-StE) is
adopted since, in general, T1 exceeds T2.

Due to software limitations on the Bruker
NMS120 system, the rf gradient amplitudes are

ln(R) 5 ln 
A(2t)G

A(2t)G50
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d
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automatically calculated using the self-diffusion
coefficient of water (D0 5 2.3 3 1029 m2 s21) with
no possible intervention by the operator. While
this value of D0 is reasonable at 25 8C, it is an
underestimate at 40 8C. Therefore, it was pre-
ferred to report the diffusion coefficients relative
to the bulk self-diffusion coefficient of water (D0),
i.e. D/D0 rather than the ‘absolute’ coefficient D.
The self-diffusion coefficients can subsequently be
calculated using the value of D0 5 3.23 3 1029 m2

s21 reported by Mills (1973) for distilled water at
40 8C.

The standard deviations on the measured D/D0

values were found to be smaller than 0.04 in the
spin echo technique and smaller than 0.09 in the
case of the stimulated echo technique.

Results and discussion

Water self-diffusion in sugar solutions and
biopolymer gels

Diffusion of water in sugar solutions
Diffusion coefficients in sucrose solutions were
measured using the PFG-SE pulse sequence with
a separation between the 908 and the 1808 pulses
of t 5 5 ms yielding an echo time of 10 ms (2t).
The separation between the 908 and the first field
gradient pulse was t1 5 200 ms while the gradient
separation D was the same as t (5 ms). The gra-
dient width d was increased from 0 ms to 1 ms by
steps of 0.1 ms. The diffusion coefficient was

obtained from the plot of the logarithm of the
echo reduction ln(R) recorded at different gradi-
ent width (d) as a function of d2(D-d/3) (Fig. 1).
The accuracy of the results is illustrated by the
coefficient of correlation (. 0.999) and the zero
intercept (20.012 , intercept , 0.007).

The results of the –ln(R) vs. d2(D–d/3) plots for
sugar solutions (sucrose, glucose, fructose, xylose)
at various concentrations are listed in Table 1.
There was no significant difference between the
self-diffusion coefficients of water measured in the
presence of the various sugars.

Complexity of the signal recorded on sugar–water
mixtures
The recorded NMR signal from a sugar solution
is a composite of the contribution of the water
and the sugar protons. The situation is compli-
cated by the occurrence of chemical exchange
between the water 1H and those on the sugar
hydroxyl groups. The NMR signal recorded
could therefore be a composite response resulting
from, on the one hand the protons of the water
and other exchangeable OH protons and, on the
other hand, the non-exchangeable 1H of the sugar
molecules. In principle, it should be possible to
record a second attenuation attributable to the
diffusion of the dissolved sucrose molecules.
However, in the experimental conditions of limit-
ed gradient amplitude ranges and relatively long
t-values, it is believed that the recorded diffusion
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Figure 1 A log plot of the echo
reduction during pulsed field
gradient NMR experiments
carried out on sucrose solutions
of different concentrations.



coefficients were derived principally from the
water molecules. The various lines of evidence
supporting this hypothesis are reviewed and dis-
cussed.

d The spin-spin relaxation times of sugar are
expected to be shorter than the T2 of water,
and thus the signal resulting from the sugar
non-exchangeable protons is expected, in the
experimental conditions, to have decayed
significantly at the time of observation
(t 5 5 ms). Indeed due to the large field
inhomogeneity in the low resolution NMR
spectrometer the T2* of sugar is anticipated
to be smaller than 5 ms.

d There was no evidence of non-linearity in the
2ln(R) vs. d2(D–d/3) plots, with intercept val-

ues very close to 0 (Fig. 1). Indeed, unpub-
lished results of Derbyshire & Ablett demon-
strated that in glucose solutions over a wide
d2(D–d/3) range, the same log plot would show
two distinct linear regions corresponding to
the self-diffusion coefficients of water (large
slope) and sugar (smaller slope) (Fig. 2).

d No significant difference was recorded
between the D/D0 values recorded in sucrose
solutions (disaccharide) as compared with
the glucose, fructose and xylose (monosac-
charides) solutions despite the significant
difference in the molecular weight of the
sugar (, factor of 2).

d The self-diffusion coefficients (D) of these
sugars in solution is expected to be at 
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Sugar conc. Intercept Slope R D/D0

g sug. g21 water (m s23)

Distilled H20 0 20.0120 0.514 0.9994 1

Sucrose 0.25 20.0005 0.299 0.9992 0.582
0.43 20.0026 0.248 0.9999 0.483

Glucose 0.25 20.0059 0.297 0.9999 0.577
0.43 20.0058 0.226 0.9998 0.440

Fructose 0.25 20.0039 0.319 0.9999 0.620
0.43 20.0041 0.251 0.9998 0.488

Xylose 0.25 20.0007 0.319 0.9996 0.621
0.43 20.0065 0.258 0.9997 0.501

Table 1 The linear regression
results of the log plots of the
echo reduction (2ln[R]) vs. the
d2(D-d/3) parameter for a range of
sugar solutions

Figure 2 The log plot of the echo
reduction as a function of d2

(D–d/3) for water and
glucose/water (33% w/w wet
basis) solution. The numerical
values should not be compared
with those in Fig. 1 since
different gradient amplitudes G
were used. Graph courtesy of
Derbyshire & Ablett (unpublished
results).



least three times smaller than that of 
water (Derbyshire & Ablett, unpublished
results).

Effect of sucrose concentration
The self-diffusion coefficients were measured for
different sucrose contents using the PFG-SE
method based on varying the gradient amplitude
with the parameters D 5 t 5 6 ms, t1 5 1 ms and
d 5 0.5 ms. As the sucrose concentration was
increased, the relative self-diffusion coefficient
(D/D0) decreased rapidly to reach a ‘negligible’

value at a sucrose concentration higher than 1 g
of sugar per g of water (Fig. 3).

Kimmich et al. (1993) studied the impact of
BSA and gelatin concentration on the self-
diffusion coefficient of water. A similar approach
was adopted in an attempt to explain the effect of
sucrose on the translational mobility of water.

The plot of the self-diffusion coefficient on a
logarithmic scale, as a function of the sugar con-
centration calculated on a total wet weight basis,
showed three distinct linear regions (Fig. 4).
These observations were interpreted as follows:
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Figure 3 The relative self-diffusion
coefficient (D/D0) of water as a
function of the sucrose/water
ratio.
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Figure 4 The self-diffusion
coefficient (D) of water as a
function of the weight fraction of
sucrose.



d For concentrations below C1 5 0.25 g of
sucrose g21 of solution, the role of sucrose is
believed to be principally due to its obstruc-
tive effect on the movement of water.
Kimmich et al. (1993) characterised this con-
centration as the ‘free-water limit’ above
which the diffusion coefficient values are
dominated by those of the molecules in the
‘free’ water phase and were described using
eqn 4:

(4)

where F is the volume fraction of the
obstructing species and b a ‘shape’ factor.

d At intermediate concentrations (between
C1 5 0.25 and C2 5 0.48), the fraction of the
‘bound’ hydration water increases. Assuming
a fast diffusion process between the hydra-
tion layer and the free water molecules, the
diffusion coefficient is given by a weighted
average of the diffusion coefficients in the
free and the hydration water phases Df and
Dh, respectively.

(5)

It is considered that the depression of D with
increased sugar concentration (Fig. 3) is
caused by the increasing fraction of the slow
diffusing hydration water at the expense of
the free water (eqn 5) as the diffusion of
water between these two phases is fast rela-
tively to the time scale of the experiment
(Belton & Hills, 1987).

d Above C2 5 0.48, the diffusion coefficient of
water decreased dramatically, falling to val-
ues below the limits measurable by PFG-
NMR methods using the available
spectrometer.

Although only one data point was measured in
this concentration range, the pattern was consistent
with the results reported by Kimmich et al. (1993).

A concentration of sucrose of 48% (g of
sucrose per 100 g of solution) corresponds to an
average of 20.6 molecules of water per molecule
of sucrose. Sucrose has 11 potential hydrogen
bonding sites and thus 20.6 molecules of water
approximates to two water molecules per site.
This is in agreement with the hydration numbers

D 5 phDh 1 pfDf   and   pf 1 ph 5 1

D 5 D0(1 2 bF)

(nh), i.e the number of water molecules found
within a given van der Waals distance from the
solute molecule, computed by Grigera (1988).
Values of 11.45 and 13.23 were reported for sor-
bitol and mannitol, respectively. These two poly-
ols (C6H14O6) have six hydrogen bonding sites,
which supports the hypothesis that there are <2
water molecules per hydrogen bonding site.
However, this is only a semi-quantitative estima-
tion of the nh since the number of available bind-
ing sites on the sucrose molecule would also
depend on the conformation assumed by the mol-
ecule in the experimental conditions (concentra-
tion, temperature, etc.).

Hence, a sucrose fraction of 0.48 is consistent
with a ‘mono-layer’ coverage of the sugar mole-
cule and it is not surprising that water molecules
in these concentrated sugar solutions exhibit low
translational mobility (relative to the time scale of
the experiment, namely the echo time of 12 ms).
Likewise, the concentration value of 25% corre-
sponds to 3 g of water per g of sucrose, i.e to 57
molecules, which corresponds to <2 hydration
layers. This suggests that the second hydration
layer contains <36 water molecules.

According to these calculations, ‘free’ water
type behaviour is only found in water molecules
external to two hydration layers. However,
diffusional exchange between the various hydra-
tion shells, and also between hydration ‘free’
water, is the determining factor for the observed
overall diffusion coefficient. For water contents
below the monolayer hydration coverage, the
diffusion of water is thought to be very slow.

Water diffusion in starch gels
The self-diffusion coefficients of water were mea-
sured in waxy maize and potato starches.

The PFG-SE technique based on the measure-
ment of the echo reduction for different gradient
amplitude values with the parameters
D 5 t 5 6 ms (gradient separation) and
d 5 0.5 ms (gradient width) was used for short
diffusion times (, 10 ms). The stimulated echo
(PFG-StE) sequence where the echo reduction
was measured for different field gradient widths
was adopted for longer diffusion times (up to 90
ms), with the parameters t1 5 4 ms (between the
first and the second 908 pulses),
D 5 t2 5 12–80 ms (gradient separation) and a
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variable gradient width d from 0 to 0.5 or from 0
to 1 ms in 10 steps.

D vs. diffusion time – probing the gel structure
One of the advantages of using NMR to study
diffusion is that the technique readily permits,
within the limitations of the relaxation properties,
the variation of the time scale over which the
diffusion process is being observed (D).

While diffusion in pure water showed the
expected independence on the diffusion time and
an average value of D/D0 < 1 (0.998 6 0.033)
over the whole range of D-values investigated
(Fig. 4), the D/D0 values in the gels depended
strongly on the diffusion time scale. Indeed, the
relative self-diffusion coefficient decreased consid-
erably from its anticipated value of one at
D 5 0 ms to reach a plateau value (D/D0)min <
0.315. This corresponds to a diffusion coefficient
of 1.02 3 1029 m2 s21 calculated relative to the
value D0 5 3.23 3 1029 m2 s21 (Mills, 1973). This
led to the conclusion that in the time scale con-
sidered by the experiment, the starch biopolymers
acted as a barrier restricting the diffusion process
by means of specific molecular interactions
(hydrogen bonding, 1H exchange, etc.) and also
by physical, steric obstructions hindering the
translational mobility of the diffusing molecule.

Thus, the self-diffusion coefficient of water can
be used to probe the structure of the gel in which
the diffusion process is taking place. The average
one-dimensional displacement ,r. of a water

molecule with a self-diffusion coefficient D during
the diffusion time t is given by ,r. 5 (2Dt)|.

For example, for the potato starch gel (1:1) in
Fig. 5 (D/D0)min was reached after a diffusion time
t < 50 ms. This leads to an average displacement
,r. < 18 mm. This value yields an average pore
size of 36 mm. This value is slightly smaller than
the average size of a potato starch granule
(12–60 3 15–75 mm). Such a reduction can be
attributed to the structure of the gelatinized-ret-
rograded starch system which is thought to be a
polymeric network with smaller domains than the
colloidal, granular, ungelatinized paste. The D

value for which the minimum of the relative self-
diffusion coefficient reached its maximum,
increased when the gel concentration increased.
The detailed results of the D-dependence of D/D0

are not reported since the main purpose of this
paper is to investigate the role of sugars.

The equilibrium value at long diffusion times
(D/D0)min was selected for the study of the effects
of the gel composition on the self-diffusion of
water (Fig. 6).

Effect of added sugar on the self-diffusion of
water in starch gels

In order to study the effect of the presence of a
third component on the diffusion of water in gels,
a proportion of the starch was replaced by sugar
whilst maintaining the ‘solid’/water ratio in the
sample constant.
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Figure 5 The relative self-diffusion
coefficient (D/D0) of water in
distilled deionised water (dd H2O)
and in a 1:1 potato starch gel
(PS/H2O), measured as a function
of the gradient separation (D).
The insert is an expansion of the
gel diffusion curve.



In the ternary system, the relative diffusion
coefficient of the water D/D0 was decreased by the
presence of sucrose. The effect was directly pro-
portional to the amount of sucrose present in the
system (Fig. 7). The values of the water diffusion
coefficient in the gels were compared to those cal-
culated using the assumption that the effects of
the presence of the biopolymer and the sugar
were additive and independent.

For this discussion (D/D0)s and (D/D0)p are the
relative self diffusion coefficients of water in a
sugar solution and a biopolymer gel of a
particular concentration c (sugar/water or poly-

mer/water), respectively. The concentrations used
in Figs 7, 8 and 9 are expressed as follows:

ii(i) a sucrose solution of a concentration c, con-
tains c g of sucrose per g of water

i(ii) a starch gel contains c g of starch per g of
water

(iii) a starch–sucrose gel contains c g of sucrose
1 c g of starch per g of water

If the hypothesis of a simple cumulative reduc-
tion of the self-diffusion coefficients applies, then
(D/D0)mix which is the relative self-diffusion
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Figure 6 Relative diffusion
coefficient of water in waxy maize
and potato starch gels as a
function of concentration.

Figure 7 Impact of different
sucrose concentrations on the
relative self-diffusion coefficient
(D/D0) of water in waxy maize
starch (WMS) gels. The insert
shows the same results plotted as
a function of the total solids
concentration.



coefficient of water in a polymer–sugar (1:1) with
a polymer/water ratio 5 c, is given by:

(6)

The results of this calculation are shown in Fig. 8
where only the lines representing the empirical
best fit for the biopolymer–water and the
sugar–water systems are shown. The measured
relative self-diffusion results followed closely the
calculated line of D/D0 at low starch concentra-
tions. However, when the starch/water ratio

1D
D0

2mix 5 1D
D0

2s . 1D
D0

2p

exceeded 0.2 (corresponding to a calculated value
of <0.5 for D/D0), the measured D/D0 values
became progressively larger than the values pre-
dicted on a simple additivity basis. One reason
might be that at low water contents, an interac-
tion between biopolymer and sugar molecules
leads to a decrease in the number of binding sites
(by hydrogen bonding and proton exchange)
available on both the sugar and the starch matrix
for the water molecules and, thus, the effective
population of the mobile water becomes larger
than expected increasing the value of the overall
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Figure 8 D/D0 as a function of
the polymer/water ratio in (1)
starch (D/D0)p and starch–sucrose
gels (D/D0)mix and as a function of
sugar/water in (2) sucrose
solution (D/D0)s. The
experimental results of (D/D0)mix
are plotted in symbols (d) while
the calculated data (3) are
illustrated by thin dotted lines (- -
- -). The inserts show the
correlation between the measured
and calculated (D/D0)mix values.
Results for (a) waxy maize starch
and (b) potato starch are shown.
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self-diffusion coefficient. Furthermore, the small
size of the water molecule would allow diffusion
to take place in the free-volume unoccupied by a
concentrated starch–sugar phase.

As in the case of sugar solutions, the type of
sugar had no significant impact on the relative
self-diffusion coefficients of water over the entire
range of water contents investigated. An example
of this is shown in Fig. 9 where there is no evi-
dence of difference in the water diffusion proper-
ties between the 1:1 potato starch/sugar gels
prepared with sucrose (disaccharide C12) or with
xylose (monosaccharide C5).

Conclusion

The diffusion of water, a physical parameter of
great importance in the quality of food products,
was reduced by the presence of obstructing mole-
cular species. While the type of the polymer was
a determining factor in the diffusion process, the
role of the sugar was less specific to the sugar
type.

The nature of the effect of sugar and biopoly-
mer molecules on the mobility of water was
found to depend on the concentration. While
diffusion of water is very slow in the early hydra-
tion stages, this process was greatly enhanced as
the degree of hydration increased. Above a cer-
tain hydration level, an increasing water popula-
tion started to exhibit a ‘free-water’ type
behaviour. At these low concentration levels, the

role of the polymer on the diffusion of water was
due to obstructive effects.

Within a relatively narrow range of polymer
concentrations, the effect of sugars in depressing
the diffusion coefficient of water in gel systems
can be anticipated using the diffusion results of
the binary systems polymer–water and
sugar–water.
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