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ABSTRACT: Application of a weighted-average model (WAM) to the kinetic evolution of
the elasticity during 16 h was successfully performed for a composite gel in which a
maltodextrin phase is dispersed within a continuous gelatin phase. The results ob-
tained using the model for different starting compositions along an initial higher-
temperature binodal are in good agreement with the phase diagram measured at high
temperature and help to confirm the position of the binodal. A novel application of
confocal Raman microscopy was used to measure the local concentration of the included
phase of the composite gel and confirms the results given by the WAM. This model
allows calculation of tie lines appropriate to the gel state and could be used for other
biopolymer blends if the assumption is made that the gelation process involves a
complete phase separation of both polymers before any gelation occurs. © 2000 John

Wiley & Sons, Inc. J Appl Polym Sci 77: 1465-1477, 2000
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INTRODUCTION

The prediction of the mechanical properties of a
blended biopolymer gel is of interest to the food
industry (e.g., relevant to low-fat spreads and ice
cream). This is a difficult problem whose study
has been pioneered in the past mainly for blended
synthetic polymer systems.? For composite
biopolymer gels, the Takayanagi model suggested
by this earlier work was used in its simplest form
to describe the equilibrium modulus in terms of
component concentrations within phases and vol-
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phase separation; master curve; small deformations; confocal Raman

ume fractions of these phases (upper- and lower-
bound model).>”” However, Takayanagi intro-
duced a more complex model for polymer-blend
systems in the situation where one polymer is
discontinuously dispersed in a matrix of the
other. This model involves a nonuniform distribu-
tion of stress and strain in the sample and was
tested on films based on a styrene—acrylonitrile
copolymer and nitrile-butadiene rubber. The
most important conclusion reached was that the
shape of the inclusions, or the anisotropy of dis-
tribution of these inclusions, could be deduced
from two parameters of the model linked to the
phase volume of the included phase. This model
can also describe the filler effect even when the
moduli of the two phases are of the same order of
magnitude.

In other fields of research, models of this kind
have also been extensively developed. For exam-
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ple, in conductivity, where the resistance of a
cocontinuous composite material was analytically
formulated,® in polymer blend systems,’ in 3-D
textile composites where the weight-average
model (WAM) was suggested for the first time,°
and in biomedical research where fibers have
been used as reinforcements in composites.'! This
last approach was numerical and involved com-
posites made from fibers embedded in a polymer
matrix. The model consists of averaging the local
contributions of stress and strain when the sam-
ple is loaded under different conditions.

The gelatin:maltodextrin system considered
here has already been extensively described by
Kasapis et al.1?7'® However, in all of the rheologi-
cal analyses performed, these authors dealt with
the change in the equilibrium modulus (i.e., mod-
ulus at long time) when maltodextrin was added
at a constant gelatin concentration. The purpose
of the present study was to investigate the rheo-
logical behavior of systems where the component
biopolymers initially form two separate phases, in
thermodynamic equilibrium, and where one
phase remains dispersed in the other. A predic-
tive model for the kinetic evolution of the compos-
ite gel elastic modulus was then developed.

To confirm the predictions of this model, the
concentration of the component within the in-
cluded phase of the biopolymer composite needs
to be known. Durrani et al.'®!® developed a
method which gives access to the local concentra-
tions of biopolymer mixtures using Fourier trans-
form infrared spectroscopy. However, this tech-
nique is applicable only to large particle sizes as
the spatial resolution is limited in infrared mi-
croscopy by the infrared wavelength, which, at
best, gives an approximately 20-micron spatial
resolution (40 microns was suggested by Durrani
et al.'®). The other major limitation is that, be-
cause the infrared beam goes through the entire
sample, the technique cannot be made confocal.
This means that particles have to be large enough
to fill the whole gap between the slides, and even
if this is the case (in practice, very few systems
will have particles that large), it is very difficult to
prevent the matrix phase from being trapped be-
tween the particles and the slide, which also leads
to erroneous results. In the present study, the
local concentration of the inclusions was mea-
sured directly in situ in the matrix, for the first
time, using Raman spectroscopy. This method
gives better spatial resolution, due both to the
wavelength of the light and the fact that Raman
spectroscopy can exploit the confocal effect and,

thus, can spatially resolve in 3D, rather than just
2D. The instrument used in the present study had
a spatial resolution of 2 um, which allows parti-
cles of approximately 4—5-um diameter to have
their concentration measured accurately in situ.
The full details of this method were reported else-
where,'® with only relevant results being shown
here and compared to the proposed model. Here,
most of the study deals with system compositions
located on the initial high-temperature binodal.

EXPERIMENTAL

Lime hide gelatin (LH1e) was provided by SKW
Biosystem (Carentan, France) and maltodextrin
Paselli (SA2) by AVEBE (Ulceby, UK). The gela-
tin LH1e (PI = 4.7; M,, = 83300 D; polydispersity
= 1.77, measured by GPC) was a polypeptidic
biopolymer obtained after alkaline degradation of
collagen and the maltodextrin, a polysaccharide
obtained by enzymatic degradation of potato
starch®® (M, = 6.2 = 0.5 10° D; polydispersity
= 1.45 = 0.30, measured by light scattering).

Mixtures of these two biopolymers at 60°C
show an important incompatible domain at high
concentrations (Fig. 1). However, at low concen-
trations, a compatible domain exists. These two
domains are separated by the binodal curve.

Both biopolymer solutions were prepared sep-
arately at a 0.1M ionic strength before being
mixed. NaCl was added, taking into account the
salt content of the biopolymer powders. To ensure
that the composition chosen for the cure experi-
ments belonged exactly to the binodal at 60°C,
initially incompatible systems were considered,
an appropriate mixture of the two biopolymer so-
lutions being held quiescently at 60°C for 4 h.
This allowed the system to equilibrate into two
separated phases. The gelatin-rich phase creams
while the maltodextrin-rich phase sediments.

Both phases, the top phase (gelatin-rich phase)
and the bottom phase (maltodextrin-rich phase)
were then isolated and cooled at 1°C/min from 60
to 11°C in both simple gap coaxial cylinders at a
large gap?' and a parallel-plate system (1-mm
gap) and maintained at 11°C for 16 h. The elas-
ticity (G') was measured at 1 Hz and 0.5% strain
with a Carrimed CSL 500 to follow the gel forma-
tion. All samples were measured within their lin-
ear viscoelastic region. The starting compositions
are plotted in Figure 1:

System I: 4% LHle, 10% SA2, 0.1M NaCl.
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Figure 1 Phase diagram of the system LH1e:SA2:0.1M NaCl, measured at 60°C.
Systems I, II, and III are, respectively, 4% LH1e:10% SA2, 4% LH1e:8% SA2, and 8%
LH1e:8% SA2. Tie lines according to volumes are plotted by dashed lines.

System II: 4% LH1e, 8% SA2, 0.1M NaCl.
System III: 8% LH1le, 8% SA2, 0.1M NaCl.

When confocal scanning laser microscopy was
applied, the gelatin was stained using 500 ppm of
Sirius Red to increase the fluorescence contrast
between the two biopolymers. However, when
confocal Raman spectroscopy was employed, the
autofluorescence of the gelatin generated suffi-
cient contrast prior to measurement.

In recent years, Raman spectrometers have ad-
vanced greatly and now allow weak Raman scatter-
ing systems to be studied that were previously in-
accessible. They also allow their study in a confocal
manner.?? In addition, reliable lasers have become
available in the NIR region which allow systems,
which would normally be dominated by fluores-
cence, such as biopolymers, to be studied. A confocal
Raman spectrometer (Renishaw ple, Gloucester-
shire, UK) was coupled to an Olympus BH2 micro-
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Figure 2 System I cooled from 60 to 11°C at 1°C/min; structure at the phase junction

(gelatin is bright, maltodextrin is dark).
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Figure 3 Bulk-phase separation of system I: (X) comparison between coaxial cylin-
ders and (-) calculated value from eq. (1) according to the phase volumes. (—) The
calculated value according to eq. (2) corresponds to the measurement between parallel
plates. The elasticity of the top and bottom phases is shown by the dotted lines.

scope with a motorized XYZ stage, using a 782-nm
diode laser as the excitation source. All spectra
shown in this work were taken with a 50X micro-
scope objective, which gives a focal spot of approxi-
mately 2-um diameter. All spectra were collected
with an exposure time of 60 s, with three accumu-
lations being averaged.

RESULTS
Evidence of Anisotropy in the Bulk-phase-separated
System

Starting from a phase-separated state, and apply-
ing a cooling rate of 1°C/min from 60 to 11°C, for-

14000 -

12000 -

cooling period
10000

8000
6000

4000

Gy (Pa)

2000

mation of two layers can be distinguished, before
gelation of the first layer occurs. The microstructure
of the heterogeneous sample is given in Figure 2
where the gelatin appears as bright areas and the
maltodextrin is dark. The separation does occur,
however, in a simple manner, as gelatin droplet
formation can be seen in the maltodextrin phase
and maltodextrin inclusions can also be seen in the
gelatin-rich phase. On the other hand, when the
system is held at 60°C for 4 h, droplets are not
present in either phase. This indicates that the top
and bottom phases are both compatible mixtures at
high temperature and that droplet formation occurs
during the cooling process, these being trapped by
the gelation of the phase.

P | P
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Figure 4 Isotropic behavior found in the top phase of the system I: ((J) parallel plates;

(X) concentric cylinders at simple gap.
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Figure 5 Microstructure of the top phase of system I. System cooled at 1°C/min from

60 to 11°C and cured 16 at 11°C.

A system which phase separates into two lay-
ers is anisotropic, and its rheology depends on the
measurement geometry. The overall rheological
characteristics can then be expressed as linear
combinations of the rheologies of the individual
layers, each weighted according to layer volume.!
If the measurements are performed using coaxial
cylinders, the isostrain relationship (upper
bound) is appropriate:

hG. = h,G] + hyGy (D

while if parallel plates are used, the isostress
relationship (lower bound) should be applied:

h  hy hy N
G- a " a @

Here, & is the total height of the sample; 2, and
ho, the heights of both layers; and G., G} , and G35,
respectively, the modulus of the composite and
the modulus of either layer.

The experimental modulus of system I and the
moduli of the separate individual phases were
measured between coaxial cylinders, following
the same thermal history as that of the layered
system. The phase-volume fractions were evalu-
ated as 0.46 for the top phase and 0.54 for the
bottom phase. The results are plotted in Figure 3,

where the elasticity of system I is directly com-
pared to the predictions of both the upper- and
lower-bound models. Corresponding data are not
available for the parallel-plate experiment as it
appears that a 1-mm gap is not large enough to
avoid surface interactions due to the plates,
which affect the separation into two layers. As
shown in Figure 3, good agreement is obtained
when the upper-bound relationship is compared
to the results of measurement performed between
coaxial cylinders. Interestingly, the results of the
upper- and lower-bound models lead to the same
modulus value at long times (after 14 h at 11°C).
However, the early stage of gelation shows differ-
ences. Since the separation of the layers occurs
according to the phase diagram (Fig. 1), each in-
dividual layer has a composition located on the
binodal. Hence, both biopolymers are present in
each phase and two gelation events are expected.
This is clearly seen in Figure 3 for the top phase.
An advantage of studying this top phase is that
gelation of the inclusions happens after gelation
of the continuous phase. However, for the bottom
phase, the gelatin forms the inclusions and gels
before the maltodextrin. In this situation, the
modulus only starts to increase when an infinite
maltodextrin gel appears, and this is affected in
an unpredictable way from the early stage of the
gelation by the presence of the gelatin inclusions.
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Thus, in the present article, only the top phase
will be examined further.

Characterization of the Top Phase

The real composition of the top-phase sample and
the corresponding tie-line directions can be
roughly estimated by the phase-volume method,
effective when the binodal line is well defined.
The most important information available is that,
at 60°C, the system corresponds to a point on the
binodal in the gelatin-rich part of the phase dia-
gram.

The evolution of the elasticity shows two well-
defined steps with time, as shown in Figure 3,
where the elapsed time was chosen to start at the
end of the cooling stage. The two steps in the
gel-strength evolution are related to the gelation
of separate phases. The first gelation process
starts at around —10 min and at a temperature of
about 19.5°C, while the second starts after ap-
proximately 100 min after the sample reached
11°C. The gelation curve of the top phase is ge-
ometry-independent, as shown in Figure 4, and
the phase is therefore isotropic.

The microstructure of the gelled top phase of
system I is shown in Figure 5, where the malto-
dextrin-included phase is dark and the continu-
ous gelatin phase is light. This micrograph re-
veals a continuous gelatin phase and a maltodex-
trin phase confined to small droplets. These
droplets do not percolate to form a network
through the sample. The shape of the droplets
appears uniform and spherical. However, the size
of the droplets is very heterogeneous and varies
from 1 to more than 50 microns in diameter. Ac-
cording to microscopy work performed in the com-
patible domain of the phase diagram, formation of
maltodextrin droplets precedes gelation of the
gelatin, and the demixing process occurs when
the sample is in the liquid state.

Model Description

A first assumption made was that the gelatin-rich
mixture located on the binodal separates on cool-
ing into two phases containing the pure individ-
ual biopolymers (i.e., the new tie line extends to
the composition axes). For such a situation, the
upper- and lower-bound models of Takayanagi
were used by several authors to describe long-
time values of the elasticity moduli (G') of gelatin
and maltodextrin mixtures.®'® Unfortunately,
these models fail significantly when the whole

isostress | isostrain

lower
bound

upper l T
bound

Figure 6 Schematic representation of the combined
model. The continuous phase is shaded and the in-
cluded phase is white. The force applied is denoted F.

gelling curve is considered, that is, from the sol
state to the fully cured gel state.

According to McEvoy et al.,* a solution contain-
ing two polymers which phase separate into two
pure polymer phases during gelation responds
according to a lower-bound model if the included
phase is stronger than the continuous phase and
according to an upper-bound model if the included
phase is the weakest phase. Strain and stress
distributions are the important field variables in
these two models, and uniform distributions for at
least one of the fields is assumed in each limit. In
the case of gelation of the gelatin:maltodextrin
mixture studied here, the strengths of the indi-
vidual gel phases increase with time, and the
ratio of strengths can be inverted during cure,
depending of the kinetics of gelation of each of the
individual components.

The model proposed here to completely de-
scribe the behavior of such a system during cure
is a combination of the upper- and lower-bound
models as indicated in Figure 6 using the sche-
matic model of series and parallel elements. As a
consequence of these assumptions, we can model
the behavior of the elastic response, which de-
pends on the arrangement of the included phase
in relationship to the direction of the applied
force. If the proportion of the isostrain component
included in the model is called “@” and the
isostress part “1 — «,” the equation for the com-
posite modulus associated with this model takes
the following form:
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Figure 7 (a)Master curve for maltodextrin SA2 measured at 11°C after a cooling rate
from 60 to 11°C at 1°C/min. (b) Determination of the exponents related to the concen-

tration for maltodextrin SA2.

Gi(t) = al(1 = $)Gim(®) + $Glna®)] + (1~ @)
1-¢ ¢ |

| Gim® T Gam)| @

where G/(t) represents the kinetic evolution of the
elastic modulus of the composite gel; «, the isos-
train fraction; ¢, the volume fraction of the SA2-
included phase; and Giy(?) and Ggao(t), the ki-
netic evolutions of the elastic moduli of the gela-
tin and of the maltodextrin phases, respectively,
at given local concentrations.

In the present case, the composition of the
starting phase is not accurately known, but when
cure curves for the individual biopolymers are
available for given concentrations, it becomes pos-
sible to simulate the kinetics of gelation of the
composite using a computer model. Over certain
concentration ranges, the modulus of a gelatin gel

is known to be dependent on the square of its
concentration?:

2.0
’ €1 ’
G 1= (C) GO (4)

where G represents the equilibrium elastic mod-
ulus for a concentration c¢;, and Gy, the reference
equilibrium elastic modulus at the reference con-
centration c.

Master Curve for Gelatin Gelation

It was recently shown that the k-carrageenan gel
modulus can be estimated at any time and for any
concentration between 0.01 and 0.2% w/w in
0.01M KCl, as a gelation master curve can be
deduced by shifting horizontally and vertically
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Figure 8 Gelation profiles for the top phase of system I, gelatin LH1e at 8% w/w and
maltodextrin SA2 17% w/w in 0.1M NaCl, and between concentric cylinders.

the individual cure curves in a bilogarithmic rep-
resentation.?* The same empirical exercise was
attempted on a lime hide gelatin identical to the
one studied here®® and results are shown below:

[LH1e],

2.0+0.2
Gi(t) = ([LHle]O) Gy(?) 3% = [LH1e]

=10% w/w (5a)

This first relationship implied dependence for the
gelatin gel modulus similar to that predicted by
the cascade model over the same concentration
range.”?

In addition, for the cooling regime applied, the
time scale of the gelatin can be described as a

14000 —
12000 -—
10000 —
8000 -

6000 -

G'(1uy) (Pa)

4000 -

2000

-2000 L

function of its reference concentration according
to the following relationship:

o ([LHle]l

—0.9%0.18
[LH1e]0> to 3% = [LH1e]

=10% w/w (5b)

where ¢; and ¢, are the time scales for the gelatin
at the local concentration (1) and reference con-
centration (0), respectively.

Master Curve for Maltodextrin Gelation

When the same exercise was attempted for mal-
todextrin gelation curves, using the 17% w/w con-

10 15

time (hrs)

Figure 9 Comparison between experimental data and the best fit according to eq. (3)

for the top phase of system I.
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Table I Parameters of the Fit for the Three Different Top Phases Using Different Conditions of
Measurement (Parallel Plates and Concentric Cylinders)

System I System II System III
Parameters LHle 4% : SA2 10% LHle 4% : SA2 8% LHle 8% : SA2 8%
a 0.81 = 0.04 0.81 = 0.04 0.93 = 0.05
¢ (%) 7.45 1.0 23.85 + 2.0 1.42 + 0.55
[LH1e] (% wiw) 8.96 = 0.28 7.37 = 0.25 12.54 = 0.12
[SA2] (% wiw) 16.0 + 1.18 10.72 = 1.1 22.48 + 1.1

The « parameter, the phase volume of the included phase (maltodextrin) and the local concentrations of gelatin and maltodex-

trin are given.

centration results as a reference, a good, but not
perfect, agreement was found in the range 12—
30% w/w [Fig. 7(a)l. Two exponents were calcu-
lated from the slopes of the shift factors as func-
tions of the logarithms of the concentrations re-
ferred to a standard ¢, [Fig. 7(b)]. The values of
these exponents allow satisfactory estimation of
gelation curves for unmeasured concentrations:

SA2],\ 56018
Gi(t) = ({SAZ}O) G(t) 12% = [SA2]

=30% w/w (6a)

_ (IsA2],
e ([SAz]o

-1.9+0.16
) ty  12% =[SA2]

= 30% w/w (6b)

Application of the Model

Using the above formulas, the modulus of each
biopolymer can be expressed as a function of its
local concentration and of time. The parameters
of the model for the evolution of the composite gel
modulus are then

e «, the fraction of the isostrain bound;

e ¢, the volume fraction of the maltodextrin;

e [LH1e], the local concentration of the gelatin
in the gelatin phase; and

e [SA2], the local concentration of the malto-
dextrin in the maltodextrin phase.

Four adjustable parameters are involved in eq.
(3). However, the two local concentrations are
unambiguously estimated according to eqs. (5b)
and (6b), independently of the two other parame-
ters. This makes « and ¢ the two major parame-
ters in eq. (3).

To determine the best values for the parame-
ters of this model, gelatin LH1e (8% w/w, 0.1M
NaCl) and SA2 (17% w/w, 0.1M NaCl) gels were
also measured in both geometries and in the same
conditions of temperature history as were the ex-
perimental data for the composite gel. Relevant
reference curves are plotted in Figure 8 for the
concentric cylinders experiment and compared to
the composite gel curve of system I. A computer
simulation was performed using the least-
squared criterion for determining the best fit. The
computer program involved four steps, which
were repeated until the best agreement was
reached; these are resumed below:

e Estimation of the four parameters.

e Calculation of the two cure curves for gelatin
and maltodextrin at their respective local
concentrations using eqs. (5) and (6).

e Fit of the three individual curves using a
cubic spline method in order to get the same
increment for all curves.

e Comparison of the calculated combination
with the experimental curve by the least-
square criterion.

The best fit according to eq. (3) is shown in
Figure 9, where the calculation of the modulus
was performed using the reference cure curves of
the LH1le 8% w/w and the SA2 17% w/w previ-
ously presented. The parameter values obtained
are presented in Table I.

Raman Spectroscopy Mapping

To validate the predictions of this model, the top
phase of system I was examined by confocal Ra-
man spectroscopy. A typical included SA2-rich
particle was examined (approximately 10 um in
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diameter). An XY map was then produced by
scanning an area of 18 X 14 um with a step size
of 2 um. At each spot, a Raman spectrum was
scanned over 60 s and repeated three times to get
the required signal-to-noise ratio. This was then
repeated over the 80 points of the chosen area
across the included particle. The data were then
examined in two ways to produce maps: The first
of these was to use the strong SA2 band at 475
cm 1. As intensity in Raman is directly propor-
tional to concentration, a spatial plot of the inten-
sity of this band shows the distribution of SA2.
This map matched well the optical microscope
picture of the included particle and showed that
the particles are SA2-rich (Fig. 10). The second
map was produced from a more sophisticated
analysis of the spectra using multivariate curve
resolution. This method uses the whole spectrum
for the analysis and the full details are described
elsewhere,?® but it is an orthogonal projection
multivariate curve-resolution method (OP-MCR).
It provides information on the number of chemi-
cal species present (already known in this case),
and it then produces the spectrum of each of these
(see Fig. 11). These spectra match the spectra of
the pure components'® well and they can be used
to produce a spatial map (Fig. 10), which matches
the previous map from the 475 cm ' but at a
higher signal-to-noise ratio. The concentration
map can then be fully quantified if a calibration is
carried out. In this case, a calibration was per-
formed on SA2, and this was used to give a fully
quantified map of the included SA2-rich particle
and the surrounding matrix. This showed that
the peak concentration in the particle was 20
+ 2% w/w SA2, which is close to the value obtain
from the rheological model (16.0 = 1.2 % w/w).

DISCUSSION

The real concentration of both species in the orig-
inal sample is accessible through a combination of
the phase volume and the local concentration of
each biopolymer:

[LH1le], = (1 — ¢)[LH1e], (7
and

[SA2], = (¢)[SA2], (8)

Figure 10 Raman maps of an SA2-included particle
in the top phase of system I (a) produced from the SA2
475 em ™! peak and (b) produced from the whole spec-
trum of MCR factor for the SA2; see Figure 11. Maps
dimensions are 18 X 14 pm.

The composition found using eqs. (7) and (8) for
the three systems are reported in Table II.
These results are also plotted on the phase
diagram for the three systems measured at dif-
ferent experimental conditions in Figure 12. In
Figure 12, compositions found using the model
are in good agreement with the previous determi-
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Figure 11 Spectral factors produced from the MCR method (see text) for (a) gelatin

and (b) SA2.

nation of the binodal at 60°C. The real concentra-
tions emerging from this model are in good agree-
ment with those obtained by the phase-volume
method where the top phase is estimated as con-
taining 7.5% LHle and 1.7% SA2. Confocal Ra-
man microscopy was used to determine the local
concentration of the inclusion and gave results
which are consistent with the model used.

As discussed in the work of Kalidindi and
Franco,! the a parameter was observed to be
insensitive to the volume fraction, which is con-
sistent with the way of calculating the fit, as no
relationship has been assumed here between «
and ¢. However, it is strongly influenced by the
nonaxial properties of the inclusions and then
related to the inclusion modulus and these local
concentrations.

The tie lines deduced by the model in the gel
state are steeper than are the tie lines deduced at
60°C, which suggests that the gelatin becomes
more hydrophobic when the temperature de-
creases. In the Flory—Huggins theory, tie-line

slopes are determined by differences of the y pa-
rameters of the individual components in relation
to the solvent. An increase in the steepness of the
tie line during the gelation process is consistent
with an increase in the Flory—Huggins y param-
eter of the gelatin from 0.48 to a value close to 0.5
when the temperature decreases.?” Here, the as-
sumption is made that the y value for maltodex-
trin does not change during gelation of the ma-
trix.

CONCLUSIONS

The model of upper and lower bounds used here
in the case of gelatin/maltodextrin mixtures is
sufficient to explain the rheology of a bulk-
phase-separated system, or layered system, as a
linear combination of contributions from each
separated phase. For a gelled homogeneous up-
per layer, the rheological model proposed here

Table II Comparison of the Composition of the Top Phases Using Different Experimental
Conditions: Phase Volume Method (PVM) at 60°C and WAM in Concentric Cylinders

and in Parallel Plates

System I System II System III
Composition PVM Model PVM Model PVM Model
[LH1e] (% w/w) 7.5 8.30 = 0.17 5.61 = 0.15 11.2 12.36 * 0.07
[SA2] (% wiw) 1.7 1.20 = 0.26 2.54 0.5 0.6 0.2 = 0.08
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Figure 12 Comparison between the binodal composition of the top phase resulting

from the model for the three systems studied.

for the gelatin:maltodextrin mixed system
(WAM) assumes complete separation of the
components on cooling and a combination of
upper- and lower-bound contributions in order
to explain the data. By doing this, a phase dia-
gram for the gelled state can be predicted and
the move of the binodal with temperature due to
gelation of one of the species. The resulting
phase diagram showed a great increase in the
phase-separated domain and steeper tie lines
than those measured at higher temperatures.
This result is in accordance with an increase of
the hydrophobicity of the gelatin chains during
the ordering and gelation process.

The model showed no evidence of anisotropy in
the samples, which separated into two phases
with one polymer phase-dispersed within a con-
tinuous phase of the other. The concentration of
such included phases could be measured by a
novel application of confocal Raman spectroscopy.
A master curve for gelation of maltodextrin was
determined which allows satisfactory estimation
for the gelation curves at concentrations between
12 and 30% w/w.
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