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ABSTRACT: The kinetics of phase separation and gelation in kinetically trapped gelatin/maltodextrin/
water gels was studied using confocal laser scanning microscopy (CLSM) and transmission electron
microscopy (TEM). The time evolution of the morphology was followed by CLSM during temperature
quenches from 60 °C to between 1 and 40 °C. The maltodextrin concentration was varied between 2.25%
and 7.5% (w/w), and the gelatin concentration was held constant at 4% (w/w). Spinodal decomposition,
self-similar growth, percolation-to-cluster transition, coalescence, and diffusion of maltodextrin inclusions
were observed during the progress of gelation. The start and completion of these processes, the onset of
phase separation, and the relative rates of phase separation and gelation were found to determine the
morphology. The characteristic wavelength showed a crossover in its growth rate power law from one-
third to one in a slowly gelling, near-symmetric system. Droplet and bicontinuous morphologies were
observed in off-symmetric and near-symmetric quenches, respectively. Secondary phase separation
occurred at low temperatures and near-symmetric composition. Partial coalescence and contracted
flocculation were observed during the progress of gelation. Stereological measurements showed that the
size of maltodextrin inclusions increases and that the volume fraction decreases with increasing quench
temperature. In addition, the number of the maltodextrin inclusions decreases with increasing quench

temperature.

Introduction

Many mixed biopolymer systems phase separate in
aqueous solution and have one component that gels
during a thermal quench. Previous work has shown that
the morphology of these mixed biopolymer systems
depends on the relative rates of phase separation and
gelation.!~3 Incompatible systems unperturbed by ge-
lation will phase separate, equilibrating concentrations
and phase volumes. Thereafter, the morphology coars-
ens by self-similar growth, coalescence, and/or Ostwald
ripening and ultimately results in bulk phase separation
and creaming. In contrast, incompatible systems that
have been quenched to temperatures below the gelation
temperature of one of the components will start to gel,
which subsequently decreases the mobility, slows down
the coarsening, and inhibits phase separation. Finally,
gelation will kinetically trap the mixed biopolymer
system in a nonequilibrium state. The Kinetics of phase
separation*® and the kinetics of gelation will determine
the morphology of mixed biopolymer systems. Knowl-
edge of the time evolution of the morphology in phase-
separated biopolymer systems in relation to the progress
of gelation at different compositions and quench tem-
peratures is crucial for an understanding of the mor-
phology generated and the material properties. This
work deals with the kinetics of phase separation and
the coarsening of the morphology in the late stages of
spinodal decomposition in relation to the progress of
gelation in gelatin/maltodextrin gels at different experi-
mental conditions using dynamic measurements of the
time evolution of the morphology.

Recent work on gelatin/maltodextrin gels using si-
multaneous optical rotation and turbidity measure-
ments, confocal laser scanning microscopy (CLSM),
transmission electron microscopy (TEM), and rheology
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has shown that the conformational ordering of gelatin?
gives an extra incentive toward phase separation and
shifts the onset of phase separation forward. It was also
found that a certain degree of elasticity was needed to
trap the morphology. The temperature of phase separa-
tion in relation to the gelation temperature in kinetically
trapped gelatin/maltodextrin gels was shown to deter-
mine the size of the discontinuous maltodextrin inclu-
sions.? The size of the maltodextrin inclusions decreases,
and the interfacial area between the phases increases
with increasing cooling rate.® The relative kinetics of
gelation and phase separation determined the complete-
ness of the phase separation and the amount of small
maltodextrin inclusions trapped in the gelatin phase.

Related studies of the kinetics of phase separation in
relation to the progress of the gelation have been done
in other biopolymer systems. The kinetics of simulta-
neous phase separation and gelation in solutions of
gelatin and dextran has been studied using light scat-
tering and phase contrast microscopy.! Quenches near
the critical point were done to temperatures both below
and above the gelation temperature of gelatin. Above
the gelation temperature, the solution phase separated
through spinodal decomposition, and a mottled mor-
phology formed. This then relaxed into droplets that
grew with time through coalescence. Below the gelation
temperature, phase separation was influenced by the
gelation, and in the end, the bicontinuous morphology
was frozen in by the gelation process. Studies of the
kinetics of spinodal decomposition in gelling gelatin/
water/methanol mixtures showed that the final domain
size decreases with increasing quench depth and that
the mixtures become kinetically trapped by gelation in
a nonequilibrium state.” In addition, it was found that
the relative magnitude of the time scales® for phase
separation and gelation determined the morphology.
Numerical studies have predicted that phase separation
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promotes gelation® and that gelation slows down domain
growth in the late stages of phase separation.1®

Dynamic measurements of the time evolution of the
morphology of gelling water-in-water emulsions have
been scarce until now. However, the time evolution of
phase-separating synthetic polymer systems has been
observed in two dimensions using polarized light micro-
scopy!! and in three dimensions!212 using CLSM. TEM
and CLSM in combination with light scattering have
been used to demonstrate the morphological time evolu-
tion of a near-critical system during spinodal decompo-
sition.14

The coarsening of the microstructure in the late
stages of spinodal decomposition involves self-similar!®
growth, percolation-to-cluster (PTC) transition,'® coa-
lescence,'” and diffusion after the gelation. Self-similar
growth in critical’® and off-critical’®2° polymer systems
has been studied experimentally?122 and theoreti-
cally.?324 The domain growth obeys the scaling law L(t)
~ 1, where L(t) is the characteristic domain size and t
is time. Three growth regimes have been established
using dimensional analysis:?5 the diffusive (o = /3), the
viscous hydrodynamic?® (o = 1), and the inertial hydro-
dynamic?’ (a. = 2/3) regimes. Different time dependencies
of self-similar growth have been found in both biopoly-
mer and synthetic polymer systems. The time depen-
dence in the gelatin/dextran! system was t! above the
gelation temperature and t3 below. After the breakup
of the bicontinuous microstructure into a droplet mor-
phology through the PTC transition, the domains grew
through evaporation—condensation (Lifshitz—Slyozov—
Wagner)282% or coalescence. Transportation of droplets
and collisions leading to coalescence can be induced by
Brownian motion,3° concentration gradients,3! or colli-
sion-induced collision.32

The main objective of the present work was to use
CLSM to examine the mechanisms underlying the
morphologies generated in different parts of the phase
diagram by following the time evolution of the morphol-
ogy during phase separation and the progressing gela-
tion in gelatin/maltodextrin gels. The time evolution of
the morphology and the final morphology will be dis-
cussed according to existing theories on phase separa-
tion mechanisms, coarsening, and coalescence. Special
emphasis will be given to the morphology in later stages
of phase separation in relation to the progress of
gelation, using TEM as a complementary technique. It
will be demonstrated that quenching to different tem-
peratures and varying composition both have an impact
on the size and phase volumes of microstructural
features and the type of morphology in the final gel
structure.

Experimental Methods

Materials. The gelatin sample, type LH, 240 Bloom, used?3
was provided and characterized by Systems Bio-Industries,
Research Centre, Baupte, F-50500 Carentan, France. It has
an isoelectric point of pH 4.7. The number-average molecular
weight was 83.3 kDa, and the mass-average molecular weight
was 146 kDa. The maltodextrin quality used was Paselli SA2,
provided by Avebe, 9607 PT Foxhol, and characterized by
Unilever Research Laboratory, Sharnbrook, UK. It is an
enzymatically converted potato starch with a pH between 5.5
and 7.0 and has a dextrose equivalent (DE) between 2.3 and
2.8 ¢/100 g. From the DE value, the number-average molecular
weight can be estimated to be about 9 kDa.

The maltodextrin was made fluorescent by covalent bind-
ing®3334 of RITC (rhodamine B isothiocyanate). Details about
the mixing of the gelatin and the maltodextrin components
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can be found elsewhere.? After transferring the mixed solution
to the CLSM, the sample was stabilized for a few minutes at
60 °C and then cooled from 60 °C to different quench temper-
atures (Tq) at a cooling rate of 30 & 2 °C min~1.

CLSM and Image Processing. The CLSM system consists
of a Leica TCS 4D confocal laser scanning microscope (Heidel-
berg, Germany) equipped with a Linkam TMS 92 heating-and-
cooling table. The emission maximum at 488 nm of an argon—
krypton laser was used as the light source. Based on the size
of the dispersed phase, a microscope objective having a
magnification of 63 times and computer zooming factors of
1.98x and 3.97x were used. The signals from the sample above
590 nm were collected with a tritc filter, and eight scans were
averaged during the creation of an image.

The recording of images started immediately at 60 °C, after
which the temperature quenches began. Two different scan-
ning modes were used, normal and fast, giving image recording
times of 3.77 and 1.43 s, respectively. The fast scanning mode
was used for most samples. The number of images recorded
varied between 60 and 300 depending on the expected kinetics
of phase separation and gelation. The position of the confocal
plane was held constant throughout the whole sequence of
image recording. All images were taken at a depth of 50 um
inside the sample to avoid surface effects, but the depth varied
to some extent (less than 5 um) since a sample could swell or
shrink during the complete image sequence.

The images were transferred to a SUN Ultral workstation
and stored on a hard disk. A Contextvisions microGOP 2000/S
(Linkdping, Sweden) contextual image analysis system was
used to create binary images, mainly by image enhancement
using GOP operations and thresholding, and to make stereo-
logical measurements.

Measurement of the Characteristic Wavelength. The
characteristic wavelength, Amax, was measured in order to
quantify the time dependence of the self-similar growth of the
continuous maltodextrin phase according to the scaling law
L(t) ~ t*, where L(t) is the distance between the maximum of
the growing waves and t is time. The characteristic wavelength
was measured manually by drawing a line from the middle of
one part of the maltodextrin phase, perpendicular to the
interface between the gelatin phase and the maltodextrin
phase, to the middle of the next part of the maltodextrin phase.
Twenty such lines were drawn in each micrograph, and the
number-average of the length of each line was taken as the
characteristic wavelength for that particular micrograph. The
logarithm of the wavenumber, Qmax = 27/Amax, Was plotted
against the logarithm of the time after the onset of phase
separation. The slope is equal to the negative a exponent. In
a forthcoming paper, the fast Fourier transform (FFT) will be
used to calculate the growth rate at various quench temper-
atures.

Stereological Image Analysis. A model-based approach
to stereology was used because the samples were isotropic. Two
stereological measures were calculated: the volume-weighted
mean volume (also called the star volume) and the volume
fraction. Seven images from each sample at different locations
were used to calculate the volume-weighted mean volume and
the volume fraction. The number of particles counted in each
measurement varied between 120 and 330, and the coefficient
of error ranged between 0.06 and 0.15. To obtain an unbiased
measure, the two-dimensional counting rule was applied to
the images,® and this meant that a measure frame was
introduced. The formula

ve=21

was used to estimate the volume weighted mean volume,3¢
where |y is the intercept length, i.e., the length from one
boundary through a random point to the other boundary.

The volume fraction is related to the area fraction through
the Delesse principle” Vy = A,, where Vy is the volume
fraction and Aa the area fraction. The area fraction was
measured in the CLSM images.
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Figure 1. A purely schematic temperature—composition phase diagram of the ternary gelatin/maltodextrin/water system showing
different quenches routes. The microstructural development at early stages of the phase separation corresponding to the different
guench routes at constant 4% (w/w) gelatin concentration are shown as CLSM micrographs: (a) spinodal decomposition, 7.3%
(w/w) maltodextrin, 1 °C, 5 s after the onset of phase separation as observed by CLSM; (b) spinodal decomposition, 5% (w/w)
maltodextrin, 1 °C, 8 s; (c) not determinable by CLSM, 3% (w/w) maltodextrin, 20 °C, 45 s.

Transmission Electron Microscopy (TEM). Small pieces
of gels were doubled-fixed in 2% glutaraldehyde and 2% OsOQO,.
Samples were dehydrated in a grade ethanol series, trans-
ferred to propylene oxide, stepwise propylene oxide/polybed,
and then embedded in polybed 812 and polymerized. Thin
sections of ~70 nm were cut on a diamond knife and double-
stained with uranyl acetate and lead citrate. The sections were
examined in a TEM, LEO 906e, at an accelerating voltage of
100 kV.

Results and Discussion

Early Stages of Phase Separation Following
Different Quench Routes. The gelatin/maltodextrin/
water system is known to obey an upper critical solution
temperature (UCST) behavior, which means that it
starts to phase separate during a thermal cooling step
into the incompatibility region. The starting point of all
experiments in this work is a homogeneous solution well
above the temperature of phase separation. The mal-
todextrin concentration was varied between 2.25% and
7.5% (w/w) and the quench temperature (defined as the
end temperature of the quench) between 1 and 40 °C.
The gelatin concentration was kept constant at 4% (w/
w).

A section of the schematic ternary gelatin/maltodex-
trin/water temperature—composition phase diagram at
constant gelatin concentration, obeying segregatives38
phase separation, is shown in Figure 1. The one-phase
region above the binodal is drawn as a solid line, and
the metastable region between the binodal and the

spinodal is drawn as a broken line. The compositions
studied in this work are located in a region of the
ternary phase diagram®® that contains no critical points,
and all solutions enter the metastable region before they
reach the unstable region during a thermal step.

Three different quench routes are shown in the
schematic phase diagram in Figure 1. The growth of a
bicontinuous microstructure at early stages of phase
separation corresponding to quench route 1 can be seen
in Figure la. The mottled microstructure shown in
micrograph a is typical of spinodal decomposition. All
samples between 6% and 7.5% (w/w) maltodextrin
concentration exhibit the mottled microstructure during
some part of their time evolution.

The growth of discontinuous microstructures at early
stages of phase separation corresponding to quench
routes 2 and 3 can be seen in micrographs b and c of
Figure 1, respectively. The morphology obtained by
quench route 2 is also attributed to spinodal decomposi-
tion. The samples that phase separated through quench
route 3 shows a nucleation-and-growth-like behavior.

The main objective of this work is to show how the
maltodextrin concentration, quench routes 1—3, and the
quench temperature, Tgapc, and thereby the quench
depth, influence the phase separation mechanism, the
kinetics of phase separation, and the kinetics of gel
formation. The effect of the mechanism and the kinetics
on the morphology of the gelatin/maltodextrin/water
system will also be demonstrated.
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Figure 2. CLSM micrographs showing a quench of 4% (w/w) gelatin and 7.3% (w/w) maltodextrin concentration from 60 to 30
°C, according to quench route 1. The time between every micrograph is 2.86 s.

Time Evolution of the Morphology. The morphol-
ogy can evolve in at least two different ways depending
on the composition. Mixtures having critical*® composi-
tion will remain bicontinuous even in the late stages of
spinodal decomposition. In contrast, in off-critical*!
mixtures, phase separating through spinodal decompo-
sition, the minority phase can no longer maintain its
continuous morphology as phase separation proceeds,
whereas the system undergoes PTC transition and a
droplet morphology forms.

The growth and pattern formation of spinodal decom-
position may be classified into at least three regimes:
(a) early stage, (b) intermediate stage, and (c) late
stage.*243 In the early stage, described by the Cahn—
Hilliard theory,** the spatial concentration fluctuations
start to grow in amplitude at a certain energetically
most favorable wavelength, independent of time. The
intermediate stage begins when the peak spatial con-
centration fluctuations reach the coexisting concentra-
tion. It is characterized by increased wavelength, which
is the same as increased size and separation of the
domains and decreased interfacial width. The early and
intermediate stages in spinodal decomposition are dif-
ficult to separate using CLSM. In the late stage of
spinodal decomposition, the interfacial width has nearly
reached its equilibrium distance, and the domains
continue to increase in size through self-similar growth
in order to reduce the interfacial free energy of the
system.

Quench Route 1. The time evolution of the micro-
structure of a quench from 60 to 30 °C, which is the
gelation temperature of gelatin, is shown in Figure 2.
Gelation does not affect the evolution of the morphology
of this system because the gelatin gels very slowly at
30 °C. The mottled morphology displayed in the whole
sequence in Figure 2 is taken as evidence that the phase

separation proceeds through spinodal decomposition.
Mixtures with time evolutions similar to the sequence
shown in Figure 2 with a bicontinuous morphology are
termed (near-) symmetric quenches. The term sym-
metric refers to the middle of the tie-line, which is
approximately estimated from the temperature-depend-
ent phase diagram?® of related gelatin/maltodextrin/
water systems.

Micrograph a of Figure 2 shows the onset of phase
separation 50 s after the beginning of the quench. The
onset of phase separation as observed by CLSM appears
quickly and over the whole sample at the same time.
The total time for the entire sequence shown in Figure
2is41.5s. The bright part of the CLSM micrographs is
the maltodextrin phase and the dark part the gelatin
phase. Contrast differences caused by concentration
fluctuations define the onset of phase separation. These
differences can be observed in micrographs a and b for
this system. It can be seen that the contrast between
the gelatin phase and the maltodextrin phase increases
and that the interfacial width between the gelatin phase
and the maltodextrin phase decreases from micrographs
a to k. This means that the difference in maltodextrin
concentration between the gelatin phase and the mal-
todextrin phase increases with time until it has reached
the equilibrium coexistence concentration (~ micro-
graph k) of the system.

Another important feature of the whole sequence in
Figure 2 is the increase in the characteristic wavelength
of the system with time through self-similar growth.
This means that the diameter of each part of the mottled
microstructure and the distance between each part of
this structure increase with time. Figure 3 shows the
logarithm of the wavenumber (gmax) as a function of the
logarithm of the time after the onset of phase separation
for a part of the sequence shown in Figure 2. For
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Figure 3. Manual measurement of the a exponent in the
scaling law at 4% (w/w) gelatin and 7.3% (w/w) maltodextrin
concentration, quench to 30 °C. The straight lines represent
least-squares estimates of the slope of the data.

example, the points in Figure 3 at log t equal to 0.63
and 1.59 represent the measurements of the character-
istic wavelength in micrographs a and m in Figure 2,
respectively. One example of this measurement is shown
as a white line in micrograph h in Figure 2. The
characteristic wavelength varies between 2.4 and 9.0
um, and the time varies from 4.3 to 38.6 s after the onset
of phase separation in Figure 3. The standard deviation
of gmax Was approximately a tenth of its value. The
measurement was stopped at log t equal to 1.59 because
the number of wavelengths was too small (for ergodic
reasons).

The slopes of the linear curves in Figure 3 are equal
to the negative a exponents in the scaling law L(t) ~ t*.
They were determined by least-squares fits to the data.
Figure 3 shows that the mottled microstructure grows
at two different growth rates. The growth rate in the
first part between log t is equal to 0.63 and 1.20 has an
o exponent equal to /3. The first part of the evolution
of the microstructure is thus governed by diffusion. The
rate of growth changes at log t equal to 1.20 (16 s after
the onset of phase separation), i.e., between micrographs
d and e in Figure 2. In the second part, the mottled
microstructure grows at a rate proportional to t, which
means that the o exponent is equal to one. This
exponent coincides with the theoretical predictions of
Siggia.?® The capillary pressure involved in the mottled
microstructure drives the growth of the characteristic
wavelength. Parts of the mottled microstructure with
a thick diameter have a lower capillary pressure than
parts with a thin diameter. The pressure gradient may
cause Poiseille flow from the thin parts toward the thick
parts of the mottled microstructure, which results in a
growth rate proportional to t!' owing to scaling argu-
ments. This means that the second part of the evolution
of the microstructure is governed by hydrodynamic flow.
The observed crossover from an o exponent of /3 to 1
in the gelatin/maltodextrin system has also been ob-
served in other systems such as unstable mixtures of
silica spheres (coated with stearyl alcohol) and PDMS#6
and mixtures of aggregated whey protein colloids with
exocellular polysaccharides.*” The resulting morphology
will be a bicontinuous microstructure because the
guench that is done is close to the middle of the tie-line
in question, and the volume fractions are within the
percolation threshold. Gelation proceeds rather slowly*8
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at 30 °C but will finally trap the system in a bicontinu-
ous microstructure.

Quench Routes 2 and 3. Quench routes 2 and 3 are
termed off-symmetric, and they always gives rice to
discontinuous microstructures. The time evolutions of
the microstructure of two quenches from 60 to 5 °C,
according to quench route 2, are shown in Figure 4a,b.
The onset of phase separation, shown in micrographs
al and b1, can be seen as small, irregular concentration
fluctuations. The concentration fluctuations are much
larger for the 6% (w/w) maltodextrin mixture (micro-
graph al) as compared with the 4% (w/w) maltodextrin
mixture (micrograph bl). The characteristic wavelength
of the indistinct mottled maltodextrin phase of the 6%
(w/w) maltodextrin system shown in micrograph a2
increases quickly with time. This results in an increase
in the size of the maltodextrin phase. In addition, the
difference in maltodextrin concentration between the
maltodextrin phase and the gelatin phase increases.
This is shown by the increased contrast between the
dark gelatin phase and the bright maltodextrin phase.
The mottled maltodextrin phase then relaxes to smaller
discontinuous domains through the PCT transition
shown in micrograph a3. These maltodextrin domains
form spherical maltodextrin inclusions in order to
minimize the interfacial free energy.

The 4% (w/w) maltodextrin system evolves differently
with time as compared to the 6% (w/w) maltodextrin
system. The concentration fluctuations in the 4% (w/w)
maltodextrin system shown in micrograph bl relax
directly to bright, evenly sized, nearly spherical and
randomly distributed maltodextrin inclusions that de-
velop quickly and simultaneously in the whole sample.
These inclusions grow in size, and the contrast between
the gelatin phase and the maltodextrin phase increases
simultaneously with time as can be seen in micrographs
bl—b4. These observations are normally attributed to
off-critical spinodal decomposition!®4° and provide strong
evidence of spinodal decomposition because the inclu-
sions are expected to be strongly correlated through the
depletion layers in the unstable region.235° The mottled
microstructure formed by the early stages of spinodal
decomposition breaks up into discontinuous domains
through a PTC transition at very early times before
these domains are observable in the CLSM due to
limited resolution and the necessary contrast differences
between the phases. Computer simulations of off-critical
blends'® have shown a similar breakup of the micro-
structure at early stages of spinodal decomposition. In
addition, neither the quenches at 4% (w/w) nor those
at 6% (w/w) maltodextrin concentration show any effect
of the quick passage through the metastable region on
the time evolution of the morphology, owing primarily
to the finite kinetics of nucleation and the polydispersity
of gelatin and maltodextrin.

The discontinuous maltodextrin inclusions formed by
the PTC transition continue to grow in size by coales-
cence between the maltodextrin inclusions, shown in
micrographs a4 and b4, for both the 6 and the 4% (w/
w) maltodextrin systems. The rate of coalescence is
slowed owing to the onset of gelation and is finally
impeded by the gelatin network. Thus, the coarsening
of the microstructure by coalescence can only proceed
unimpeded for a short period. The length of this period
is dependent on the start of the coalescence process in
relation to the progress of gelation and can proceed
longer for the 6% (w/w) maltodextrin system than for
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Figure 4. CLSM micrographs showing two quenches from 60 to 5 °C, according to quench route 2, and one quench from 60 to
20 °C, according to quench route 3. All samples have 4% (w/w) gelatin concentration. 6% (w/w) maltodextrin: (al) 71 s after
guench start; (a2) 74 s; (a3) 76 s; (a4) 90 s; (a5) 110 min, 4% (w/w) maltodextrin: (bl) 85 s after quench start; (b2) 88 s; (b3) 93
s; (b4) 113 s; (b5) 33 min, 3% (w/w) maltodextrin: (cl) 280 after quench start; (c2) 300 s; (c3) 330 s; (c4) 475 s; (c5) 24 min.

the 4% (w/w) maltodextrin system. Finally, the micro-
structures are trapped at a nonequilibrium stage by
gelation. The final resulting microstructures are shown
in micrographs a5 and b5.

The time evolution of the microstructure of a quench
from 60 to 20 °C, according to quench route 3, is shown
in Figure 4c. The maltodextrin inclusions appeared at
different times during the evolution of the microstruc-
ture. They vary in size and grow almost independently,
and they are few. These observations are normally
attributed to the nucleation and growth mechanism.50
However, it is known that the transition between
spinodal decomposition and nucleation and growth is
gradual and depends on the interaction range and
guench depth.5t

Coarsening in the Late Stage of Phase Separa-
tion. There are several coarsening processes, such as
hydrodynamic flow, diffusion, self-similar growth, and
coalescence, through which morphology can grow. The
common feature of these processes is that they all
invoke some kind of transport of material in the system.
The transport of materials can occur between the two
phases or inside the phases. The driving force for the
transportation of material can be thermodynamic gra-
dients, such as concentration gradients, osmotic pres-
sure, or interfacial free energy, or induced flow such as
from convection or shear. The transport is dependent
on the mobility of the materials in the solution and the
friction between these. In addition, structures such as
networks, pores, channels, or membranes can affect the
transport.

Coarsening While Gelation Proceeds. The coarsening
of off-symmetric gelatin/maltodextrin/water systems in
the late stages of spinodal decomposition with time

Gelation completed
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separation coalescence and processes
1 1 contracted
" ... 4.. flocculation
Homo- Phase l' ." ".
geneous separation e

>
©

-
Ll

solution

Time
Figure 5. Schematic representation of the different stages

of coalescence occurring during the progress of gelation with
time.

during the progress of gelation is schematically shown
in Figure 5. Phase separation proceeds through the
different stages of spinodal decomposition, and the
system then relaxes to discontinuous maltodextrin
inclusions through the PTC transition. These inclusions
start to grow through coalescence between the malto-
dextrin inclusions in the solution. However, if the
solution is quenched to a temperature below 30 °C, i.e.,
below the gelation temperature of gelatin, the gelation
will have an impact on the phase separation and the
coarsening of the morphology. Gelation can stop the
coalescence between the maltodextrin inclusions either
by trapping the coalescence at an intermediate stage
where the inclusions have partly coalesced or by forming
a thin lamella between the inclusions that impedes the
coalescence process. These processes are shown in
Figure 5 and are called partial coalescence and con-
tracted flocculation, respectively. Ultimately, gelation
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Figure 6. CLSM micrographs showing two examples of total coalescence at 4% (w/w) gelatin and 6% (w/w) maltodextrin, quenched
to 25 °C: (@) ta = 140 s after the start of quenching; (b) t, = 215 s. The time between every micrograph is 1.43 s.

traps the microstructure and only diffusion processes
remain active.

Coalescence. Coalescence between maltodextrin inclu-
sions can be observed in all samples in the experimental
design except at low (2.25% (w/w)) and high maltodex-
trin concentrations (7.3% and 7.5% (w/w)). The phase
separation at low maltodextrin concentrations occurs at
a viscosity high enough to prevent coalescence, while
the microstructure is bicontinuous at high maltodextrin
concentrations.

The CLSM micrographs in Figure 6 show two ex-
amples of coalescence between pairs of maltodextrin
inclusions quenched to 25 °C at different times after the
start of quenching. Sequences a and b were taken 140
and 215 s, respectively, after the start of the quench.
Hence, the mobility is lower; i.e., the viscosity is higher
in sequence b as compared to sequence a, owing to the
progress of gelation.

First, the maltodextrin inclusions approach each other
to reach a distance of less than 1 um. Second, the
continuous gelatin phase between the inclusions is
removed, the interstitial remaining continuous gelatin
phase ruptures, and a “bridge” of maltodextrin connects
the two inclusions. The gelatin phase is then ejected
from between the two coalescing maltodextrin inclusions
as a result of the high curvature of the newly formed
interface.52 Finally, the maltodextrin inclusion takes on
a spherical shape, and its volume is equal to the sum of
the volumes of the two original inclusions. All these
steps are in agreement with existing theories about the
coalescence process in polymer/polymer systems.5354 The
coalescence time, from the beginning to the end of the
coalescence process shown in sequence a in Figure 6,
was approximately 4 s.

Sequence b in Figure 6 shows coalescence between
two spherical maltodextrin inclusions of different sizes.
The coalescence between the two maltodextrin inclu-
sions proceeds in a similar way as the one shown in
sequence a. However, the coalescence time for sequence
b was approximately 6 s. The increase in the viscosity
of the ejected phase between the inclusions in sequence
b increases the coalescence time.>? This time increase
depends on the progress of gelation. Nevertheless, some
part of the increase in time can be attributed to the

increased radius of one of the inclusions. In addition, it
is known that coalescence broadens the size distribution
of the inclusions,®® which can result in an alternation
of the coalescence time. Another effect of gelation can
be seen in the last three CLSM micrographs in sequence
b. They demonstrate that the relaxation toward an
energetically favored spherical shape in the last micro-
graph takes much longer time than the relaxation in
sequence a.

The approach of the maltodextrin inclusions toward
each other in the gelatin/maltodextrin system is prob-
ably caused by the gradient-induced coupling mecha-
nism,3! because the volume fraction is above 0.20, and
the evaporation condensation mechanism?82° and the
Brownian coagulation mechanism3° are active only at
volume fractions below 1/12.3! However, recent experi-
ments®® have shown that Brownian drop motion can be
active at volume fractions between 0.1 and 0.3. In
addition, the collision—collision-induced coalescence
mechanism?2 was occasionally observed. Droplets ex-
periencing collision have a higher probability of a
subsequent collision, owing to the strong coupling of the
velocity and diffusion fields after the coalescence.

Partial Coalescence and Contracted Flocculation. As
gelation proceeds with time, the mobility of the materi-
als in the solution decreases. Thus, the number of
coalescence events becomes fewer. The coalescence time
increases, and the relaxation of the maltodextrin inclu-
sion toward a spherical shape becomes impeded by
gelation, making the inclusions only partially coalesce.
Transmission electron micrographs a and b in Figure 7
clearly show partial coalescence in a gelatin/maltodex-
trin solution quenched to 5 °C.

Contracted flocculation can be seen in transmission
electron micrographs ¢ and d as the deformed malto-
dextrin inclusions having a thin lamella of gelatin
between each other. They are formed when two malto-
dextrin inclusions have come close to one another in the
first step in the coalescence process. No “bridge” between
the maltodextrin inclusions can develop, however, be-
cause gelation has formed a thin gelatin lamella be-
tween the inclusions that impedes the bridge building
and thereby also impedes the coalescence between the
maltodextrin inclusions. The deformed shape of the
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Figure 7. TEM micrographs showing partial coalescence, contracted flocculation, and migration of maltodextrin inclusions. All
micrographs have 4% (w/w) gelatin concentration: (a) partial coalescence, 3% (w/w) maltodextrin concentration, quenched to 5
°C, 10 min; (b) partial coalescence, 3% (w/w) maltodextrin, 5 °C, 3 h; (c) contracted flocculation, 3% (w/w) maltodextrin, 5 °C, 10
min; (d) contracted flocculation, 3% (w/w) maltodextrin, 5 °C, 3 h; (e) migration, 2.25% (w/w) maltodextrin, 5 °C, 10 min; (f)
migration, 2.25% (w/w) maltodextrin, 5 °C, 3 h. The scale bar is 400 nm.

maltodextrin inclusions during the partial coalescence
and the contracted flocculation are an effect of the
increased viscosity of the gelatin phase. Owing to the
deformable nature of the inclusions and to the viscosity
of the phase between the inclusions, the inclusions

deform from their original spherical shapes as the phase
between the inclusions is squeezed out from between
them.5257 This means that low viscosity results in minor
deformations of the maltodextrin inclusions during
coalescence and that high viscosity results in deforma-
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Figure 8. Example of self-similar growth and secondary phase separation at 4% (w/w) gelatin and 7.3% (w/w) maltodextrin
concentration, quenched to 1 °C. The time between each micrograph from a to i is 3.8 s. Micrograph j was recorded 12 min after

the start of quenching.

tions of the maltodextrin inclusions during partial
coalescence and contracted flocculation.

Partial coalescence and contracted flocculation have
been observed in all gelatin/maltodextrin systems con-
taining 3%, 4%, 5%, and 6% (w/w) maltodextrin with a
guench temperature at or below 20 °C in the experi-
mental design. Examples of partial coalescence and/or
contracted flocculation can be seen in CLSM micro-
graphs e and j in Figure 4 as maltodextrin inclusions
having a “peanut” or an elongated form. Furthermore,
it is important to note that coalescence, partial coales-
cence, and contracted flocculation all appear to different
extents depending on the phase volumes of the phases,
the onset of the phase separation, the onset of gelation,
and the relative rates of phase separation and gelation.

Diffusion. The fine structure of the morphology after
gelation at 5 °C was studied using TEM. Micrographs
e and f in Figure 7 show that the gelatin phase is much
more homogeneous after 3 h than after 10 min. The
gelatin phase contains many more small, irregular
maltodextrin inclusions after 10 min than after 3 h.
Similar phenomena can be seen in micrographs a—d in
Figure 7.

Figure 7 shows strong evidence of a transport of
maltodextrin from the gelatin phase to the maltodextrin
phase. Here, gelation has trapped the microstructure
in a state far from equilibrium. In addition, the bound-
aries between the gelatin phase and the maltodextrin
phase in micrographs e and f are more irregular after 3
h than after 10 min, especially at the large maltodextrin
inclusions. They look like large spherical maltodextrin
inclusions upon which small maltodextrin inclusions
have been stacked. Consequently, the small maltodex-
trin inclusions trapped in the gelatin network have
migrated through this network to the boundary of the
larger maltodextrin inclusions. This migration has also
been observed in synthetic polymer systems®® and in
computer simulations of phase separation in binary
mixtures with a glass-forming component.5°

Secondary Phase Separation. Secondary phase
separation can be observed in the near-symmetric
gelatin/maltodextrin/water systems between 6% and
7.5% (w/w) maltodextrin concentrations quenched to
temperatures between 1 and 25 °C. Figure 8 shows
CLSM micrographs of the time evolution of 4% (w/w)

gelatin and 7.3% (w/w) maltodextrin concentration
quenched from 60 to 1 °C. The onset of phase separation
is shown in micrograph a, 50 s after the start of
quenching.

The time evolution of the microstructure is similar
to that in the near-symmetric system shown in Figure
2. Small, bright maltodextrin inclusions start to appear
in the dark original gelatin phase, however, and small,
dark gelatin inclusions begin to arise in the bright
original maltodextrin phase in micrograph h in Figure
8. The small inclusions appear quickly in both phases,
and the size and the contrast between them and the
surrounding phases increase with time. In addition, the
maltodextrin inclusions inside the gelatin phase are
randomly distributed. The final morphology after trap-
ping is shown in micrograph j. The size of the original
maltodextrin phase has increased as have the phases
formed in the secondary phase separation. In addition,
partial coalescence and/or contracted flocculation of the
maltodextrin inclusions can be observed in the original
gelatin phase.

Secondary phase separation can emerge through at
least four different processes: (a) noninstantaneous
temperature changes;®%61 (b) altered thermodynamic
conditions, for example by cross-linking®? or conforma-
tional ordering;2 (c) mass transfer limitations;?3 (d) rapid
hydrodynamic coarsening.®4 Process ¢ is not interesting
in the case of the gelatin/maltodextrin system, at least
not under the experimental conditions used in this
study, because the gelation is too slow and no semiper-
meable membrane is formed. However, the temperature
was decreased by 30 °C/min in our experiments, which
means that the solution spent some time in different
thermodynamic states during its passage through the
phase diagram down to the quench temperature (see
Figure 1). In addition, the conformational ordering of
gelatin? changes the thermodynamic conditions during
the thermal quench and gives an extra incentive toward
phase separation. These processes can presumably
result in a two-stage phase separation process.

Another process interesting for the gelatin/maltodex-
trin system is rapid hydrodynamic coarsening.® In this
process, the original phases move faster than the
concentration diffusion as a result of hydrodynamic
coarsening and do not accompany the concentration
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changes, making it impossible to establish local equi-
librium. This results in a double quench effect called
the interface quench effect.®4 Computer simulations®*
have shown morphology similar to that observed in the
gelatin/maltodextrin system in Figure 8. Furthermore,
the molecular weight distribution can have an impact
on the secondary phase separation because fractions
with high molecular weight have a greater ability to
phase separate than do fractions with low molecular
weight.

Effect of Quench Temperature and Maltodex-
trin Concentration on the Morphology. The quench
depth and the concentration affect the volume fraction
and the free energy of mixing and thereby the kinetics
of phase separation.®® The volume fraction is usually
assumed to have a major impact on the resulting
morphology.®®> In addition, the wavelength selection
mechanism*® in the early stages of spinodal decomposi-
tion will result in different characteristic wavelengths
depending on the free energy of mixing and the mobility
of the system, which can alter the morphology.

Figure 9 shows CLSM micrographs of off-symmetric
guenches to 1 and 20 °C. The contrast between the
phases is low, and the inclusions are diffuse in micro-
graphs a and b as compared to micrographs c to h
because they were recorded at the onset of phase
separation as observed by CLSM. The final morphology
after the microstructures became kinetically trapped by
gelation are shown in micrographs c—h. Micrographs
c—h (except d) show spherical, evenly sized, and ran-
domly distributed maltodextrin inclusions, normally
indications of spinodal decomposition. In contrast,
micrograph d shows maltodextrin inclusions of different
sizes and diffuse interfaces that occurred at different
times.

The morphology at the onset of phase separation and
the final morphology after the trapping show a striking
resemblance. The number of maltodextrin inclusions is
higher at 1 °C than at 20 °C in Figure 9, and the size of
the maltodextrin inclusions is larger at 20 °C than at 1
°C. The early stages of the phase separation are thus
important for the final morphology. The deeper quench
at 1 °C allows for shorter wavelength fluctuations
because of the high free energy penalty associated with
sharp concentration gradients.*® In addition, gelation
proceeds faster at 1 °C than at 20 °C, which quickly
reduces the mobility and obstructs long wavelength
fluctuations. Theoretical work has shown that network
elasticity arising from the gelation can suppress long
wavelength concentration fluctuations.f¢ Any process
that can alter the driving force toward phase separation
or the mobility of the system can potentially change the
energetically most favorable wavelength and thereby
the final morphology.

The corresponding stereological measurements of the
volume-weighted mean volume and the volume fraction
as a function of quench temperature are shown in parts
a and b of Figure 10, respectively. The lines in Figure
10a,b are least-squares fits to the data. The volume-
weighted mean volume varied between 2 and 84 um3,
which corresponds to a diameter of 1.6 and 5.4 um,
respectively. This mean was smallest for the 3% (w/w)
maltodextrin concentration and largest for 5% (w/w).
The sizes of the maltodextrin inclusions at 3% (w/w)
maltodextrin concentration are small and nearly con-
stant at quench temperatures between 1 and 20 °C. In
contrast, the sizes of the maltodextrin inclusions in-

Macromolecules, Vol. 34, No. 23, 2001

Early stages
1°C 20°C

4/4

1°C 20°C

4/5

Figure 9. CLSM micrographs showing the onset of phase
separation and the final morphology at 4% (w/w) gelatin
concentration. Onset of phase separation: (a) 4% (w/w) mal-
todextrin, 1 °C; (b) 4% (w/w) maltodextrin, 20 °C. Final
morphology: (c) 3% (w/w) maltodextrin, 1 °C; (d) 3% (w/w)
maltodextrin, 20 °C; (e) 4% (w/w) maltodextrin, 1 °C; (f) 4%
(w/w) maltodextrin, 20 °C; (g) 5% (w/w) maltodextrin, 1 °C;
(h) 5% (w/w) maltodextrin, 20 °C.

crease with increasing quench temperature for 4% and
5% (w/w) maltodextrin concentrations.
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Figure 10. Stereological measurements of (a) volume-
weighted mean volume (V*) and (b) volume fraction (Vy) as a
function of quench temperature. All samples measured have
4% (w/w) gelatin concentration. The dotted line represents 3%
(w/w) maltodextrin concentration, the broken line represents
4% (w/w) maltodextrin concentration, and the full line repre-
sents 5% (w/w) maltodextrin concentration.

The volume fraction of the maltodextrin phase is
shown in Figure 10b. This varied between 0.2 and 0.56
and was lowest for the 3% (w/w) maltodextrin concen-
tration and highest at 5% (w/w). The volume fraction
increases with decreasing quench temperature, i.e.,
increasing quench depth, for all maltodextrin concentra-
tions shown in Figure 10b. The increase is greatest for
the 3% (w/w) maltodextrin concentration and smallest
for 5% (w/w). An increase in the volume fraction as a
function of increasing quench depth has also been found
in mixtures of synthetic polymers.16:67 Figure 10 shows
that high volume fractions correspond to small malto-
dextrin inclusions and vice versa. This means that the
number of maltodextrin inclusions increases with de-
creasing quench temperature, which agrees with the
observations in Figure 9.

The variation in the sizes and number of the malto-
dextrin inclusions as a function of maltodextrin concen-
tration and quench temperature observed in Figures 9
and 10 can be explained by the kinetics of phase
separation and the Kinetics of gelation. The onset of
phase separation is dependent on the concentration,
qguench depth, and the conformational ordering of
gelatin. In addition, the volume fraction is mainly
determined by the concentration, quench depth, and the
solvent partition. The rate of gelation depends on the
guench temperature at constant gelatin concentration.
The phase separation thus starts with the size and
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number density determined by the wavelength selection
mechanism and coarsens depending on the volume
fraction and the driving force toward phase separation
in relation to the progress of gelation. The same
processes are involved in the time evolution of the
morphology, although the kinetics differs.

Furthermore, the coalescence phase lasts much longer
at 20 °C than at 1 °C, as the system becomes kinetically
trapped more quickly at 1 °C. The longer length of the
coalescence phase results in a considerable growth of
the maltodextrin inclusions. The coalescence phase lasts
much longer for the 5% (w/w) maltodextrin system than
for the 4% (w/w) maltodextrin system at 20 °C because
phase separation starts 85 s earlier, and the Kinetics of
gelation is approximately the same for both concentra-
tions, owing to constant quench temperature and gelatin
concentration. However, the effective concentration
increases slightly in the 5% (w/w) maltodextrin system
due to the decreased phase volume of the gelatin phase,
which can increase the rate of gelation.

Conclusions

Confocal laser scanning microscopy (CLSM) was
found to be a powerful tool for following the time
evolution of the morphology during phase separation
and progressing gelation of Kinetically trapped gelatin/
maltodextrin gels. Transmission electron microscopy
(TEM) was a useful complement for examining time-
dependent microstructural changes in the fine structure
after gelation.

Near-symmetric quenches showed a mottled micro-
structure, which was taken as evidence of spinodal
decomposition. The mottled microstructure coarsened
through self-similar growth, and the exponent in the
scaling law L(t) ~ t* showed a crossover from 1/ to 1.
Finally, a bicontinuous microstructure was formed.
Secondary phase separation occurred in near-symmetric
guenches at quench temperatures between 1 and 25 °C.
Off-symmetric quenches were found to phase separate
through spinodal decomposition, except for low malto-
dextrin concentrations and high quench temperatures.
This quenches formed discontinuous microstructures
with evenly sized, randomly distributed maltodextrin
inclusions that grew through coalescence inside a
continuous gelatin phase.

CLSM and TEM showed that the coarsening of the
morphology at late stages of spinodal decomposition was
strongly influenced by the progressing gelation. Coa-
lescence frequency, coalescence time, coalescence type
(partial coalescence and contracted flocculation), and the
length of the coalescence period were determined by
gelation. TEM micrographs showed that the small
maltodextrin inclusions migrated through the gelatin
phase to the large maltodextrin inclusions after gelation.

Observation of the time evolution of the morphology
using CLSM demonstrated that the morphology at the
onset of phase separation and the kinetics of phase
separation in relation to the progress of gelation deter-
mined the final morphology of the gelatin/maltodextrin
system. Stereological measurements of CLSM micro-
graphs showed that the size of the maltodextrin inclu-
sions increases, and the volume fraction decreases with
increasing quench temperature. In addition, the number
of the maltodextrin inclusions decreases with increasing
quench temperature.
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