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ABSTRACT

Supersaturated sucrose solutions that have been sufficiently cooled without nucleation represent a metastable system in which agitation
promotes fast crystallization. Applications of this physically interesting process can be found, for example, in the production of fondants in
confectionery. This work considers supersaturated sucrose-water solutions under agitation, different temperatures, and concentrations as
simplified fondant model systems. Although simple in composition, such solutions undergo complex kinetic and thermodynamic processes
during crystallization under agitation. Main attention is paid to the torque during constant kneading of the samples at controlled
temperature, accompanied by light microscopic examination of a characteristic sample. All torque curves show a characteristic minimum
followed by a sharp peak during crystallization, which are attributed to an interplay of changes in concentration of the continuous liquid
phase, formation of big conglomerates, and breaking of largest particles during continued growth. When comparing the crystallization times
with classical nucleation theory, it is found that the variations are related to temperature and supersaturation in the same way as given by
induction time models of thermodynamics and statistical physics.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0150227

I. INTRODUCTION

Fondants are sugar glazes or pastes often used in confectionery
and patisserie that exhibit a unique mouthfeel. Their flow behavior,
consistency, and texture are defined by a high fraction of sucrose crys-
tals dispersed in a saturated sucrose solution.”'*'* Fondant is produced
by reducing hot sugar syrup to high concentrations of 80%-92%
sucrose by weight, cooling while preventing preliminary crystallization,
and then stirring the supersaturated system. The agitation induces rapid
nucleation and crystal growth. Subsequently, crystals make up between
40% and 75% (w/w) of the final system depending on composition and
temperature. Their sizes ideally range between 1 and 20 um in diame-
ter,"” and they can be regular or irregular in shape.

Fondant, thus, presents an intriguing and fascinating model sys-
tem for studying crystallization and flow behavior, containing only sucrose
and water as main components. However, fondant is hardly in the focus
of scientific research in the field of physics. Although sucrose crystallization
has been extensively studied in general and from various points of
view,” " the specific conditions of high supersaturation, agitation, and a
closed system introduce complicated processes and restrictions.

Many publications deal with crystal growth of sucrose, for exam-
ple, in industrial crystallizers, discussing effects of supersaturation and
agitation to some extent.'” > However, mostly, the reported crystalli-
zation kinetics are solely valid for a small concentration range and
single technical system, and applied research often focuses on crystal-
lization with intentional seeding instead of homogeneous nucleation.
Additionally, these studies usually relate to the subject in an applied,
technical manner rather than from a basic physics perspective.

The sparse literature on fondants mainly discusses the effects of
composition and preparation conditions on the final crystal quantity,
size distribution, or shelf life."'®'” Here, the fondant systems studied
usually contain additional components like glucose syrup, other sugars
or sugar alcohols, and acidic ingredients or enzymes. Except for rather
general statements or very narrow empirical data on crystallization
rates'® within these condition ranges, there is little focus on under-
standing the underlying processes during crystallization.

Despite its simple basic compositions, the physics of fondant
remains unclear. The reasons are manifold. The initial supersaturated
solutions are metastable. Also their crystallization occurs under con-
trolled cooling with simultaneous shearing with high shear forces,
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therefore, under conditions far from equilibrium. To better understand
the formation and physical behavior of fondant, it is inevitable to con-
sider well-defined model systems, where physical parameters can be
controlled. This approach makes it possible to better separate the tem-
perature- and shear-induced processes and, thus, to better quantify the
flow behavior of the fondant.

In general, solutions that are supersaturated constitute labile or
metastable systems when at rest. Classical nucleation theory (CNT) pre-
dicts how temperature and supersaturation drive nucleation rates in
such solutions exponentially. However, at very high concentrations, the
low mobility and diffusivity of sucrose molecules hinder crystallization.
This is especially true near the glass transition, when molecular mobility
is very low, and this despite the fact that supersaturation is a strongly
pronounced main driving force for crystallization. When such a system
is agitated, the kinetic (or shear) energy supplied leads to rapid nucle-
ation and crystal growth, with time scales much smaller than at rest in
the supersaturated state.”” >

Classical nucleation theory and its limitations are often cited in
the literature on sucrose and confectionery,”>'*'” yet there is no study
on whether it yields a meaningful approach to describing the process
of fondant making. The present work aims to fill this gap and develop
a better understanding of the general processes involved in sucrose
crystal formation.

In the first part of this study, a qualitative examination and dis-
cussion of the torque curves during crystallization of different samples
is presented. A typical experiment is presented in Fig. 1.

In combination with light microscopy images taken at different
times of the process, it is concluded that (a) a drop in sucrose concen-
tration within the liquid phase causes a drop in measured torque, (b)
a high number of crystal conglomerates are formed initially, and that
(c) these conglomerates mostly break apart during further kneading
while smaller crystals still grow, leading to a peak and subsequent
drop in torque. In the second part, the differences in crystallization
times taken from the torque curves are compared with classical nucle-
ation theory, showing good agreement. This allows to develop a better
understanding of the composition and temperature dependency of
the nucleation process.

Torque / Nm

pubs.aip.org/aip/pof

Il. THEORETICAL BACKGROUND: CLASSICAL
NUCLEATION THEORY

For the first instance, it is sufficient to employ the classical nucle-
ation theory. In this well-known, admittedly simple theory, the change
in free energy of the molecules assembling in a crystal lattice is approx-
imated compared to the molecules in solution and then related to an
induction time implied by this energy change. The following deriva-
tion can be found in different text books on crystallization or literature
on sucrose crystal formation, see, for example, Mullin”' (Chap. V),
Markov,”” Vaccari and Mantovani,”’ or De Yoreo and Vekilov.”*

The change in free energy is mainly determined by the sum of
two contributions: one accounting for the change in chemical potential
for all the molecules that assemble in a lattice and the other for the
change in interfacial energy.

While spheres are often used as a simple example in classical
nucleation theory, for sucrose crystals, the nuclei will here be
approximated more realistically by cubes with edge length I This
obviously is still a simplification, especially since shapes of nuclei
often differ from equilibrium bulk crystal shapes, as De Yoreo and
Vekilov point out™ (pp. 68-71). Nonetheless, it gives a first
approximation, and will only differ by a prefactor in the end (see
also Sec. IV C for more details). So if nuclei are assumed to be
cubic, the free energy change Ag can be written as the sum of a
bulk and surface term as follows:

Ag = Agbulk + Agsurfa (1)
l3
=— EA,H + 6120, )

where, Q is the volume of one sucrose molecule, Ay is the difference
in chemical potential between sucrose molecules in the supersaturated
solution and sucrose molecules in equilibrium solution, and o denotes
the interfacial free energy of the sucrose crystal lattice in solution per
unit area.

Since the second term of Eq. (2) grows with 7, but the absolute
value of the first, negative term grows faster with I* after smaller initial
values, a maximum in the sum of both terms arises if taken with
respect to the edge length . This is illustrated in Fig. 2.
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FIG. 1. Averaged torque curve during the kneading process of a solution with 85% (w/w) sucrose, with sketches of the corresponding stages in the crystallization process.
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FIG. 2. Absolute value of the bulk term of free energy rises slower with nucleus
edge length than the surface term; Aghyi is depicted in negative here for better
visualization. The sum of bulk and surface term in free energy change Ag shows a
maximum, resulting in an energy barrier overcome at a critical edge length of the
nucleus.

The maximum in Ag(I) resembles the critical edge length I
that a nucleus has to exceed in order to overcome the energy barrier of
interfacial free energy and remain stable. This is because for I > L,
the slope of Ag becomes negative and, thus, keeps the nuclei from dis-
assembling again by mere statistical processes (see Fig. 2). This critical
edge length can be calculated by deriving the free energy term Ag by
I'and setting it equal to zero.

The chemical potential of solutes in solutions depends primarily
on the concentration of the solute, which must be above the saturation
concentration for nucleation to be possible. Chemical potentials are
usually expressed via its chemical activity a, its chemical potential at a
reference state 1, and with respect to Temperature T and Boltzmann
constant kg as i = pty + kg TIn (a). Thus, the difference in chemical
potential can be given as Ap=pu— g =kpTIn(a/ax).
Introducing supersaturation defined as f§ = a/aq (see also Sec. IV C
for a discussion), for the critical edge length I,

dAg 4Qo 4Qo
20 =

d beie = A ksTln () ®

With this expression for I, the change in free energy that is
found for a nucleus exactly at the size of the critical edge length Agit
can be expressed as

s Q ? 1
Agcrlt = 320 <kBT1n (ﬁ)) X ™ (ln ﬁ)z . (4)

Now, with help of the Arrhenius reaction rate equation, the rate
of nucleation J,,,c can be estimated as proportional to the exponential
of its change in free energy divided by kgT. This gives the predicted
rate of nucleation events as follows:

ARTICLE pubs.aip.org/aip/pof
1 Agcrit
Joue = A exp ( m), (5)

where, A is a prefactor depending on many variables that accounts for
the number of molecules meeting possible nucleation sites and for
probability of adsorption. Thus, an expression for the induction time t
of nucleation, which is defined as the reciprocal of ., can be written
as follows:

2,3
T:L:Aexp (%), (6)
]nuc (kB T) ( In [)’)
where A = 1/A.

From this, it can be seen that the induction time for nucleation
statistically depends on the temperature cubed, and on (logarithm of)
supersaturation squared, both decreasing induction time dramatically
when rising. This approximation has its limitations in practice, of
course, which are discussed in more detail in Sec. [V C. Nevertheless,
some new insights for fondants can be formulated.

I1l. MATERIALS AND METHODS
A. Chemicals

Sucrose was provided as crystalline white sugar (extra fine) by
Stidzucker AG (Mannheim, Germany). Water was filtered and de-
ionized using a Milli-Q® water purification system.

B. Sample preparation

To prepare supersaturated sucrose solutions, 20% of water
was combined with 80% sucrose by weight for all samples. Thus,
complete dissolution of sucrose could be achieved before boiling
down to the desired final concentration. The total amount was cal-
culated such that the sample would yield about 325 ml of solution
after evaporating enough water to reach the chosen target concen-
tration (see the supplementary material for more details). This vol-
ume was chosen in order to meet the 300 ml of maximum volume
given by the kneading device while accounting for the loss
observed during transfer of the sample.

Sucrose and water were placed in a pot together with a magnetic
stirrer, covered with aluminum foil and put on a heating plate, with a
mixing speed of 100 rpm and heating temperature of 100°C at the
beginning. As soon as the stirrer moved freely in the mixture, usually
at a sample temperature of (70 = 5)°C, heating temperature was
increased to 300 °C to allow for a quick heating process. The cover
was removed, and stirring was stopped when the syrup was clear and
no more crystals were visible; this was obtained at a sample tempera-
ture of (110 = 2) °C. The mixture was then boiled down and repeat-
edly weighted on a scale until the desired sucrose concentration of
80%, 82.5%, 85%, 87.5%, or 90% (w/w) was reached. Final sample
temperatures were between 110°C (80% sucrose) and 120°C (90%
sucrose).

The syrup was poured into a deep dish of 28 x 28 cm? to allow
for initial quick cooling and, thus, inhibit prior crystallization. It was
then placed into a water bath at a temperature depending on the
aimed kneading temperature. When the solution reached a tempera-
ture of about 5 °C above kneading temperature, the syrup was scraped
into the preheated measuring kneader.
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FIG. 3. Measuring kneader used for agitation and measuring torque. Showing open
trough with inserted thermometer.

C. Crystallization and torque measurement

Agitation was conducted in an IKAVISC Measuring Kneader
MKD 0.6-H60 (IKA Werke GmbH & Co. KG, Staufen, Germany) for
high viscosity samples (see Fig. 3). Data were collected via an in-house
datalogger and own software. Preheating was achieved via water circu-
lation in such a way that inside of the trough a chosen temperature of
25 or 44°C was reached. The kneader was started at its maximum
speed of 67 = 1 rpm (verified via calibration by eye and timer), and
data of speed, temperature, and torque were collected. As soon as the
torque showed a characteristic peak indicating rapid crystallization of
the sample, tempering water was switched to room temperature to
cool down the sample. This was done in order to let all samples cool
down rather homogeneously before further analysis. If not stated oth-
erwise, kneading time was adjusted individually for each sample and
in such a way that total kneading time was ti,; = 1.5t,, with t, being
the time until the torque peak maximum was observed.

ARTICLE pubs.aip.org/aip/pof

Each torque measurement was performed in triplicate. For fur-
ther calculations, the individual torque curves were first smoothed
using a Savitzky—-Golay filter (window length 15, second order polyno-
mial). Afterward, average and standard deviation of the peak time for
each parameter combination were calculated and plotted via Python.

D. Light microscopy

For analysis of crystal formation during the kneading process of a
characteristic sample, a preparation containing 85% (w/w) sucrose
kneaded at 25°C was chosen for further observation via microscopy.
Agitation of the sample was stopped at t = 200s, t = 400s, at the
torque minimum fpy;y, at the peak time #,, and after the full process
tiot. Samples were then instantly prepared for microscopy.

To allow for observing individual crystals and to quickly slow
down crystallization, the crystallized sample was immediately
diluted with pre-tempered, saturated sucrose solution (25 °C). This
solution was prepared by mixing 70 g sucrose with 30 g distilled
water in a glass beaker covered with Parafilm® at 400 rpm overnight,
then centrifuging the syrup at 15000¢ for 10min at 25°C. The
sucrose sedimented to the bottom was left inside the centrifuge
tubes to ensure continuous saturation, and saturated solution was
only taken from the top. The fondant sample was then mixed with
saturated solution by hand with a flexible, disposable spatula and
pipetted onto a glass slide, then gently covered and distributed with
a cover glass. Eight images were taken with a digital camera
mounted onto a Zeiss AxioScope.Al (Carl Zeiss AG, Oberkochen,
Germany) in bright field transmission mode at 20x magnification.
At least four microscopy images per sample were taken for particle
characterization.

IV. RESULTS AND DISCUSSION

The averaged torque curves of samples with 80%-90% (w/w)
sucrose concentration agitated in the measuring kneader at 25°C or
44°C are depicted in Fig. 4. Comparing these curves, a characteristic
pattern can be observed: Although the beginning of the process mostly
shows a plateau, slight rise or even slow decrease in the torque (indi-
cating necessary time for homogeneous distribution of the sample
within the trough), each measurement then shows a notable decrease
in the torque with subsequent sharp peak afterward.

The peak is the most prominent feature of these curves and arises
when a large part of sucrose is crystallized; details of the process are

(a) (b)
161 87.5 % Sucrose 16 —— 90.0 % Sucrose
144 —— 85.0 % Sucrose 14 87.5 % Sucrose
£ 121 —— 82.5 % Sucrose €12 —— 85.0 % Sucrose
E 10 80.0 % Sucrose E 10 —— 82.5 % Sucrose
(] 1 (9]
g 8 g 8
g 61 o6
2 4 2 a
24 /\ 2 ‘ \
01 — 0 ===

0 500 1000 1500 2000 2500 3000 3500
Time /s

0 200 400 600 800 1000 1200
Time /s

FIG. 4. Averaged, smoothed torque curves of samples with varying concentration kneaded at (a) 25°C and (b) 44 °C. Sucrose content in weight percent. Note the stretched

timescale in the right plot.
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discussed below. When comparing the different samples at the same
temperature, the peak flattens with lower sucrose content. This is to be
expected due to a larger liquid fraction and thus lower viscosity of the
dispersion. Also, peaks are shifted to longer times. Comparison of
samples agitated at 25 °C and at 44 °C shows again smaller peak max-
ima at elevated temperature. Again, this can be explained by higher
sucrose solubility and, thus, a lower fraction of crystallized sucrose, but
also due to lower viscosity of the liquid phase. Times until the peak
occurs are significantly reduced for higher temperature.

In the following, the question of the cause of the torque mini-
mum will be considered first, and why afterward the torque rises to a
prominent maximum with subsequent decrease.

A. Decrease in torque before peak

Since highly concentrated, coarse poly-disperse systems like fon-
dant propose a difficult challenge for theoretical models of flow, we
will mainly stress qualitative relations here. According to semi-
empirical models of dispersion viscosities, one finds viscosity 1 to be
increasing with the volume fraction of dispersed particles & (see
Appendix A for more details on such models). This dependency is
strong, often in the form of a power law, and viscosity tends toward
infinity when approaching maximum possible packing density.” This
effect is visualized in Fig. 5(a).

Therefore, when the sucrose starts to crystallize induced by agita-
tion, at first sight, a rise in apparent viscosity—and thus, in measured
torque—could be expected due to an increase in the volume fraction
and size of solid particles within the dispersion. The observed decrease
in measured torque, even though limited, thus, might seem counter
intuitive.

A first explanation of these observations is to argue that tempera-
ture rises within the sample due to heat released during crystallization
and due to friction within the solution/suspension. Indeed, a slight
increase in temperature can be measured inside the kneading trough
until the torque minimum is reached, despite the cooling water. Since
viscosity of such supersaturated sucrose solutions is strongly depen-
dent on temperature,””””" it is to be expected that temperature
changes lead to measurable effects in the torque. This observed tem-
perature increase is measured to be about roughly 2°C in the inside of
the kneading cell, and can be assumed to be even less closer to the
walls, where the solution is most effectively cooled by the water circu-
lation system and contributes most to measured torque.

The torque is measured to drop by roughly 75% of its starting
value for all 25°C samples. In the graphs of Fig. 4(a), this can, for
example, be seen for the sample containing 85% sucrose: Here, the

(a) (b)

N

Apparent viscosity
Apparent viscosity
Apparent viscosity
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torque decreases from about 3.3 N'm to about 0.86 N m. Looking at lit-
erature data”” (see Appendix B for details), a solution containing 85%
(w/w) dissolved sucrose shows a viscosity of about 237 Pas at 25°C,
and a decrease to about 172 Pas is to be expected for a temperature
rise by 2°C. This yields a decrease in viscosity by about 27%, so much
less than the observed 74%. Even if an error in temperature measure-
ment is assumed and a temperature rise by 5°C is considered, this
should lead to a decrease by about 54%, still significantly less than the
observed amount. Changes in temperature, thus, cannot solely account
for the dramatic decrease in torque.

Microscopy images taken of a sample with 85% (w/w) sucrose
kneaded at 25°C after 200s, 400 s, and at the minimum clearly show
that crystallization has already started at 200's to a small extent, and a
major crystalline fraction was present at the time of the torque mini-
mum. Images of every stage can be found in the supplementary mate-
rial of this article.

Thus, next to changes in temperature, two additional processes
have to be taken into account when looking at the apparent viscosity
during agitation: First, there is an increase in volume fraction of solid
particles, starting from zero and rising monotonically until all excess
sucrose is crystallized out of solution. Second, when nucleation and
initial growth of small crystallites is enabled, this leads to an accumula-
tion of sucrose molecules in discrete areas. By that the sucrose concen-
tration of the continuous liquid phase is decreased locally with every
sucrose molecule that is assembled in a crystal lattice. This in turn
decreases its viscosity. This dependency is visualized in Fig. 5(b).

Thus, a measurable decrease in viscosity of the liquid phase dur-
ing nucleation is inevitable, which at this point still makes up most of
the dispersion’s volume, with hard particles being scattered and rarely
touching in the beginning. If, for example, the point is considered
where the concentration of dissolved sucrose has reduced from 85% to
about 83%, the suspension will only contain a litle more than
@ = 1.8% particles by volume. At the same time, empirical values yield
a drop in viscosity from 237 Pa's to just 59 Pas in the continuous lig-
uid phase due to the reduction in concentration.”**’ The overall
apparent viscosity is, thus, mainly dependent on the thinning syrup at
this first stage.

An estimate of the lower limit of viscosity in the immediate vicin-
ity of nuclei is provided by the viscosity of a solution with equilibrium
saturation at the same temperature: For 25 °C, this is given by a solu-
tion of about 67.47% (w/w)”*"” sucrose, yielding 0.18 Pa s (again, see
Appendix B for details on the determination of these values).
Considering the slight temperature increase to 27°C, the equilibrium
solution would contain 67.79% (w/w) sucrose with a viscosity of

(©

FIG. 5. Sketches of viscosity changes
during crystallization out of homogeneous
solution, visualizing (a) rise of viscosity
with rising particle volume fraction, (b)
decrease in viscosity with decreasing
solution concentration, and (c) occurrence
of a minimum with concurrent changes in
particle volume fraction and solution

— f e

Particle volume fraction Decreasing concentration

Particle volume fraction concentration.
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(a)

0.16 Pas. Consequently, a viscosity drop in the continuous phase
of three orders of magnitude is to be expected over the entire course of
crystallization.

Thus, the different processes at hand have counteracting effects
on overall apparent viscosity of the suspension, as is also suggested by
Hartel” for a similar observation (based on a Master’s thesis by
Shastry,3 " as cited in Hartel,” p. 73).

At appropriate times, the increasing crystal volume fraction
exceeds a value at which the particles start interfering when sheared,
with too little fluid left to separate them from each other. Friction
between the growing hard crystals then rises faster than the dropping

ARTICLE pubs.aip.org/aip/pof

FIG. 6. Sketches based on microscopy
images of the crystallization process out
of homogeneous solution (a) at the begin-
ning of the process, (b) after 200s, and
(c) at the minimum in measured torque.

solution concentration decreases viscosity at some point. This in turn
leads the measured torque to increase again. The overlapping of the
two effects leads to a minimum in apparent viscosity of the suspension
during crystallization and, thus, to a minimum in measured torque.
This is roughly sketched in Fig. 5(c).

Sketched visualizations of crystallization at all three stages—
first a homogeneous solution, then a decrease in concentration
in the continuous liquid phase during nucleation and first
crystal growth, last the rise in particle interaction and friction
due to increasing crystal size—is shown in Fig. 6 at microscopic
scale.
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It is important to point out here that the exact behavior of the
apparent viscosity and the measured torque depends strongly on the
geometry of the stirring motion. In the case of this setting, it not only
induces shear but, in some parts, also simultaneous compression in a
confined space (see Fig. 3), which prevents crystals from orientating in
a way to minimize friction.

B. Decrease in torque after peak

While the rise in the torque can easily be referred to the growing
crystals and rising friction as discussed above, the formation of a maxi-
mum and sudden fall of measured torque needs further explanation.
To get a better picture of what is happening here, images of a sample
with 85% (w/w) sucrose were taken via light microscopy. Figure 7(a)
shows the sample after stopping the kneading process as soon as the
peak occurred (about 11 min after start of agitation) and after dilution
with saturated syrup (see the supplementary material for more
details).

Light microscopy of such samples shows a high number of crystal
conglomerates. This observation can be explained by the high super-
saturation levels at hand, which are known to promote formation of
such conglomerates.”’ Also agitation supports crystals to grow
together when growing in close proximity and hitting each other due
to shearing. Together with secondary nucleation—the formation of
nuclei on preexisting solid material (see Mullin,”" Chap. 5.2)—this can
lead to numerous crystal conglomerates intraconnected by sub-
optimal lattice sites. If compared to images of samples with the same

(@)
3000 —— fit: A=2.1e+02 5, B=1.9€-06 J/m?
—$— measurement data
2500
22000
£
£ 15001
1000
500
3 a 5 6 7

Supersaturation/ 1
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FIG. 8. Steps of the crystallization process
under agitation (a) at the torque minimum,
(b) at the torque peak, and (c) at the end
of the process.

composition, but kneaded full time (1.5 times as long as it takes for the
peak to occur), one can mainly observe two differences: For the latter,
as shown in Fig. 7(b), the number of larger conglomerates seems to
have been reduced drastically (although not completely vanished),
while at the same time, the smallest particles have also increased in
size or vanished.

In sum, the overall size distribution is narrowing down around a
smaller median diameter (weighted by area). The overall process is
visualized in Fig. 8.

Thus, it is indicated that the kneading and resulting friction
among the growing crystals leads to shear forces high enough to break
down large conglomerates, while small particles and broken fractions
are still growing. The breaking of conglomerates seems to be expected
in particular, because such conglomerates have weak sites at their junc-
tion zones.”””” The continuation of the growth process is indicated by
the observation of more regularly shaped crystals at the end of the pro-
cess: Smaller particles or fragments seem to either dissolve again®"*>**
or grow and develop more regular faces over time. This can be
explained by the fact that in the later stages of the process, supersatura-
tion in the liquid face becomes smaller and smaller, reducing pressure
on crystal growth and, thus, allowing for more regular crystals.

C. Time dependency of torque peak

When comparing different samples varying in composition and
crystallization temperature, the most prominent difference is the
length of time that elapses before substantial crystallization is reached.

(b)
1000
— fit: A=7.8e+01 s, B=2.2e-06 J/m?
—4— measurement data
800

600 1

Time /s

4001

200

3 4 5 6 7
Supersaturation / 1

FIG. 9. Agitation time until peak in measured torque (blue dots) occurs with respect to calculated supersaturation, conducted at (a) 25°C and (b) 44 °C, and fit according to
Eq. (9) (green line). Error bars on time axis represent standard deviation of the measurements.
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These differences in time lengths are compared in the following sec-
tion and their values depending on different compositions, as can be
seen in Fig. 9.

The maxima of the torque were chosen for comparison, although
the exact occurrence of each maximum is dependent on a combination
of different factors.

For example, before stable nuclei are formed, sucrose molecules
cluster together and other molecules stack around them, with many of
these clusters never reaching the critical size. After formation of stable
nuclei, which is treated here via classical nucleation theory, crystal
growth is described to be determined by different steps (see
Mathlouthi and Genotelle'” for a discussion): diffusion from the bulk
solution to the crystals surface, desolvation, molecular alignment, and
incorporation of sucrose molecules into the crystal lattice.

So, of course, the onset of nucleation takes place much earlier (as
also results from Sec. [V A) than the torque peak, and, hence, would
be more indicative of the underlying fundamental processes. This
onset can hardly be determined from the torque data curves though.
The peak maximum was found to be the only feature that was reliably
and precisely determinable from datasets.

While many different factors contribute to the occurrence of the
peak maximum-—start and rate of nucleation, crystal growth speed,
amount of sucrose to crystallize, size and number limit for crystals to
start breaking due to friction—it is reasonable to assume that nucleation
is the main contributor to timescale. This is mainly because nucleation
depends dramatically on supersaturation [see Eq. (6)], while the depen-
dence of crystal growth on supersaturation is significantly lower.'’
Thus, £, is taken as an indicator for induction time of nucleation.

With regard to the thermodynamic approach of classical nucle-
ation theory presented in Sec. 11, limits of the simplistic Eq. (6) have to
be taken into account. With supersaturation approaching very high
values, molecule diffusivity is reduced considerably, which leads to a
decreased nucleation rate and higher induction times. For example, an
aqueous solution containing about 90% (w/w) sucrose is measured to
show a sucrose diffusion coefficient on the order of 107"¥ m?s™! at
room temperature, opposed to 10712 m? s~! for a solution containing
about 70% (w/w) sucrose.”* In viscous systems like highly supersatu-
rated sucrose solutions, this diffusion barrier increases induction times
to the order of hours or days in quiescent conditions as they approach
the glass transition temperature, where they would crystallize rapidly if
governed by supersaturation alone.”*”

Nevertheless, the supersaturated solutions considered here stay
above the glass transition.”* Champion et al’® extrapolated with
a series of experiments with sucrose solutions in different concentra-
tions translation diffusion constants on the order of magnitude
Dr, ~ 107 m?/s at the glass transition temperature T,. Using these
extrapolation results,”” Ty /T = 0.86, the glass transition temperature
estimates Ty ~ —16 °C according to the mastercurve [similar to T, for
90% (w/w) sucrose solutions according to the Gordon-Taylor equa-
tion in Ref. 36].

Additionally, in the cases studied here, two simultaneously com-
peting effects take place: collision of crystals during shearing and the
change in the glass transition temperature’” by (re-)crystallization.
Both influence crystallization in different ways. The former by break-
ing off of crystal fragments of which many dissolve again and increase
liquid concentration, yet others serve as new nuclei, while the collision
kinetic is mainly controlled by agitation speed”” (which is constant in
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all measurements). The latter by changes in diffusivity following the
changes in liquid concentration.”* These complex counteracting pro-
cesses make a precise prediction of nucleation times unachievable, but
the comparison with the basic relations of classical nucleation theory
still provide better understanding of the dominant underlying thermo-
dynamic processes.

In this work, agitation speed is kept at a constant level of roughly
one revolution per second for all measurements. With a typical radius
in the kneader of about 3 cm, this equals a velocity on the order of
10~'m s7!. Thus, the time and length scales of the agitation are by
several orders of magnitudes smaller compared to the molecular time
scales. Consequently, their influence can be matched in a constant pre-
factor, since the time scales are clearly separated in contrast to the
cases considered, for example, by Mura and Zaccone™® or Richard and
Speck.”

Another aspect to be considered is the type of nucleation at hand:
The relation described in Eq. (6) is depending on the assumption that
nucleation is homogeneous, with nuclei forming in the pure homoge-
neous liquid and growing to a cubic shape. Crystal formation with the
starting point at a foreign surface though, known as heterogeneous
nucleation, is far more prevalent in practice. This can happen where
the supersaturated liquid touches walls of a container or air, or when
impurities such as dust are present in the liquid.

Classical nucleation theory predicts that heterogeneous nucle-
ation can even take place when the probability of homogeneous nucle-
ation is practically negligible, as is also the case empirically. (See also,
e.g., Mullin”' and Markov”” for a more detailed discussion of heteroge-
neous nucleation, which is summarized here according to the present
purpose.) Because nuclei on surfaces are not fully immersed, reducing
the contact area of nucleus and liquid, the energy barrier created by
surface formation is reduced and, thus, nucleation rate is increased.
This of course only is true if the interfacial energy between crystal
nucleus and third surface is lower than that between nucleus and solu-
tion. This is often the case, especially with solid contaminants on con-
tainer walls, since molecules in the crystal can form stronger bonds
with molecules in the solid than with those in solution.

For Ag in Eq. (2), this will result in a modified term of surface
size and interfacial free energy o. Assuming a cubic nucleus growing
on a foreign substrate with one of its six faces, Agy,s will become
(50q + otes — o1q) with subscripts “cl” denoting crystal-liquid, “cs”
crystal-substrate, and “sl” substrate-liquid interface. The critical
nucleus length then becomes I = —Q/(3Aw)(50q + oes — 0g), and
the energy barrier to overcome for a stable nucleus is

Q 2
Agcrit = 5_2 (A_H> (50((:1 + Oes — O(51)3 (7)
Q 2
- B(kBTln ([3)) ’ ®)

where the factor B contains the specific values of surface size, shape,
and interfacial free energies. Accounting for different angles between
crystal and foreign substrate, for example, at uneven or scratched sur-
faces, would change the prefactor B accordingly. Equation (6) then can
be generalized to

Q?
T=Aexp (B(kBT)3(1n/3)2> . 9)
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To calculate nucleation times, supersaturation f = a/ag
= exp (Au/kpT) is a crucial thermodynamic parameter, yet hardly
measurable in practice. Therefore,  is usually approximated by mak-
ing use of the given concentration and equilibrium saturation.

More precisely, supersaturation should be calculated as
B =a/aga = (yx)/(pXsar) by definition, with y being the activity
coefficient of solute at the given state and x being the mole fraction of
the solute."” (Note that Schall et al. use a different definition of f8
including the logarithm,"’ which is merely a matter of different con-
vention if the logarithm is included in the equation for Ag in one way
or the other.) Activity coefficients are often neglected in approxima-
tion of sucrose supersaturation,”'” although, especially at high concen-
trations, they will considerably alter values of f5.

In this study, a modified molecular UNIQUAC model for estima-
tion of activity coefficients is used. This quasichemical model was suc-
cessfully applied to sucrose and other sugars for a wide range of
concentrations by Peres and Macedo,” and, thus, their calculated
parameters are adopted in this work, as also seen, for example, in
Ouiazzane et al.'” The resulting equation yields values for y(x, T) and
Veat (Xsat, T) (see Appendix C for details).

As before in Sec. IV A, values for equilibrium saturations at the
given temperatures were calculated according to Bubnik and Kadlec™"/
ICUMSA™ (see Appendix B). This gives about 67.47% (w/w) for
25°C, equaling xs,x ~ 0.098, and about 70.89% (w/w) for 44 °C, equal-
ing X ~ 0.114. f = (px)/(VsaXsat) Was calculated using these values
in order to model measured peak times of all experiments with respect
to temperature and supersaturation. The data points for peak times ¢
were, thus, fitted according to Eq. (9) with A and B set as fitting
parameters. The resulting fit curves are shown in Fig. 9.

The fitted curves match the data points quite well, with the fitting
factor B taking a value of 1.9 and 2.2 x 107%Jm2, respectively.
Considering the simplicity of the underlying model and the complex-
ity of the processes, this shows the proposed thermodynamic approach
to be in good accordance with experimental results. Here, as already
discussed, the fitting parameters A and B have to take account for
changes in the free energy term due to agitation and heterogeneous
nucleation, crystal growth speed, and time until the sucrose crystals
break faster due to friction than they grow. Hence, it is not attempted
here to give precise physical meaning to these fitting parameters, but
we argue that even with this simple approach, we can show the viscos-
ity peak time is related to temperature and supersaturation in a way to
be theoretically expected for induction time (T, §) by thermody-
namic models. This in turn indicates a direct relation between mea-
sured peak time and statistical induction time for nucleation, and that
the proposed model represents a good approach to understanding the
main physical processes and dependencies underlying nucleation
under these conditions.

D. Complementary remarks

The application of a measuring kneader, microscopy, and the
simple model of classical nucleation theory provide already deeper
insight in the behavior of fondants during preparation. However, a
number of points need to be discussed further.

Indeed, classical nucleation theory is strongly associated with
equilibrium thermodynamics, whereas fondant production takes place
far from equilibrium. Although theoretical treatments and computer
simulations of classical nucleation under shear exist (see, for example,
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Mura and Zaccone,” Richard and Speck,” and Goswami and
Singh™) these only approximate steady shear. They model the influ-
ence of steady shear as an increase in the energetic barrier of nucle-
ation, and increase in the kinetic pre-factor of nucleation rate.
However, because the proposed approximations are only valid for a
constant shear rate, such models are not applicable to a system far
from equilibrium where shear is heavily time and space dependent, as
in the kneading machine in our experiments. Nevertheless in this
study, the external time scales induced by kneading, 7, ~ (1 s), are
low compared to much larger typical molecular diffusion times’**’
(see Sec. IV C), which suggests a clear separation of time scales.

The contribution of Ostwald ripening to the crystal growth dur-
ing the process remains an open question. These matters have been
debated in the literature.”" Whether released heat during crystalliza-
tion possibly leads to dissolution of small crystals by locally increased
temperature remains also open. It is suggested that crystal fragments
smaller than about 1 um probably dissolve again in agitated crystalli-
zers (a) due to fluctuations in temperature and supersaturation and
(b) because microcrystals might experience higher solubility than mac-
rocrystals.”"*’ To distinguish these possible processes from monotonic
growth of small particles next to breakage of big particles during ongo-
ing crystallization will be an interesting challenge.

A minor question is whether the temperature and kneading
cause thermal decomposition of sucrose. It is well known that
sucrose hydrolyzes to glucose and fructose under acidic conditions.
For pH-values between 6 and 7, significant hydrolysis is unlikely
and has been ignored here. Studying thermal degradation of
sucrose in aqueous solutions via optical rotation, Eggleston™
observed “very little sucrose degradation” for a solution containing
65% (w/w) sucrose heated to 100°C for four hours (much longer
than in the present study). Similarly, when heating pure sucrose at
10°C min ', Lee et al."® found no decomposition compounds via
HPLC analysis after 98.7 °C was reached, and only 0.365% glucose
and 0.003% 5-HMF were detected at a target temperature of 150 °C
(significantly higher than in the present study). With these referen-
ces as comparison to our systems, this is considered not significant
to the general trends and argumentation in this paper.
Nevertheless, it might be of interest to study the precise effect of
heating on possible decomposition and, subsequently, crystalliza-
tion in such highly concentrated systems in future investigations.

V. CONCLUSION

In this study, we were able to shed more light on the process of
crystallization out of highly supersaturated, agitated sucrose solutions.
When looking at the temporal change in apparent viscosity of the dis-
persion as measured via torque of the kneading system, we argue that
for the concentrations and temperatures used in this study, the coun-
teracting effects of rise in crystal content and resulting decrease in
solution concentration lead to a minimum in measured torque before
final crystallization. For the observed peak in measured torque,
microscopy images show that a high number of crystal conglomerates
form during crystallization but are significantly reduced after further
kneading, indicating fracture and breakup due to the applied shear
forces and friction for high crystal content. The change in duration of
this process depending on temperature and composition could be
shown to follow classical nucleation theory models of
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thermodynamics, with the peak time being dependent on temperature
and supersaturation in the same way as predicted.

These findings help better understand the physics of the
crystallization processes of sucrose under these highly non-
equilibrium conditions, as they are present, for example, in the
production of fondant in confectionery. They may, thus, help
planning production processes and controlling crystallization
properties in products of confectionery or pharmaceutics, but
mainly constitute a contribution to the physical understanding of
empirically observed crystallization kinetics.

SUPPLEMENTARY MATERIAL

See the supplementary material for details on the preparation of
sucrose solutions, images of light microscopy, and values of calculated
torque peak times with respect to supersaturation.
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APPENDIX A: VISCOSITY OF DISPERSIONS

For highly concentrated, coarse poly-disperse systems, ade-
quate theoretical models remain a difficult challenge due to the com-
plex influences of particle shapes and sizes, particle deformability,
packing density, hydrodynamics, and attractive and repulsive
forces.””"” Nonetheless, multiple empirical or semi-empirical models
have been proposed like those by Krieger and Dougherty"® or Toda
and Furuse™ (see also Tadros™ or Coussot”” for more details on dif-
ferent models). Krieger and Dougherty, for example, propose the fol-
lowing equation by making use of a mean field approximation:

pubs.aip.org/aip/pof

@\ M
=(1-— Al
"y ( P ) ) (A1)

P

where 7, is the relative viscosity, [#] is the intrinsic viscosity, @ is
the volume fraction of particles in the dispersion, and @, is the
maximum packing fraction of particles.

In the limit of small @, this model approaches Einstein’s classi-
cal equation for the viscosity of dilute, homogeneous dispersions
with small spheres:”>”" #, = 1 4 []®, with [f] = 2.5 for infinitely
dispersed rigid spheres. While Einstein’s equation is based in physi-
cal theory, its application is quite restricted and not useful for con-
centrated dispersions.

Models like the one of Dougherty and Krieger are supposed to
cover the whole range of concentrations, but determining [#] and
&, for a dispersion of irregularly shaped particles with a broad and,
in this case, changing size distribution is difficult. Thus, it is not
used for further studies in this work.

APPENDIX B: EMPIRICAL VALUES ON SOLUBILITY AND
VISCOSITY

Values for equilibrium concentration of aqueous sucrose solu-
tions are calculated by Eq. (5.14) from Bubnik and Kadlec,”’ which
is identical to the equation given by the International Commission
for Uniform Methods of Sugar Analysis ICUMSA in Specification
SPS-2.” This is a heuristic equation fitted to empirical values of
sucrose solubility,

Csol = 64.447 +0.08222T + 0.001 616 9T* — 0.000 001 558>
—0.000000046 3T,

(B1)
where ¢y is the solubility concentration in weight percent, and T is
the temperature of the solution in °C. This equation is used purely
for comparison with empirically measured values of sucrose solubil-
ity found in the literature and has no physical meaning.

Estimated viscosity of sucrose solutions is calculated by an
expression fitted to empirical values of measured viscosities given
by Genotelle,” as cited in Mathlouthi and Reiser,” and similar val-
ues by ICUMSA,**

logn, = 22.46xg,c — 0.114 + P(1.1 4 43.1x):), (B2)

suc

with x4, being the mole fraction of sucrose in the solution, and
P=(30°C—T)/(91°C+T), a temperature function valid for
water. Again, remember this equation is used purely for comparison
with empirical values found in the literature and is not used for
physical explanations.

APPENDIX C: ACTIVITY COEFFICIENTS

For estimation of activity coefficients in order to calculate
supersaturation, a modified molecular UNIQUAC model was used.
This quasichemical model was successfully applied to sucrose and
other sugars for a wide range of concentrations by Peres and
Macedo;"" thus, their calculated parameters are adopted in this
work, as also seen, for example, in Ouiazzane et al.’? See Peres and
Macedo"' for details and empirical constants.

Phys. Fluids 35, 064120 (2023); doi: 10.1063/5.0150227
© Author(s) 2023

35, 064120-10

€2:12:01 €202 AInr vZ


pubs.aip.org/aip/phf

Physics of Fluids

In this model, the activity coefficient of sucrose y is calculated
as the sum of a combinatorial and a residual term,

Iny=Iny.+1Invy,. (C1)

The combinatorial term In y, is given by

In Ve = In ((p/x9) +1- (p/xsv (CZ)
with molar fraction of sucrose x,, molar fraction of water x,,, and
p = xerZ/S/ E x;riz/3. (C3)
i=s,w

Here, i = s, w are the two system components sucrose and water,
and molecular volume parameters r; = 14.5496 for sucrose and
rw = 0.92 for water are used.

The residual term In y, is given by

Oty
Iny, = ¢, l—ln<g @i‘cis> — E —_—, (C4)
i i E Ot;i
j i

where the surface area fraction ©; of component i is calculated as
@i = xiqi/ ZquV (CS)
j

and surface parameters are g, = 13.764 for sucrose and g, = 1.4
for water.
The Boltzmann factors Tjj are given as

7jj = exp (—a5/ Tx), (Ce)

with Tx being temperature in Kelvin, and a; being linearly
temperature-dependent interaction parameters of the sucrose-water
system given as

gy = —89.3391 + 0.3280(Tx — 298.15), (C7)
(s = 118.9952 — 0.3410( Ty — 298.15), (C8)
Ags = Gy = 0. (C9)
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