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The crystallization of fatty acids is very important in industrial applications and
biological systems. A comparison between theoretical models and experimental data
helps in clarifying mechanistic aspects of these systems. In this contribution, we
compare the performance of two models in fitting data from the crystallization of
supersaturated solutions of palmitic acid in oleic acid. One of the models was developed
by Avrami and the other is based on considering diffusion as limiting (the D-model).
The D-model fitted the data better than the Avrami model in all cases. The D-model has
a low value of the regression coefficient (rz, lower than 0.9) in only three cases. For
these points, the thermodynamic force was smaller. Differences in the parameter # (an
index of dimensionality) were observed; these differences indicate that clusters were
present previous to the crystallization process. Furthermore, there appears to be a
difference in the mechanism of crystallization of pure solutions of palmitic acid and
solutions with a small fraction of oleic acid. Thus, one is lead to the conclusion that the
rate of crystallization of fatty acids at high concentrations is limited by diffusion.
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Crystallization of chemical compounds from melts and solutions is an impor-
tant separation-purification process with increasing industrial applicaton, especially
in the organic and biochemical industries.! Despite the progress made in recent
years, fundamental knowledge concerning the mechanistic aspects of the kinetics
of crystallization are still lacking. This has prevented the development of applica-
tions that require the production of crystals of controlled purity and shape2

Palmitic acid is one of the most widely used materials in the cosmetic and
soap industry. A number of investigations have been published over the last 30 years
focusing on the presence of polymorphism, the kinetics of single crystal growth of
fatty acids® and on the effect of parameters, i.e., the solvent.*
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Experimental investigation of crystallization kinetics and comparison of the data
with theoretical values calculated using various models of crystallization helps to
understand the laws of nucleation and crystals growth. In this contribution we applied
this approach for the crystallization of palmitic acid in oleic acid at high concentrations.

Kolmogorov, in 1937, proposed a model (tke K-model) and derived an
equation that described the kinetics for the non-crystallized volume fraction during
crystallization (see Ref. 5 for a detailed description).

After the paper by Kolmogorov, additional models were proposed. In 1939
Johnson and Mehl applied an original statistical method for the calculation of the
liquid fraction (g(¢)), considering that the nucleation and growth rates were constant
and the crystals were spheres.® This is a special version of the K-model. However,
computer simulations has shown that the Johnson-Mehl model cannot describe the
crystal volume distribution even qualitatively.’

Avrami, in the 1940’s, proposed the application of the Johnson-Mehl method
to models different than the K-model.3-10 As a result of such an application, the
so-called Avrami equation was obtained:

q(t) = exp (-kt") )

where n is the Avrami exponent. In some cases, this exponent cannot be uniquely
determined for a broad range of experimental conditions. In these cases, one can
resort to other approaches.

Among these alternatives, the so-called D-model,> has shown itself to be particu-
larly successful in describing the kinetics of crystallization for a broad range of systems.
In order to understand the formulation of this model, let us assume that the radius of a
spherical crystal, R, grow by a diffusional law (note that the assumption of spherical
crystals remains for this model), that is: R(#’,7) =Vg (t") where ¢ and 7 are the times
of nucleation and observation, respectively, and g is a constant. Using the D-model, in
the absence of exact descriptions, Shepilov in 1992 obtained detailed analytical estimates
of the upper and lower bounds of g(£)!! (for more details see Ref. 11). In cases with a
constant nucleation rate, these estimates are in agreement with the results of computer
simulations® and show that the D-model is reduced to:

g(t)= 1"~ exp (— 8Tg>/15) 2

where 0 is the nucleation rate, ¢ the time and n the Avrami exponent.

In this contribution, we have applied this model to describe the kinetics of
crystallization of palmitic acid. These results are compared with the ones given by
the Avrami model for the crystallization of palmitic acid in oleic acid at high
concentrations (i.e., melt crystallization).

EXPERIMENTAL

Palmitic acid (99% pure) and oleic acid (99%) were obtained from Sigma Chemicals Co. (St.
Louis, MO), and used without additional purification.
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Solutions of palmitic acid in oleic acid were prepared at four different concentrations (0.55,
0.7, 0.85 and 1 in the mole fraction of palmitic acid in oleic acid).

DSC scans were performed using a Perkin-Elmer Model DSC-7. A piece of indium (6 mg) was
sealed in an aluminum sample pan and used as the reference. Samples of the solutions (8§ mg) were
also sealed in sample pans and held at 353 K for 30 min to destroy the crystal nuclei before each DSC
scan'? then they were cooled at 5 °C/min down to the transition temperature. The temperature was
then increased by 10 °C for the crystallization of all the samples.

These thermograms were analyzed for the determination of the transition point of the samples,
and then the isothermal analysis was performed. For each concentration, three temperatures were used
for these analyses, two replicates were obtained in each case. Samples (8 mg) of each solution were
sealed in sample pans and held at 353 K for 30 min to destroy the crystal nuclei before each DSC scan,
and then cooled at 5 °C/min up to the desired temperature for isothermal analysis. The samples were
held for 60 min at this temperature.

The area enclosed by the base line and the exothermic peak in the DSC scans corresponds to
the heat of crystallization AH. The fraction of liquid in the system (gq(7)) at a given time (f) was
approximated by the ratio of the integration of the exothermic rate to the total arca.

The Eq. (1) was used and the parameters k and n were obtained from Eq. (1) by a non-linear
regression procedure, following the approach suggested by Bates and Watts in 1988 for the interpre-
tation of non-linear regression. A similar procedure was used to obtain 0, g and » from Eq. (2).

The comparison of two models was made according to the following steps: 14
1. Determination of the behavior of the samples (normal distribution of residuals).

2. Evaluation of 2the amount of variance explicate for the non-lineal regression (in terms of the
regression coefficient *, similar to a linear regression).

3. Analysis of residuals.
These three steps were followed for each sample and condition evaluated.

RESULTS AND DISCUSSION

The transition temperature is a linear function of mass, with higher masses the
transition temperatures are higher, and vice versa. The dependence of the transition
temperature (crystallization temperature) with respect to the amount of palmitic acid
is shown in Fig. 1. A linear regression analysis gives a correlation coefficient 72 =
0.96. Similar results were obtained when using a partial correlation (values not
shown). The distribution of the residuals was normal. An extrapolation of the data
presented in Fig. 1 to 0 mole fraction of palmitic acid gives the crystalllization
temperature of oleic acid, for which the estimation of the standard error is lower
that 0.052 °C.

The behavior observed in Fig. 1 indicates that the palmitic acid is the only one
undergoing a phase change in the system. There are no differences in the thermo-
grams obtained in the heating and cooling mode, indicating that only one polymor-
phic form was present. The type of polymorphism was not determined.

Next, the kinetic models of crystallization were tested. For the Avrami model,
seven different concentrations of palmitic acid were used at three different tempera-
tures. These seven different concentrations were grouped into four sets for replicate
reasons (evaluation of experimental error). The experimental error associated with
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Fig. 1. Influence of the amount of palmitic acid over the crystallization temperature in mixtures of
palmitic acid-oleic acid.
the different mole fraction was estimated to be less than 0.01 (in mole fraction).
Equipment limitations limited the range of concentrations that could be used. Hence,
only solutions with mole fractions of palmitic acid above 0.5 were probed. Experi-
ments with pure oleic acid were performed for each experimental conditions. In all
cases, the solvent (oleic acid) did not show a phase transition.

Firstly, the Avrami model (Eq. (1)) was applied. The fraction of liquids instead
of the amount of solids, was used as the reference. In this manner, smaller deviations
related to the rescaling are obtained.!3>-17 Avrami, in 1940 had remarked that his model
was appropriate for liquid fractions in the range 0.25—0.75, because a linear dependence
is observed only in this range. The results for this model are given Table L.

TABLE I. Values of the parameters for the Avrami model

Cone. of p alml_t ic acid Temperature/°C k n # x100
mole fraction

0.55 45 0.00016 2 84.83
0.55 45.5 0.000278 2 84.83
0.70 49 0.004078 2 77.01
0.70 49.5 0.000285 2 77.01
0.70 50 0.000251 1 77.01
0.85 50.5 0.000596 2 79.09
0.85 51.5 0.000132 1 79.09
0.85 53 0.0002475 2 79.09
1.00 54 0.007198 2 99.1

1.00 54.3 0.00042 2 99.1

As can be seen from Table I, a regression coefficient above 0.9 is obtained only
for one concentration. Thus, the Avrami model is not a good model for describing the
experimental data. From this, it can be concluded that nucleation does not occur
simultanecously, even in the range of validity of the equation, as suggested by Avrami.
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In addition, deviations were also found for concentrations outside this range.
At higher concentrations, the deviations are attributed to the presence of a lower
amount of solids, while for the lower concentrations, these deviations indicate a
higher amount of solids present. These deviations suggest the formation of clus-
ters.!8 In conclusion, it can be stated that the poor estimation by the Avrami model
of the amount of solids at the start of the process of crystallization is one of its main
drawbacks.

Next the D-model (Eq. (2)) is probed. The results are summarized in Table I1.
TABLE II. Values of the parameters for the D-model

Conc. of palmitic acid Temperature

molepfraction IlC g o " * x100
0.55 45 0.017825 0.006893 3.5 99.75
0.55 45.5 0.08235 0.03595 3 99.35
0.70 49 0.086 0.08896 2 99.8
0.70 49.5 0.05068 0.002424 4 96.5
0.70 50 0.00794 0.002055 4.5 95.7
0.85 50.5 0.17347 0.07803 2 99.45
0.85 51.5 0.23438 0.076879 4.5 99.61
0.85 53 0.0289 0.003102 4.5 95.01
1.00 54 0.2919 0.1196 2 99.602
1.00 54.3 0.111272 0.04681 3 99.912

For this model, the regression coefficients obtained were very good (above
0.95) for all four concentrations used. Furthermore, for twenty-three cases out of
twenty-six the fitting was excellent. For the other cases, the poor fitting can be
attributed to lower supercooling, indicating that the application of the D-model is
limited by the thermodynamic force used.

A comparison between the Avrami model and the D-model is presented in
Fig. 2.

The figure shows the case for which both models fit the data well (pure
palmitic acid). Note that, in the recommended range of application of the Avrami
model, the D-model exhibits better results. The regression coefficient for the
D-model was above 0.99 in this zone. In addition, an analysis of residuals showed
no significant tendency. Thus, for pure palmitic acid the D-model can be considered
as the K-model and, in this case, there are no significant differences with the Avrami
model; both models are special cases of Kolmogorov’s method and give the same
result for pure substances.

A case for which the Avrami model exhibits poor fittingss (0.7 mole fraction
of palmitic acid), while the D-model is once again successful is shown in Fig. 3.
Here, the problems of the Avrami model in adjusting our experimental observations
arc evident. Note that the Avrami model underestimated g(7) at the start of the
crystallization. This can be explained in terms of the Kolmogorov method as being
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Fig. 2. Comparison between the Avrami model and the D-model. A case where both models give
good fittings. (Pure palmitic acid, 54 °C).
due to the presence of "non-aggresors" (molecular cluster, nuclei that do not adsorb
into the surface) with high molecular order which can penetrate into the non-crys-
tallized region lowering the conditional probability of nucleation as calculated by
Avrami’s method, thus the underestimation of g(¢). The D-model does not take into
account such a probability, but involves diffusion laws. From this, it can be
concluded that the crystal growth involves a diffusion mechanism, i.e., the medium
limits the crystallization growth rate.!9 Furthermore, the Avrami model assumes
that nucelation is simultaneous while the D-model assumes that nucleation is
continuous. Thus, these results suggests that the crystal growth is diffusion limited,
their form is spherical and that nucleation is continuous for mixtures of palmitic
acid in oleic acid.

Figure 4 comprises a case for which both models exhibit poor fittings (0.85
mole fraction of palmitic acid). As mentioned before, the poor fitting of the D-model
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Fig. 3. Comparison between the Avrami model and the D-model. A case where the Avrami model
gives poor fitting (0.7 mole fraction of palmitic acid, 49 °C).
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Fig. 4. Comparison between the Avrami model and the D-model. A case where both models gives
poor fittings (0.85 mole fraction of palmitic acid, 51.5 °C).
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Fig. 5. Regression coefficients for the two models.

can be attributed to the lower supercooling used. The supercooling term was derived
from the equation: @ = AH«(T¢-T)/Tt, where @ is the chemical affinity, AHr is the
enthalpy change, 7ris the melting (or freezing) point and 7'is the temperature of the
solution.20 This is an approximation based on the chemical potential difference
being the thermodynamic driving force. Thus the supercooling is given by (7Tt —
7).21 Ty was obtained from DSC thermograms. When the driving force is low (i.e.,
low supercooling) only a few nuclei are obtained and the growth is limited (low
chemical potential). This observation suggests that the crystallization processes
have a large energy barrier to overcome, and that there are fewer nuclei for the
formation of crystals.22 These considerations are not incorporated into either of the
models employed, thus the poor fitting of the D-model. For the Avrami model, the
reasons discussed for Fig. 3 hold once again in this case.

Additional comparison of the regression coefficients for the two models were
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performed through a MANOVA (Multiple Analysis of Variance) analysis. These
results (Fig. 5) indicate that the Avrami model is statistically different from the

D-model.

From this figure, it is clear that our experimental data is better described by the
D-model for all concentrations used; thus, it can be concluded that, for highly concen-
trated solutions of palmitic acid, the D-model should be used instead of the Avrami
model, providing that there is a sufficient amount of supercooling. However, for
crystallization from the melt (i.e., pure palmitic acid), the Avrami model and the
D-model are equivalent. These conclusions seem to indicate that the oleic acid forms
group of molecules in liquid state with some order, similar behavior has been reported
in lipids.23 These "clusters" act as seeds for the nucleation of the palmitic acid.
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Fig. 7. Avrami index (n from the Avrami model) and n corrected for the D-model.
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Fig. 6. Avrami index (n) for the two models.
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Not only the regression coefficients, but also the statistical significance of the
parameters of the fitted models were tested by MANOVA analysis.

The parameter n, also known as the Avrami index, is closely related to the
dimensionality of the crystallization process (D = 1 for stripe-like domains, D =2
for circular domains, D = 3 for spherical domains).24

The values of n for both models are shown in Fig. 6. Note that these values
are different in some cases (particularly for the sets for which the Avrami model
exhibits poor fittings). This figure, together with Fig. 7, seems to support the
interpretation that nucleation in the system does not occur simultanecously but is,
instead, a continuous process, and that the nuclei have finite initial size because
non-integer n values are obtained. If all nucleation starts from latent nuclei, and
there is no further nucleation after the growth of the domains begins, the effective
dimensionality of the problem is » = D; whereas, if nucleation continues to occur
at a constant rate during the time over which the domains are growing, the effective
dimensionality is n = D+1. Non-integer n values will be obtained when the activated
nuclei have a finite initial size (i.e., clusters), then n = D+1.5(0.4,0.3,0.2). In Fig. 7,
n was corrected by subtracting 1.5 from the value obtained from the regression
procedure.

It is interesting to note that the differences in the values of n for the highest
concentration is only 0.5, whereas larger differences were observed for the lower
concentrations (above 1.5). In other words, the differences between the two models
are not statistically significant for pure palmitic acid. However, for highly super-
saturated solutions there are very important differences. With highly supersaturated
solutions, or even almost pure palmitic acid with some contaminants, the solubility
plays a very important role. Under these conditions, the medium imposes a barrier
for crystal growth. Furthermore, at the start of crystallization some nuclei are
generated, but as the process progresses, additional nuclei continue to be formed.
Finally, it appears that clusters are also formed, the crystals present at least a
non-random coordination and are likely to be sufficiently closely packed to be
regarded as such.2> These clusters forms sites for the generation of new nuclei, but
this fact does not necessarily imply that the nucleation process is heterogeneous.

The parameter k& in the Avrami model is a composite rate constant incorporat-
ing nucleation and growth rate characteristics.!3 If we examine only those values
for which good fittings were obtained, it becomes clear that k£ depends on the degree
of supercooling, the amount of palmitic acid, and the dimensionality of the system.

For the D-model, a is shown to be a function of the amount of palmitic acid,
which suggests that crystallization takes place in solution, and not in the melt,
because in the melt the rate of nucleation depends on the degree of supercooling 2!

An additional interesting feature is the dependence of g on the dimensionality.
This observation suggests that g is closely related to the rate of crystallization for
highly supersaturated systems.
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CONCLUSIONS

In highly supersaturated solutions of palmitic acid in oleic acid, the D-model
is more effective in adjusting the experimental data than the Avrami model. The
D-model is not effective when the magnitude of supercooling is low. During this
process, the dimensionality is different to n, because the nucleation is continuous,
not simultancous. Furthermore, our results appear to indicate the presence of clusters
that act like nuclei for crystallization. This latter fact prevents the Avrami model
from achieving good fittings, but does not hinder the applicability of the D-model
because the clusters growth is diffusion dependent.

The constant g of the D-model is a function of the degree of supercooling and
the dimensionality of the process. Thus, g is closely related to the growth rate of the
crystals.

The values of the parameter n, found using both models, are statistically
different, suggesting that there is a different mechanism of nucleation.
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KMHETUKA OYBPII'HhABAIbA BPJIO IPECUREHUX PACTBOPA ITAJIMUTHUHCKE
KNCENWHE Y OJIEMHCKOJ KUCEJIMHU: [IOPELELE IBA MOJIEJTA
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Kpucranuszamnuja MacCHUX KUCEIIMHA Off BEJIMKE je BAXKHOCTH y UHYCTPHjCKOj IIPUMCHU
u OuosomkuM cucremmuma. I[opeberme Teopujckux Mojeia U eKCIEPUMEHTATHIX OjIaTaka
MOMasKe Y pa3jallbaBakby MEXaHUCTHYKKX aclieKaTa OBOT mporeca. Y 0BoM pajy ynopeheno
je ciarame ABa MOjieJIa ca eKCIePHMEHTAHEM NOfaluMa 3a KPHCTAIU3anHn]y npecuheHnx
pacTBOpa MaJMUTHHCKE KUCEJIHUHE Yy OJIEMHCKO] KUCENUHU. JegaH MOJEN je IPEeIOKEH Of
ABpammuja, a IpyTH je 3aCHOBAH Ha pa3MaTpamy audysuje kao cnopor crymma ( D-mopen). Y
cBUM ciyvajeBuMa D-mojen 60sbe IpaTn eKcnepuMeHTanae nogatke o AspamujeBor. Camo
y TpH ciy4aja je D-mMofiesn mokasuBao HILKY BPEHOCT PETPECHOHOT KOe(DUIIjeHTa (r2, HIDKH
on 0.9). 3a Tpu Tauke TepMOIMHAMIYKA CHJIa je Omila Marba. 3anakeHe Cy pa3iiuke y napa-
MeTpy n (uHmeKc auMeH3moHamHocTH). OBe pasimKe yKasyjy jla ce Ipe KpucTalu3almje
o0pa3yjy Kiactepu. 3aTuM, TOKa3yje ce fja MOCToje pa3iinKe y MeEXaHN3MIMa KpUCTaIn3anmje
YUCTHX PACTBOPA NAJMUTHHCKE KACEIIHHE U PaCTBOPA Ca MAJIAM YAEJIOM OJICMHCKE KHUCEIIIHE.
Crora cBe HaBOJM HA 3aKJbYYaK /1A j& KPUCTATN3aIja MACHAX KUCEIMHA TIPU BUCOKUM KOH-
[EHTpanMjaMa KOHTPOJIMCaHa Juy3ujoM.
(Ipumsbeno 21. jyna 1998, peupgupano 25. peGpyapa 1999)
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