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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 (

 

r

 

2

 

, lower than 0.9) in only three cases. For

 

these points, the thermodynamic force was smaller. Differences in the parameter

 

n

 

(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.

 

Key words:

 

palmitic acid, nucleation, Avrami, diffusion, non-linear regression, models.

 

Crystallization of chemical compounds frommelts and solutions is an impor

 

-

 

tant separation-purification processwith increasing industrial applicaton, especial

 

ly

 

in the organic and biochemical industries.

 

1

 

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 shape.

 

2

 

Palmitic acid is one of the most widely used materials in the cosmetic and

 

soap industry. Anumber 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

 

3

 

and on the effect of parameters,

 

i.e.

 

, the solvent.

 

4
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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.

 

5

 

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 (

 

q

 

(

 

t

 

)), considering that the nucleation and growth rates were constant

 

and the crystals were spheres.

 

6

 

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.

 

7

 

Avrami, in the 1940�s, proposed the application of the Johnson-Mehl method

 

to models different than the K-model.

 

8�10

 

As a result of such an application, the

 

so-called Avrami equation was obtained:

 

q

 

(

 

t

 

) = exp (�

 

kt

 

n

 

)

 

(1)

 

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-calledD-model,

 

5

 

has shown itself to be particu

 

-

 

larly successful in describing thekinetics of crystallization for a broad rangeof 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

 

(

 

t

 

�,

 

t

 

) = √

 

g

 

(

 

t

 

�

 

t

 

�) where

 

t

 

� and

 

t

 

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 estimate

 

s

 

of the upper and lower bounds of

 

q

 

(

 

t

 

)

 

11

 

(for more details see Ref. 11). In cases with a

 

constant nucleation rate, these estimates are in agreement with the results of computer

 

simulations

 

5

 

and show that the D-model is reduced to:

 

q

 

(

 

t

 

) =

 

t

 

n

 

� exp (� 8πα

 

g

 

3/2

 

/15)

 

(2)

 

where α

 

is the nucleation rate,

 

t

 

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. Apiece of indium (6mg) 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
12

then they were cooled at 5 ºC/min down to the transition temperature. The temperature was

then increased by 10 ºC 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 ºC/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 ∆H. The fraction of liquid in the system (q(t)) at a given time (t) was

approximated by the ratio of the integration of the exothermic rate to the total area.
13

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 α, g and n 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 the amount of variance explicate for the non-lineal regression (in terms of the

regression coefficient r
2
, similar to a linear regression).

3. Analysis of residuals.

These three steps were followed for each sample and condition evaluated.

RESULTS ANDDISCUSSION

The transition temperature is a linear function ofmass, 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 r2 =

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 ºC.

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 Avramimodel,

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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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.15�17Avrami, in 1940 had remarked that hismodel

wasappropriate for liquid fractions in the range0.25�0.75,becausea lineardependence

is observed only in this range. The results for this model are given Table I.

TABLE I. Values of the parameters for the Avrami model

Conc. of palmitic acid
mole fraction

Temperature/ºC k n r
2
x100

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

simultaneously, even in the range of validity of the equation, as suggested by Avrami.

Fig. 1. Influence of the amount of palmitic acid over the crystallization temperature in mixtures of

palmitic acid-oleic acid.
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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.18 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 II.

TABLE II. Values of the parameters for the D-model

Conc. of palmitic acid
mole fraction

Temperature
ºC

g α n r
2
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 theAvrami

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

are evident. Note that the Avrami model underestimated q(t) at the start of the

crystallization. This can be explained in terms of the Kolmogorov method as being
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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 q(t). 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.19 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). Asmentioned before, the poor fitting of theD-model

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 ºC).

Fig. 2. Comparison between the Avrami model and the D-model. A case where both models give

good fittings. (Pure palmitic acid, 54 ºC).
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can be attributed to the lower supercooling used. The supercooling termwas derived

from the equation: φ = ∆Hf(Tf�T)/Tf, where φ is the chemical affinity, ∆Hf is the

enthalpy change, Tf is the melting (or freezing) point andT 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 (Tf �

T).21 Tf 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

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 ºC).

Fig. 5. Regression coefficients for the two models.
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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.

Fig. 6. Avrami index (n) for the two models.

Fig. 7. Avrami index (n from the Avrami model) and n corrected for the D-model.
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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 simultaneously 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 n = D; whereas, if nucleation continues to occur

at a constant rate during the time over which the domains are growing, the effective

dimensionality isn =D+1. Non-integer n values will be obtainedwhen 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.25 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.13 If we examine only those values

for which good fittings were obtained, it becomes clear thatk depends on the degree

of supercooling, the amount of palmitic acid, and the dimensionality of the system.

For the D-model, α 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.21

An additional interesting feature is the dependence ofg 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 simultaneous. Furthermore, our results appear to indicate the presenceof 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.

I Z V O D

KINETIKAO^VR[]AVAWA VRLOPRESI]ENIH RASTVORAPALMITINSKE

KISELINE UOLEINSKOJ KISELINI: PORE\EWE DVAMODELA

JOSE ALBERTO GALLEGOS-INFANTE* and RAMIRO RICO-MARTINEZ**

* Universidad Autónoma de Queretaro, Facultad de Quimica, Departamento de Investigación y Posgrado en Alimentos (DIPA),
Centro Universitario Cerro de las Campanas s/n, C.P. 76010, Querétaro, Qro., México, ** Instituto Tecnológico de Celaya, 

Departamento de Ingenieria Quimica, Av. Tecnológico y Garcia Cubas s/n, Celaya, Gto., 38010 México

Kristalizacija masnih kiselina od velike je va�nosti u industrijskoj primeni

i biolo{kim sistemima. Pore|ewe teorijskih modela i eksperimentalnih podataka

poma�e u razja{wavawu mehanisti~kih aspekata ovog procesa. U ovom radu upore|eno

je slagawe dva modela sa eksperimentalnim podacima za kristalizaciju presi}enih

rastvora palmitinske kiseline u oleinskoj kiselini. Jedan model je predlo�en od

Avramija, a drugi je zasnovan na razmatrawu difuzije kao sporog stupwa (D-model). U

svim slu~ajevima D-model boqe prati eksperimentalne podatke od Avramijevog. Samo

u tri slu~aja je D-model pokazivao ni�u vrednost regresionog koeficijenta (r2, ni�i

od 0.9). Za tri ta~ke termodinami~ka sila je bila mawa. Zapa�ene su razlike u para-

metru n (indeks dimenzionalnosti). Ove razlike ukazuju da se pre kristalizacije

obrazuju klasteri. Zatim, pokazuje se da postoje razlike u mehanizmima kristalizacije

~istih rastvora palmitinske kiseline i rastvora sa malim udelom oleinske kiseline.

Stoga sve navodi na zakqu~ak da je kristalizacija masnih kiselina pri visokim kon-

centracijama kontrolisana difuzijom.

(Primqeno 21. jula 1998, revidirano 25. februara 1999)
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