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Abstract Fractionation of fats and oils makes it possible
to generate products with specific properties from natural
fats that contain a variety of triacylglycerol (TAG) species.
High-oleic high-stearic (HOHS) sunflower oils contain
high levels of saturated fatty acids, mainly stearate, on a
high-oleic background. Accordingly, HOHS oils could be a
source of disaturated TAGs appropriate for cocoa butter
equivalent formulations. We examined the kinetics of
HOHS oil crystallization, paying special attention to the
influence of crystal seeding and temperature on the process
and the composition of the final fractions. This oil was
fractionated at 18 °C, and seeding increased the amount of
disaturated TAGs recovered in the precipitate from 23% to
up to 30%. The experimental data collected were fitted
using the models of Gompertz and Avrami to study how
well these models fitted the data and their utility in pre-
dicting the progress of crystallization. At seeding additions
above 0.25% there was a change in the crystallization
mechanism that improved the process of fractionation. The
effect of temperature was also studied, showing important
increases in the maximum rates of crystallization when
fractionations were carried out at lower temperatures.
Finally, the melting profiles of the fractions enriched in
saturated fatty acids were studied, showing amounts of
solids intermediate between the initial oil and cocoa butter.
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Introduction

Natural vegetable fats and oils are complex mixtures of
triacylglycerols (TAGs), the composition of which depends
on the species from which they have been extracted [1].
Liquid vegetable oils rich in unsaturated fatty acids, such
as soybean, canola, cotton or olive oils, are usually refined
and retailed without any additional processing. However,
fats rich in saturated fatty acids, such as those from palm or
palm kernel, usually contain a wider variety of TAG spe-
cies that are associated with broader melting intervals and
which are not appropriate for retail or industrial use [2].
Thus, these fats are usually fractionated so that the TAGs
with different melting points can be separated by crystal-
lization. Each crystallization step yields a solid fraction or
stearin and a liquid fraction or olein, which can then be
further fractionated to produce fractions with even more
well-defined melting profiles and potential uses [3]. The
best known fractionation process is that used for palm oil
[4], a multistep process involving crystallization and high
pressure filtration of stearins. This process separates frac-
tions enriched in trisaturated, disaturated, and polyunsatu-
rated TAGs that can be employed for different uses.
Advances in oilseed breeding and biotechnology have
made the production of new oils enriched in saturated fatty
acids possible [5, 6]. These oils and fats have a composi-
tion that differs from those traditionally used as the source
for plastic fats or in the preparation of confectionery
products, highlighting the need for studies into the
most appropriate methods for their fractionation [2, 7].
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High-oleic high-stearic (HOHS) sunflower lines produce
sunflower oils rich in stearic acid while retaining the high
levels of oleic acid in their TAG molecules. This oil can be
fractionated in the presence of hexane to produce stearins
enriched in stearic acid, which have improved physical
properties for production of healthy and valuable cocoa
butter equivalents (CBEs) [8]. While solvent fractionation
is an efficient method to produce high-melting-point stea-
rins, the high costs associated with managing large
amounts of solvent make dry fractionation the preferred
method in industry.

Fat crystallization is the determinant step in fraction-
ation, involving two steps: nucleation and crystal growth.
Nucleation is the process during which the first stable
crystals are formed in the overcooled mixture of melted
TAGs [9]. This can be a homogeneous process if nuclei
are formed spontaneously by direct interaction between
the most saturated TAG molecules. Alternatively,
nucleation may be heterogeneous when the process takes
place on the surface of particles or the walls of the
container in contact with the suspension. Once nuclei are
formed, they can grow by incorporating TAG molecules
from the liquid phase into the crystalline network. The
rate and pattern of crystal growth will depend on factors
such as the degree of overcooling and the diffusion rate
of the crystallizing molecules from the liquid phase [10].
During this process, latent heat of crystallization is lib-
erated and must be removed from the system for correct
crystal formation. Crystal growth will stop when the
concentration of the most saturated TAGs reaches their
solubility constant in the liquid matrix at the temperature
of fractionation [11].

In this work, the kinetics of HOHS sunflower oil crys-
tallization was studied by monitoring the size of the
apparent crystalline fraction (F.) formed from HOHS oil
over time at different temperatures, and by evaluating the
effect of adding seeding crystals. Two models of crystal-
lization kinetics were applied to this system to account for
the effects on nucleation and crystal growth: the models of
Avrami [12] and Gompertz [13]. Applying these models, a
parameterized equation that reflected the progress of

crystallization was defined, and information regarding the
mechanism of crystallization was obtained. Furthermore,
the stearins and oleins resulting from fractionation were
characterized, paying special attention to the enrichment of
disaturated TAGs in the stearins when compared with the
initial oil (those with the general formula saturated—
unsaturated—saturated, SUS). The melting interval of these
fractions was also studied by differential scanning calo-
rimetry (DSC) to define their potential applications in the
elaboration of confectionery products.

Experimental Methods
Materials

Refined, bleached, deodorized, and partially dewaxed
HOHS sunflower oil was provided by Nutrisun Business as
the starting material (see TAG composition in Table 1). This
oil is commercially available at http://www.nutrisunoil.
com.

Oil Fractionation

HOHS sunflower oil was melted at 80 °C to remove any
previous structure, then fractionated in a 1-L thermostated
glass reactor connected to a 1157P programmable tem-
perature controller (VWR International, USA) with mild
agitation (30 rpm). The high-melting-point stearins used to
produce seeding crystals were prepared by solvent frac-
tionation as described by Salas et al. [8]. These stearins
accounted for 74.5% of disaturated TAGs (Table 1), and
they were grated and sieved to maximum particle size of
1.6 mm. When HOHS sunflower oil reached the fraction-
ation temperature, the high-melting-point stearin powder
was added and the kinetic studies began.

The progress of oil fractionation was monitored by
removing 5-mL samples at different times. To obtain
fractions for later fatty acid and TAG analysis, they were
filtered using a small Biichner funnel and a Kitasato flask
connected to a portable vacuum pump N86KT-18 (Neuberg

Table 1 Triacylglycerol composition of the high-oleic high-stearic (HOHS) sunflower oil and the seeding stearin used in this work

Triacylglycerols (% w/w)

POP POSt POO POL  StOSt

StO0O 000

StOL OOL OLL StOA OOA StOB OOB SUS

HOHS oil 0.3 22 72 1.0 42 325
Seeding stearin 0.4 7.5 2.0 0.1 51.0 9.7

31.9 52 5.6 0.7 0.7 2.8 0.7 4.2 8.1
97 08 1.2 0.1 7.0 0.8 8.7 13 74.5

Triacylglycerols are denoted by three symbols; corresponding to the fatty acids esterified at positions 1, 2 and 3. Peaks accounting for <0.1% of
total triacylglycerols were not integrated. Data represent averages of two independent determinations

P palmitic, O oleic, St stearic, L linoleic, A arachidid, B behenic, SUS total disaturated triacylglycerol
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Laboport, Freiburg, Germany). Vacuum filtration of the
final stearins was carried out when the olein composition
was constant over time. This step was performed using a
filtration system similar to that described previously but
using a jacketed 1-L filtering plate to maintain the frac-
tionation temperature constant during the entire operation,
since dry fractionation filtration is slower than solvent
fractionation. The final stearins were washed with five
volumes of hexane at 5 °C to remove the rest of the
occluded olein.

TAG Analysis by GLC

The TAG composition of the different oil fractions was
determined by gas-liquid chromatography (GLC) in an
Agilent 6890 gas chromatograph (Palo Alto, CA) equipped
with a Quadrex aluminum-clad 400-65HT chromatography
column (30 m length, 0.25 mm i.d., 0.1 pm film thickness;
Woodbridge, CT, USA) and a flame ionization detector
(FID). Hydrogen was used as the carrier gas at linear gas
rate of 50 cm s~ and split ratio of 1:80. The injector and
detector temperatures were 360 and 370 °C, respectively,
the oven temperature was 335 °C, and a head pressure
gradient from 100 to 180 kPa was applied. The relative
response of the FID was corrected according to the method
of Carelli and Cert [14].

Analysis of Fatty Acid Methyl Esters

The fatty acid composition was determined by GLC, de-
rivatizing 5 mg of the oil fractions to their corresponding
fatty acid methyl esters for 1 h at 80 °C with 1.5 mL
methanol/toluene/sulfuric acid (88/10/2, v/v/v). Fatty acid
methyl esters were extracted with 1 mL heptane and ana-
lyzed by GLC on an Agilent 6890 gas chromatography
system (Palo Alto, CA) equipped with a Supelco SP-2380
fused-silica capillary column (30 m length; 0.25 mm i.d,;
0.20 um film thickness: Bellefonte, PA, USA), using
hydrogen as the carrier gas at 28 cm s~ '. The detector and
injector temperature were 200 °C, whereas the oven tem-
perature was kept at 170 °C. The different methyl esters
were identified by comparison with known standards.

Calorimetric Analysis by DSC

The melting profiles of the different oils and oil fractions
were determined by differential scanning calorimetry (DSC)
using a Q2000 V23.5 scanner (TA instruments, New Castle,
DE, USA). The results were processed using the TA analysis
software provided by the manufacturer. This instrument was
calibrated prior to use with metallic indium (melting point
156.6 °C, AH; = 28.45 J g~ "). Samples were prepared by
pipetting 6—8 mg of the melted oils and oil fractions into

aluminum pans, and weighing them using a Sartorius M2P
electronic microbalance (Sartorius AG, Goettingen,
Germany). The pans were then sealed and balanced calori-
metrically, using an empty sealed capsule as the reference.

To study the melting profiles, samples were kept at
90 °C for 10 min to destroy any previous structure, then
cooled to 0 °C for 30 min and kept at 5 °C over 24 h.
Finally, the samples were transferred to an oven at 26 °C
for 48 h. Each sample was loaded into the calorimeter at
20 °C, and the temperature was quickly decreased to
—40 °C before being increased to 90 °C at a rate of
1 °C min~".

The solid fat content (SFC) was determined by contin-
uous integration of the DSC melting curves using the TA
universal analysis software.

Data Analysis

The progress of crystallization was assessed on the basis of
the 1,3-stearoyl-2-oleoyl glycerol (StOSt) balance, as this
species of triacylglycerol is of special interest since it
would be the main component of a CBE produced from
these oils. The StOSt composition of the oleins over time
reflects the progress of crystallization, and the stearin
crystal mass at time ¢ can be calculated as the balance of
StOSt according to the following equation:

. My (%StOStO - %StOSt?lei“)
= %StOStSwarin _ %StOSt?lei“ )

e (1)
where M, is the stearin crystal mass at time 7 (g), M, is the
initial oil mass (g), %StOSt, is the StOSt concentration in
the initial oil (% w/w), %StOStO™™ is the StOSt concen-
tration in olein at time 7 (% w/w), and %StOSt>***"™" is the
StOSt concentration in the final stearin (% w/w).

From these data, the apparent fraction of crystals in the
suspension at time ¢ can be obtained as

M,
Fo=—. 2

i )
The F. versus time data can be used in crystallization
models such as those of Avrami [12] and Gompertz [13].
The isothermal crystallization kinetics of HOHS sunflower

oil was evaluated by the Avrami equation
(1 — F.) = exp{—kt"}, (3)

where F. is the fraction of the crystal transformed at time ¢
during crystallization, k is the rate constant, and n is the
Avrami exponent related to the crystallization mechanism.
This equation can be expressed in logarithmic form as

In[—In(1 —F.)]=In k+nln r. (4)

The values of n and k were obtained from the slope and
y-intercept of a plot of In[—In(1 — F] versus In . The
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Avrami parameters provide information on the nature of the
crystallization process. The constant k represents a crystal-
lization rate constant, and the Avrami exponent n indicates
the mechanism of crystal growth. Nucleation is either
instantaneous, with nuclei appearing all at once early on in
the process, or sporadic, with the number of nuclei increasing
linearly over time [15]. Growth can be linear (one dimen-
sion), plate-like (two dimensions) or spherical (three
dimensions). Indeed, the Avrami exponent may reflect the
different types of nucleation and growth [15, 16]; for
example, an exponent of n = 1 indicates linear growth from
instantaneous nuclei, whereas n = 2 represents plate-like
growth along two dimensions from sporadic nuclei, or one-
dimensional growth from instantaneous nuclei.

The Gompertz isothermal crystallization model has been
used to describe crystallization and seeding in a quantita-
tive manner, whereby experimental data are fitted using the
Gompertz equation

Fe=a, exp{— exp {?(i -1+ 1} }, (5)

g

where a, is the maximum value for the fraction of crystal
F., u is the growth rate (h™"), and 7 is the induction time
(h). Estimation of the parameter was performed by non-
linear regression using OriginPro 8.0 software (OriginLab
Corp., Northampton, USA).

Statistical Analysis

Fractionation and kinetics experiments were carried out in
duplicate, and all the results concerning fractionation pre-
sented herein correspond to averages of the two determi-
nations for each sample. Standard deviations not specified
in the paper are presented in the Supplementary Material.

Fig. 1 Course of high-oleic (a)
high-stearic sunflower oil
crystallization at 18 °C using
different amounts of high-
melting stearin powder for
seeding. a Fit of the
experimental data using the
Gompertz model. b Fit of the
experimental data using the
model of Avrami. Symbols
correspond to experimental data
and lines to equations resulting
from the application of each
model. Experiments were
carried out at 0% (filled squares,
solid line), 0.05% (filled
triangles, dashed line), 0.25%
(crosses, dash-dotted line),
0.5% (open circles, dash-double & ‘

0.15 A

0.10

Fc (w/w)

0.05

+- @
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DSC diagrams represent single determination of typical
fractions.

Results
Influence of Seeding According to the Gompertz Model

Crystallization assays were run isothermically at 18 °C
with the addition of different hard stearin seeding crystals.
The fraction of crystals in the suspension was monitored as
a function of time (Fig. 1a) when the percentage of added
hard stearin increased from 0% to 1% by weight. Increas-
ing the amount of seeding stearin reduced the activation
time prior to crystallization from 21.6 to 2.6 h (parameter 4
in Table 2). At the same time, the parameter u, which is
associated with the maximum rate of crystallization, was
reduced, ranging from 0.0038 to 0.0112 h™' (Table 2). The
final percentage of precipitate was also altered by seeding,
and accordingly, a, fell from 0.149 when no seeding was
applied to 0.1 in all other cases. The empirical data were
fitted well by the Gompertz sigmoidal kinetics, displaying
squared correlation coefficients up to 0.99 for this model.

Influence of Seeding According to Avrami’s Model

The data on the course of crystallization following the
addition of distinct amounts of seed stearin were fitted
using Avrami’s model; in this case, the squared correlation
coefficients ranged from 0.72 to 0.93 (Fig. 1b; Table 2).
The parameters resulting from this model showed that there
were two distinct of kinetic courses, one with an n coeffi-
cient close to 1 (following the addition of large amounts
seeding stearin) and another with an n coefficient above 2

(b)

Ln (-Ln (1-Fc))

dotted line), and 1% (filled 0.00
circles, dotted line) of stearin 0
seeding
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Table 2 Kinetic parameters obtained by fitting the Gompertz and Avrami models to the kinetics of crystallization (at 18 °C) of high-oleic high-
stearic sunflower oil with different proportions of stearin powder

Seeding (%) Gompertz Avrami

2 () p @™ ag (wiw) R Mexperimental no kx1000™ R
0.00 21.6 £ 1.8 0.0112 £+ 0.0018 0.149 =+ 0.006 0.9951 2.06 + 0.16 2 0.045 £ 0.013 0.9198
0.05 11.5 £ 0.1 0.0048 £ 0.0011 0.106 £ 0.005 0.9949 1.88 + 0.08 2 0.073 £ 0.002 0.7211
0.25 45+ 1.0 0.0038 £ 0.0003 0.106 £ 0.002 0.9967 1.15 £+ 0.04 1 1.300 £ 0.211 0.9235
0.50 3.8+ 0.6 0.0048 £ 0.0006 0.102 £ 0.001 0.9914 0.95 + 0.08 1 2.199 + 0.044 0.8904
1.00 2.6 £ 0.0 0.0052 £+ 0.0006 0.115 £ 0.010 0.9944 1.11 £ 0.01 1 2411 £ 0.302 0.9258

Data represent averages of two independent determinations

(little or no stearin addition). The values of the Avrami content of disaturated TAGs was considerably lower when
constant k increased with the addition of stearin, ranging  no seeding occurred (23.3%), although the final yield of
from 0.045 x 107 with no seeding to 2.411 x 107> h™  stearin was higher (15.5%). Addition of stearin powder
when 1% of solid stearin powder was added to the crys-  increased the proportion of SUS in the final solid fraction
tallizing suspension. to between 30% and 33%, albeit in association with lower
final yields (10-12%).
Influence of Seeding on Final Composition
Influence of Temperature in the Gompertz Model
The fractions finally obtained by dry fractionation of
HOHS sunflower oil following seeding with different per-  The influence of temperature on fractionation was studied
centages of high-melting-point stearin were analyzed for by applying 0.25% crystal seeding and running isothermal
their TAG composition (Table 3). Addition of seeding  kinetics at 17.5, 18, and 19 °C. When the Gompertz
crystals did not alter the composition of the final liquid  equation was fitted to the experimental data, the squared
fractions or oleins, all of which displayed similar SUS  correlation coefficients were higher than 0.99, indicating
content of around 6%. However, seeding did have an  that crystallization was fitted well by sigmoidal kinetics
impact on the composition of the stearins. Thus, the final (Fig. 2a; Table 4). Lower temperatures accelerated the

Table 3 Triacylglycerol composition of final fractions resulting from dry fractionation at 18 °C of high-oleic high-stearic oil using different
proportions of stearin powder for seeding

Seeding (%) Triacylglycerols (% w/w) Yield (%)

POP POSt POO POL StOSt StOO OOO StOL OOL OLL StOA OOA StOB OOB SUS

Stearins
0.00 0.5 4.6 6.6 0.5 142 272 307 26 33 0.7 2.0 2.0 2.0 3.1 233 1554+04
0.05 05 58 5.7 04 209 240 264 22 3.0 0.4 3.0 1.8 3.1 2.7 334 102 +£0.6
0.25 04 52 5.9 0.5 19.1 248 270 23 33 0.9 2.8 1.9 3.0 2.9 305 11.0+£0.8
0.50 05 52 54 0.5 20.8 25.0 260 2.1 2.9 0.8 2.8 1.8 3.1 2.9 324 107 +04
1.0 05 53 5.5 04 205 239 256 24 34 0.9 3.0 1.9 3.6 32 328 124+ 1.1
Oleins
0.00 04 22 8.1 0.7 22 326 380 3.1 44 0.8 0.5 2.5 0.6 39 57 845+04
0.05 04 22 8.3 0.7 2.3 325 381 3.1 44 0.7 0.4 2.5 0.8 35 6.1 89.8 0.6
0.25 04 22 8.3 0.8 2.3 323 373 30 4.6 1.2 0.8 2.5 0.7 3.6 6.4 89.1 £0.8
0.50 03 20 7.7 0.7 26 331 374 32 43 0.8 0.5 2.6 0.9 4.0 6.2 894 +04
1.00 03 20 7.6 0.8 22 324 369 3.1 5.0 1.0 0.7 2.6 1.0 44 6.2 87.6 £+ 1.1

Stearin compositions are corrected to take into account the presence of the seeding crystals, which were supposed to remain in the solid fraction.
Triacylglycerols are denoted by three symbols; corresponding to the fatty acids esterified at positions 1, 2 and 3. Peaks accounting for <0.1% of
total triacylglycerols were not integrated. Data represent averages of two independent determinations

P palmitic, O oleic, St stearic, L linoleic, A arachidid, B behenic, SUS total disaturated triacylglycerols
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Fig. 2 Course of high-oleic (a)
high-stearic sunflower oil
crystallization at different
temperatures with 0.25%
seeding. a Fit of the Gompertz
model to the experimental data.
b Fit of the Avrami model to the
experimental data. Symbols
correspond to experimental
data, and lines correspond to
equations resulting from
applying each model.
Experiments carried out at

17.5 °C (filled squares, solid
line), 18 °C (filled triangles,
dashed line), and 19 °C
(crosses, dotted line)

Fec (w/w)

Time (h)

process of crystallization, giving rise to higher maximum
crystallization rates (i values). In addition, the final
recovery of the solid phase also augmented at lower tem-
peratures, ranging from 0.184 at 17.5 °C to 0.010 at 19 °C.

Influence of Temperature in the Avrami Model

The fit of the Avrami model to the dry fractionation curves at
different temperatures was also assessed (Fig. 2b; Table 4).
When the Avrami equation was fitted to the experimental data,
the logarithmic representations gave rise to a series of lines
with similar slopes, corresponding to Avrami exponent of 1.
The lines corresponding to the different temperatures gener-
ated a constant k that decreased with temperature, ranging
from 1.77 x 107> at 17.5 °C to 1.26 x 10> at 19 °C.

Influence of Temperature on the Composition
of the Final Fraction

The temperature of fractionation also influenced the final
fractions obtained after filtration of the final product.

(b)

-2
=
-
5

-4 3 .

. T XX 4
|
1 -6 1
100 0

Ln ()

Lower crystallization temperatures gave rise to higher
stearin yields (Table 5), ranging from 17.8% to 9.4% in the
temperature interval studied. This increment in yield was
associated with slightly higher recovery of total SUS from
the liquid phase but which diminished in the final oleins
from fractionation at lower temperatures (6%), increasing
to 7.2% when fractionation was performed at 19 °C.
Moreover, the fractionation temperature altered the SUS
content of the final stearins, which were richer in SUS
when they were obtained at higher temperatures. The
stearin with the highest disaturated TAG content was that
obtained at 19 °C (33.9%), whereas that obtained at
17.5 °C contained 23.8% of these TAG species.

DSC Analysis of the Different Stearins

The stearins obtained by dry fractionation were analyzed
by DSC, and their melting profiles were compared with
those of the initial oil and of cocoa butter (Fig. 3). The
percentage of solids calculated at temperatures between 25
and 40 °C was higher in the stearins containing a higher

Table 4 Kinetic parameters from the fits of the Gompertz and Avrami models to the crystallization kinetics for high-oleic high-stearic sunflower

oil at different temperatures (0.25% seeding)

Temperature (°C) Gompertz Avrami

2 () ph™h ag (Wiw) R Mexperimenal 1k x 10° (h™") R
17.5 6.8 £ 0.7 0.0093 £ 0.0003 0.184 £ 0.002 0.9977 1.29 + 0.16 1 1771 £ 8 x 107* 0.9603
18.0 45+10 0.0038 £ 0.0003 0.106 £ 0.001 0.9967 1.15 £ 0.04 1 1.300 £ 0.211 0.9235
19.0 6.7+ 13 0.0025 £ 0.0000 0.010 & 0.010 0.9981 1.02 £ 0.12 1 1264 +£7 x 107* 0.9551

Data represent averages of two independent determinations
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Table 5 Triacylglycerol composition of the final fractions resulting from dry fractionation of high-oleic high-stearic sunflower oil at different

temperatures and 0.25% seeding

Temperature (°C) Triacylglycerols (%, w/w) Yield (%)
POP POSt POO POL StOSt StOO OOO StOL OOL OLL StOA OOA StOB OOB SUS

Stearins
17.5 0.5 46 6.6 06 139 267 295 24 40 09 23 2.1 2.5 34 23.8 178 £ 0.5
18.0 04 52 59 05 190 249 271 23 33 09 28 1.9 3.0 2.9 304 109 +0.8
19.0 05 5.6 57 05 215 235 256 21 3.0 1.0 3.1 1.8 3.1 2.8 339 94 +07

Oleins
17.5 04 2.1 8.1 0.7 23 325 368 32 4.9 1.0 0.7 2.5 0.7 4.0 6.2 822405
18.0 04 22 83 038 23 323 373 30 4.6 1.2 08 2.5 0.7 3.6 64 89.1 +£0.8
19.0 04 23 8.1 0.8 26 319 365 29 4.9 14 1.0 24 0.9 3.8 7.2 90.6 £0.7

Stearin compositions are corrected to account for the presence of the seeding crystals, which were supposed to stay in the solid fraction

Amount of solids (%)

Temperature

Fig. 3 Melting profiles obtained by differential scanning calorimetry
of high-oleic high-stearic oil (1, solid line) and different stearins
obtained by dry fractionation of the oil. These stearins accounted for
23.8% (2, dashed line), 30.4% (3, dash-dotted line), and 33.9% (4,
dash-double dotted line) of disaturated triacylglycerols. The melting
profile of cocoa butter (5, dotted line) is also presented

proportion of disaturated TAGs. Moreover, there were
more solids than in the initial oil, although there were far
less solids than observed in cocoa butter (CB).

Discussion

Dry fractionation of fats rich in saturated fatty acids has
become important industrially, making large-scale pro-
duction of a broad variety of fatty food products possible,
mainly from palm and palm kernel oils. Although the
conditions under which fats rich in either palmitic or lauric
fatty acids can be fractionated industrially have been well
defined, there is little information about dry fractionation
of oils rich in stearic acid. HOHS sunflower oil is a source
of stearic-acid-rich disaturated TAGs such as StOSt,

appropriate for CBE formulation (Table 1). Thus, it was
possible to produce high-melting-point stearins from such
oil by solvent fractionation with hexane [8]. However, this
is an expensive process in terms of initial and operational
costs, and thus, dry fractionation is the preferred method to
produce fractions enriched in saturated fatty acids indus-
trially, avoiding the need to add solvents to the initial oil.
Therefore, the possibility of using dry fractionation to
obtain high-melting-point stearins from HOHS sunflower
oil was studied in this work. The most important step in
this process involves induction of selective crystallization
of the most saturated TAGs present in the initial oil,
allowing them to be separated by physical means.

The main kinetic aspects of the fat crystallization stud-
ied were the impact of adding seeding nuclei and the
temperature of fractionation. The progress of crystalliza-
tion was monitored as a function of the F. in the suspen-
sion, which was calculated by filtering the crystal
suspension and analyzing the fractions obtained at different
times. The apparent percentage of crystallized fat was
determined as the balance of disaturated TAGs in the
resulting fractions, and the experimental data obtained
were fitted using the Gompertz and Avrami models.

Seeding was achieved by adding a powder of high-
melting-point stearin produced by hexane fractionation [8].
This stearin contains up to 75% SUS and is stable in sus-
pension when added to HOHS oil at the temperatures used
for crystallization. Preliminary studies of HOHS oil frac-
tionation using 16.5% of stearic acid indicated that the
temperature interval at which crystallization occurs is rel-
atively narrow. Thus, at temperatures below 17 °C the
crystalline fraction was too large and difficult to filter,
while at temperatures above 19 °C very few filterable
crystals were produced. Thus, the seeding assays were run
at 18 °C, where the addition of increasing amounts of
seeding crystals altered the pattern of crystallization in the
HOHS sunflower oil.
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The Gompertz model allows the kinetics of crystalliza-
tion to be parameterized in terms of the activation time (1),
maximum crystallization rate (u), and the final proportion
of crystallized fat (ag) [17]. The fit of this model to the
experimental data was excellent, and in all cases, the
squared correlation coefficient was always as high as 0.99
(Fig. la; Table 2). When no seeding was applied, the
induction times were longer, giving rise to higher A values.
Furthermore, the maximum rate of crystallization (u) was
the highest. This kinetic profile indicated that the time
necessary to form nuclei increased the activation time
when no seeding was applied, but once formed, they
induced more rapid formation of crystallized fat. This
phenomenon may reflect the larger number of active nuclei
in such conditions than in the other assays. In such cir-
cumstances, the final amount of crystallized fat was also
maximal, although it contained the lowest proportion of
SUS. This compromise is consistent with the lower speci-
ficity of crystallization when growth is based on a large
number of nuclei that yield elevated proportions of smaller
crystals that are difficult to filter. Adding larger amounts of
seeding crystals induced lower A and p values, as well as
decreased stearin content despite the higher SUS content
(Table 3). A similar amount of disaturated TAGs was
found in the final olein fractions, indicating that the final
recovery of these TAG species from the initial oil was
independent of seeding. Thus, we conclude that the addi-
tion of high-melting-point stearin powder for seeding does
not change the total time required for crystallization
(Fig. 1a), but rather, it made this process more selective.
Accordingly, stearins with higher saturated fatty acid
contents can be produced, being easier to filter. It is also
notable that the Gompertz model very closely described the
progress of HOHS oil crystallization in isothermal condi-
tions and thus could serve to simulate this process accu-
rately for future industrial scaling.

The changes in the mechanism of crystallization induced
by seeding are better described by fitting the model of
Avrami to the experimental data. This model was initially
used for crystallization of metals, and it is theoretically
based on spherical growth of crystal nuclei [18]. However,
the Avrami equation has already been successfully applied
to other systems such as oils and fats [19, 20]. This model
describes crystallization through the index of crystalliza-
tion n, whereas the Avrami constant k is a function of the
nucleation and crystallization rates [15]. The fit of the
Avrami equation to the experimental data resulted in two
groups of lines depending on the percentage of seeding
crystals added. The kinetics in the absence of seeding, or
when little seeding stearin is added, produces lines with
slopes twice those found in experiments with a higher
proportion of seeding. The Avrami parameters were
obtained for each fit, and experiments run at 0% and 0.05%

&\ Springer ANOCS &

seeding displayed Avrami coefficients close to 2, a value
that corresponds to a mechanism based on spontaneous
nucleation and linear crystal growth. By contrast, the
exponents for higher seeding proportions grouped around a
value of 1, in agreement with a mechanism based on
instantaneous nucleation and linear growth. This means
that the amount of seeding stearin necessary to induce a
change in the mechanism of crystallization is between
0.05% and 0.25%. Moreover, the Avrami constant
k increased with addition of more seeding stearin.

The influence of temperature on the crystallization of
HOHS sunflower oil was studied by monitoring the kinetics
of crystallization at three temperatures within the range
where specific crystallization was possible; 0.25% of
seeding stearin was shown to be the minimum amount that
influenced crystallization. The Gompertz and Avrami
models were fitted to the experimental data, and according
to the parameters resulting from the former model, no
differences in activation time were found (Table 4), prob-
ably due to the consistent use of seeding. However, tem-
perature exerted a clear influence on the final crystal
content of the suspension (ay) and on the crystallization
rate (1). Thus, at lower crystallization temperatures, the
amount of precipitate recovered increased from 9.4% at
19 °C to 17.8% at 17.5 °C (Table 5), and so did the rates,
which ranged from 0.0025 to 0.0093 h! (Table 4). When
the Avrami equation was fitted to the experimental data,
the temperature appeared not to induce a change in the
mechanism within the range studied, since the Avrami
exponent was the same in all experiments. By contrast, the
Avrami constant increased at lower crystallization tem-
peratures. With regard to the composition of the final
fractions, the stearin yield was inversely proportional to the
SUS content (Table 5). Thus, these TAGs accounted for
23.8% of the precipitate obtained at 17.5 °C, increasing to
33.9% at 19 °C. Furthermore, the SUS content was lower
in oleins resulting from fractionation at lower temperatures,
indicating that the recovery of high-melting-point TAGs in
the stearin was greater when crystallization was run at
these conditions.

In studying the crystallization kinetics of HOHS sun-
flower oil, we assessed the melting profiles of the resulting
stearins by DSC and compared them with those of CB
(Fig. 3). Indeed, the amount of solid stearins obtained by
dry fractionation in the temperature range from 15 to 30 °C
reflected their content of disaturated TAG species. Unlike
CB, all sunflower stearins displayed broad melting inter-
vals, and the fractions containing higher proportions of
SUS had higher solid content, although not as high as the
solid content of CB. In this regard, the stearins obtained by
dry fractionation contain less disaturated TAGs than most
stearins obtained by solvent fractionation [8], and thus,
they contained less solids at the temperatures studied here.
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Nevertheless, these results indicate that a single step of dry
fractionation is insufficient to produce stearins with a
melting profile similar to that of CB, although it could be
useful to enrich the initial oil in disaturated TAGs, which
could be interesting within a multistep industrial process.

Conclusions

It was possible to fractionate HOHS sunflower oil without
the addition of any solvents. The crystallization kinetics
could be monitored and fitted well by the Gompertz and
Avrami models. The addition of high-melting-point stearin
powder induced changes in the nucleation mechanism,
decreasing the total time and the selectivity of crystalli-
zation, which improved the performance of filtration and
the fractionation process as a whole. To improve this
process, between 0.05% and 0.25% w/w seeding stearin
had to be added, and fractionation was also influenced by
temperature. The range of temperatures for which disatu-
rated TAGs were specifically precipitated was narrow, and
lower temperatures accelerated the rates of crystallization
and increased the recovery of disaturated TAGs from the
initial oil. By contrast, higher temperatures gave rise to
stearins enriched in saturated fatty acids. Stearins yielded
by dry fractionation of HOHS oils have broad melting
profiles and cannot be used for CBE formulation. However,
dry fractionation of that oil is efficient in producing frac-
tions enriched in saturated fatty acids and could be used to
produce different fat products (structured fats, spreads), or
as an intermediate step in production of high-melting-point
stearins appropriate for confectionery fat formulation.
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