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ABSTRACT

Fractionation of milk fat by short-path distillation
changes the chemical composition and physical proper-
ties of the resulting fractions. Increases in distillation
temperature from 125 to 250°C increased distillate
yield from 0.3 to 42.7% (wt/wt). The distillate was en-
riched in short- and medium-chain fatty acids and low
molecular weight acylglycerols, while the retentate was
enriched in long-chain saturated and unsaturated fatty
acids as well as high molecular weight acylglyerols. As
distillation temperature increased, dropping points of
the distillate increased. Relative to native milk fat, the
solid fat content (SFC) vs. temperature melting profile
of the distillate was depressed and that of the retentate
was augmented, which correlated with the saturated
long-chain fatty acid content in the fractions. Retentate
crystallization parameters obtained by fitting the
Avrami model to SFC—time data, did not change as a
function of distillation temperature, but varied as a
function of the degree of undercooling. Changes in mi-
crostructure observed by polarized light microscopy
also appeared to be solely a function of the degree of
undercooling, with no observable differences between
retentates obtained at the different distillation temper-
atures. In addition, no changes in the retentate’s free
energy of nucleation (ΔGc) as a function of distillation
temperature were found. The compressive storage mod-
ulus of the crystallized retentate increased as a function
of increasing distillation temperature.
(Key words: fractionation, milk fat, short-path distilla-
tion, crystallization)

Abbreviation key: AG = acylglycerol, ΔGc = free en-
ergy of nucleation, SFC = solid fat contact, TAG = tria-
cylgycerol.

INTRODUCTION

Milk fat is a very important commodity to the dairy
industry. Its image as a natural product, and its organo-
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leptic attributes, nutritional value, and functional prop-
erties make it suitable for numerous food applications
(Boudreau and Arul, 1993; Rajah, 1994). Possessing a
unique fatty acid profile, milk fat has the most complex
chemical composition of all natural fats. This fatty acid
composition is highly variable and is influenced by fac-
tors such as lactation stage, season, breed of cow, feed
source, and region (Deffense, 1993; German and Dil-
lard, 1998). More than 400 fatty acids, ranging from 4
to 28 carbon numbers, are present in milk fat (Jensen
et al., 1991), of which approximately 70% are saturated
fatty acids (Banks, 1991; German and Dillard, 1998).
The two most abundant fatty acids in milk fat are the
long-chain C16:0 and C18:1 (Banks, 1991). Appreciable
amounts of shorter chain fatty acids (C4–C10) are also
present (Nawar, 1996), contributing up to 10% of the
fatty acid composition (Banks, 1991). Small amounts of
branched and odd-numbered acids, dienes and trienes,
hydroxy, and cyclic structures have also been identified
(Nawar, 1996; Jimenez-Flores, 1997). With such an
array of fatty acids, there is the potential to create up
to 6 million different triacylglycerols (TAG) (Jimenez-
Flores, 1997; van Aken and ten Grotenhuis, 1999). The
distribution of fatty acids on the glycerol backbone of
the TAG, however, is not random. Fatty acids are dis-
tributed in milk TAG asymmetrically with most of the
short-chain fatty acids (C4–C10) at the sn-3 position
(Jensen et al., 1991). A mixture of TAG with molecular
weights ranging from 470 to 890 and 24 to 54 carbon
numbers have been identified in milk fat (Boudreau
and Arul, 1993).

The physical state and plastic properties of edible
fats derive from both the molecular structure of the
TAG and their crystal history. Milk fat is self-standing
at room temperature and has a broad melting range
between −40°C and 40°C (Boudreau and Arul, 1993).
The solid and liquid phases coexist and the solids melt
gradually in this broad temperature range. These fac-
tors are essential to the functionality of milk fat as a
plastic and spreadable fat (German and Dillard, 1998).
Even with these unique physical characteristics, milk
fat is not suitable for a number of food applications and
has limited functionality.

Driven by the industrial demand to achieve a predict-
able and reproducible functionality, the separation of
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milk fat into various fractions with unique functional
properties has been explored (Dimick et al., 1996). Frac-
tionation involves the modification of the solid-liquid
balance of fat (Hamm, 1995) based on differences in
molecular weight, melting temperatures, volatility, and
intermolecular interaction energy of the constituent
TAG (Arul et al., 1988). Through the removal of a small
quantity of high-melting (more saturated) TAG, milk
fat is separated into a hard fraction or stearin and a
liquid fraction or olein (Rajah, 1996; German and Dil-
lard, 1998). The resulting fractions possess a narrower
compositional range and, therefore, different physical
properties (Hamm, 1995). The fatty acid composition
of milk fat fractions is similar to that of native milk
fat, yet some differences are found in the constituent
TAG (German and Dillard, 1998). Heavier saturated
TAG are almost completely removed from oleins,
whereas they are concentrated in stearins. Lighter sat-
urated TAG are reduced in stearins but remain un-
changed in oleins. Monounsaturated TAG show the
same trend, while diunsaturated TAG of high molecular
weight are enriched in the oleins (Deffense, 1993). Dif-
ferences in composition between fractions depend on
how much liquid is entrained in the solid crystalline
network, and the fact that short-chain fatty acids can-
not be completely separated from long-chain fatty acids
because they are attached to the same glycerol molecule
(German and Dillard, 1998).

Different types of fractionation processes have been
developed, which include melt, solvent, and detergent
fractionation, supercritical fluid extraction and short-
path distillation. The most common process is cold or
dry fractionation, in which the separation of TAG takes
place on the basis of their melting points (Deffense,
1993; Dimick et al., 1996; Breitschuh, 1998; German
and Dillard, 1998). Solvent (Boudreau and Arul, 1993;
Breitschuh, 1998; Marangoni and Lencki, 1998; Hartel,
2001) and detergent fractionation (Hamm, 1995; Rajah,
1996) also takes place on the basis of melting points, but
with the use of a solvent (i.e., acetone) or a surfactant
solution to facilitate the separation of the fractions. In
supercritical fluid extraction, separation is based on the
solubility of the lipid species (Boudreau and Arul, 1993;
Rajah, 1994; Hamm, 1995; Rizvi and Bhaskar, 1995),
while in short-path distillation the separation takes
place as a result of the volatility of the lipid constituents
(Arul et al., 1998).

Short-path distillation involves the volatilization of
molecules into a substantially gas-free space, e.g., vac-
uum. The controlling factor is the rate at which the
molecules escape from the heated surface of the distill-
ing liquid and are received by the cooled condenser
surface. Contrary to other techniques, in short-path
distillation there is a gradual increase in concentration
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of unsaturated long-chain fatty acids in the solid frac-
tion (Arul et al., 1998). This technique also allows for
the removal and isolation of vitamins, sterols, mono-
and diacylglycerols, fatty acids, and flavor compounds
(Rahaj, 1994; Jimenez-Flores, 1997; Arul et al., 1998).
Short-path distillation effects a very high degree of mo-
lecular weight separation, which offers an excellent op-
portunity to obtain fractions with distinctive chemical
and physical properties without involving the addition
of foreign compounds to the native milk fat (Arul et
al., 1998).

The purpose of this work was to assess the potential
of short-path distillation as a possible fractionation tool.
A systematic study on the composition and physical
properties of fractions obtained with this technology at
different distillation temperatures is presented.

METHODS AND MATERIALS

Fractionation Apparatus and Conditions

Short-path distillation was carried out using a Pope
2-inch diameter laboratory wiped-film, short-path mo-
lecular still (Pope Scientific Inc., WI). An RV3 rotary
vane pump connected in series to a Diffstak Mk2 diffu-
sion pump (Edwards High Vacuum International,
Manor Royal, UK) provided the required vacuum.

Before the actual distillation run, 500 g of molten
milk fat were filtered through a Whatman #1 filter pa-
per in a heated Buchner funnel, and was then degassed
by passing the molten fat through the Wiped-Film Still
at 100°C at a pressure of 80 millitorr. Actual distillation
runs were then performed at a constant flow rate of 9.8
g/min, at a pressure of 8 to 14 millitorr, and blade
rotation speed of 20 on the dial. Under these conditions,
fractionations were performed at temperatures of 100,
125, 150, 175, 180, 185, 190, 195, 200, 225, and 250°C.
The distillate and retentate were collected, weighed,
and stored at 5°C for the duration of the study.

Lipid Composition

Acylglycerol (AG) composition, in terms of carbon
number, was determined by gas-liquid chromatography
using a Shimadzu GC-8A (Shimadzu Corp., Tokyo, Ja-
pan) and a flame-ionization detector operated at 360°C
as previously described (Rousseau et al., 1996). Deriva-
tization of the samples to fatty acid methyl esters was
performed (Bannon et al., 1985) and fatty acid composi-
tion determined with a Shimadzu GC-8A gas-liquid
chromatograph (Shimadzu Corporation, Tokyo, Japan).
Fatty acid separation was carried out with a 1.5-m glass
column packed with 10% Silar ACP on acid-washed 80–
100 mesh Chromosorb W. The temperature program
used was 60 to 210°C at 8°C/min. The injector port
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and detector were operating at 230°C. Response factors
were applied for fatty acid analysis as described by
Bannon et al. (1985).

Melting Behavior

Dropping points were measured with a model FP83
Mettler DP apparatus (Mettler, Zurich, Switzerland).
Fully melted samples (80°C for 30 min) were introduced
into prechilled sample holders and held at −10°C for
1 h before measurements. A heating rate of 1°C/min
was employed.

Solid fat content (SFC) was measured by pulsed nu-
clear magnetic resonance with a Bruker PC20 Series
NMR analyzer (Bruker, Milton, ON, Canada) according
to AOCS official method Cd 16-81 (AOCS, 1983). All
retentate samples were held at 80°C for 30 min before
analysis to eliminate crystal history.

Kinetics of Crystallization

Crystallization kinetics were characterized at 5, 10,
15, 20, 23, and 25°C. Retentate samples acquired at
each distillation temperature were melted in NMR
tubes at 80°C for 30 min. Crystallization curves were
obtained at each of the aforementioned temperatures
by placing the tubes in water baths and taking SFC
readings at appropriate time intervals. The crystalliza-
tion curves were fitted to the Avrami equation by least
squares nonlinear regression (Marangoni, 1998) using
GraphPad Prizm 3.0 (GraphPad Software Incorpo-
rated, San Diego, CA). The Avrami equation (Avrami,
1939) is applied to fat systems as:

SFC(t)
SFC∞

= 1 − e−ktn

where SFC(t) and SFC∞ are the SFC (%) at time t and
the maximum SFC after crystallization was completed,
respectively. Fitting the SFC data as a function of time
to this model allows for the determination the Avrami
parameters, which provide information on the nature
of the crystallization process. The Avrami constant (k),
represents the crystallization rate constant. The
Avrami exponent or index of crystallization (n), indi-
cates the crystal growth mechanism. This index is a
combined function of time dependence of nucleation and
the number of dimensions in which growth takes place
(Sharples, 1966; Wright et al., 2000).

Induction times (τ) of crystallization were determined
by extrapolating from the linearly increasing portion
of the SFC curve to the time axis. Half-times of crystalli-
zation that reflect the magnitudes of the rate constants
were also used to characterize crystallization kinetics.
They were calculated using the following relationship:
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⎜
⎝

0.693
k

⎞
⎟
⎠

1/n

Using τ, the apparent free energies of nucleation
(ΔGc) were determined at each temperature. ΔGc de-
pends on the degree of undercooling, which can influ-
ence polymorphic form and microstructure. With suffi-
cient undercooling, a melt becomes supersaturated and
nucleation occurs resulting in a lowering of the overall
free energy of the system. The free energy of nucleation
was calculated using the Fisher-Turnbull and Gibbs-
Thompson equations as described in previous studies
(Wright et al., 2000).

Microstructure

A small droplet (about 10 μl) of melted retentate sam-
ple with crystal history erased was placed on a pre-
heated (at 80°C) glass slide, using a preheated capillary
tube. A preheated glass coverslip was carefully placed
over the sample to produce a film of uniform thickness.
The slides were then placed directly into incubators
and allowed to crystallize statically at temperatures of
5, 21, and 25°C. Following storage for 24 h, samples
were imaged on a temperature-controlled microscope
stage (Linkam Scientific Instruments, Surrey, UK).
When viewed by polarized light microscopy on an Olym-
pus BX60 light microscope (Olympus America Ltd.,
Melville, NY) the birefringent solid microstructural ele-
ments of the network could be directly observed. Digital
images were acquired via a black and white SenSys
array camera (Photometrics Ltd., Trenton, NJ) and PCI
video capture board (Photometrics Ltd.). From these
images, qualitative observations about the resulting
crystal network could be made.

Rheology

Small deformation rheological testing was performed
using a DMA7 dynamic mechanical analyzer (Perkin
Elmer, Wellesley, MA) with a 10-mm diameter parallel
plate geometry. Retentate samples acquired at each
distillation temperature were melted to erase crystal
history, then transferred into molds prechilled to 5°C
producing cylindrical test samples 10 mm in diameter
and 6 mm in height. These samples were stored at 5°C
for 24 h before analysis and analyzed at 5°C. Dynamic
stress sweeps were carried out from 1000 to 10,000 Pa
with a static force of 1000 Pa at a frequency of 1 Hz.
The compressive storage modulus (E′) was determined
from the linear viscoelastic region.

RESULTS AND DISCUSSION

Milk fat was fractionated by short-path distillation
at different fractionation temperatures yielding a distil-
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Figure 1. Yield (w/w) of distillate obtained at various distilla-
tion temperatures.

late and a residual retentate. Distillate yields obtained
under the different distillation conditions are shown in
Figure 1. No separation was obtained at 100°C, 125°C
being the minimum temperature at which fractionation
was evident. Distillate yield increased exponentially
from 0.3 to 42.7% in the temperature range 125 to
250°C.

Chemical Composition

The fatty acid profile of the distillate and retentate
obtained at different fractionation temperatures, along
with that of native milk fat, are reported in Tables 1
and 2. A higher concentration of short (C4 to C8) and
medium-chain fatty acids (C10 to C15), and a lower
concentration of long-chain fatty acids (C16 to C22) was

Table 1. Fatty acid composition (% area) of native milk fat and distillate obtained by short-path distillation
at different distillation temperatures.

Distillation temperature (°C)
Fatty Milk
acid fat 125 150 175 180 185 190 195 200 225 250

4:0 3.3 4.4 10.7 7.7 12.5 9.5 9.7 7.5 9.0 8.1 4.8
6:0 2.6 3.1 7.1 4.7 7.4 5.3 5.7 4.6 5.1 4.8 3.4
8:0 1.5 2.2 5.6 3.5 5.5 3.7 4.1 0.1 3.6 2.9 2.0

10:0 3.3 4.6 9.3 6.8 9.4 7.1 7.6 7.9 7.0 5.5 4.0
12:0 3.5 5.1 8.0 6.3 8.2 7.4 0.1 8.3 7.0 5.7 4.3
14:0 10.8 13.0 15.1 14.1 14.3 16.3 16.9 17.8 16.0 14.4 12.4
14:1 1.8 2.1 1.7 1.9 1.7 1.8 2.0 2.1 1.8 1.9 1.9
15:0 1.3 1.6 1.5 1.6 1.7 1.6 1.8 1.7 1.6 1.4 1.4
16:0 27.6 25.2 21.6 24.4 21.7 28.7 30.7 30.3 26.7 27.8 28.8
16:1 2.9 2.8 2.0 2.4 1.9 2.2 2.4 2.3 2.3 2.6 2.8
18:0 11.0 8.5 4.1 6.7 4.0 4.8 5.6 5.1 5.5 6.7 9.1
18:1 25.1 20.7 10.5 15.7 9.1 9.9 11.5 10.5 12.0 15.3 20.5
18:2 3.2 2.9 1.6 2.1 1.4 1.0 1.2 1.1 1.5 1.9 2.7
18:3 0.8 1.8 0.7 1.4 0.8 0.4 0.5 0.4 0.5 0.5 1.0
20:0 1.1 2.0 0.4 0.7 0.3 0.3 0.3 0.3 0.5 0.4 1.0
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observed in the distillate relative to native milk fat as
shown in Figure 2. The opposite trend was observed in
the retentate, although the effects were not as dramatic.
At all fractionation temperatures, the retentate was
enriched in unsaturated fatty acids and depleted in
saturated fatty acids relative to the distillate. The ob-
served trends in fatty acid composition of the fractions
agree with those reported by other authors in that
higher melting fractions obtained by other fractionation
methods, such as dry and solvent fractionation, are
depleted in short-chain fatty acids and enriched in long-
chain fatty acids (Deffense, 1993; Breitschuh, 1998; van
Aken et al., 1999). However, in contrast to other frac-
tionation processes, the level of unsaturated fatty acids
in the heavy fraction (retentate) obtained by this frac-
tionation technology is higher than in the distillate
(light fraction) as reported by Arul et al. (1988). This
highlights the differences in the nature of the separa-
tion process.

The AG composition (acyl carbon numbers) of both
the retentate and the distillate obtained at different
fractionation temperatures are presented in Tables 3
and 4. At all fractionation temperatures, the distillate
had a higher concentration of low molecular weight
AG (C18 to C34) than the retentate. The opposite was
observed for high molecular weight AG (C42 to C54).
The retentate had a higher concentration of high molec-
ular weight AG than the distillate at all temperatures.
The distillation temperature was found to affect the AG
composition of the resulting fractions. At 125°C, over
80% of the AG present in the distillate are of low molecu-
lar weight (C18 to C34), including some that are absent
in the retentate (C18 to C22). Figure 3 shows that as
the fractionation temperature increases, the concentra-
tion of low molecular weight AG (C18 to C34) in the
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Table 2. Fatty acid composition (% area) of native milk fat and retentate obtained by short-path distillation
at different distillation temperatures.

Distillation temperature (°C)
Fatty Milk
acid fat 125 150 175 180 185 190 195 200 225 250

4:0 3.3 3.3 3.3 2.4 4.4 1.8 3.1 2.5 3.0 2.0 1.0
6:0 2.6 2.5 2.5 1.9 3.3 2.0 2.4 2.1 2.3 2.0 1.3
8:0 1.5 1.5 1.5 1.2 2.0 1.3 1.4 1.4 1.4 1.3 1.0

10:0 3.3 3.3 3.2 2.8 4.2 3.1 3.2 3.1 3.1 2.9 2.7
12:0 3.5 3.6 3.5 3.3 4.5 3.8 3.9 3.8 3.4 3.1 3.1
14:0 10.8 11.0 10.8 10.7 12.3 11.9 11.9 11.9 10.7 10.0 10.2
14:1 1.8 1.8 1.8 1.8 2.0 2.0 2.0 2.0 1.8 1.8 1.8
15:0 1.3 1.2 1.2 1.3 1.3 1.4 1.4 1.4 1.2 1.2 1.2
16:0 27.6 28.0 27.8 28.0 30.6 32.7 31.8 32.4 27.8 26.9 27.3
16:1 2.9 2.9 2.9 3.0 2.7 3.0 2.9 2.9 3.0 3.1 3.1
18:0 11.0 10.9 11.0 11.4 9.3 10.7 10.0 10.5 11.4 11.9 12.4
18:1 25.1 25.2 25.7 26.0 20.0 22.6 22.1 22.3 26.3 28.1 29.0
18:2 3.2 3.1 3.2 3.6 2.0 2.3 2.3 2.3 3.2 3.6 3.6
18:3 0.8 0.8 0.9 1.2 0.6 0.7 0.7 0.7 0.8 1.0 0.9
20:0 1.1 0.9 0.8 1.4 0.7 0.9 0.8 0.9 0.9 1.1 1.2

distillate decreases significantly until they account for
less than 20% of the total AG at 250°C. The concentra-
tion of medium- (C36 to C40) and high- (C42 to C54)
molecular weight AG decreases in distillates obtained
at fractionation temperatures up to 150°C, followed by
an enrichment at higher temperatures. The AG compo-
sition of the retentate was also affected by the distilla-
tion temperature, although not as dramatically as the
distillate. The retentate was enriched in high molecular
weight AG (C42 to C54) and depleted in medium- (C36
to C40) and low molecular weight AG (C24 to C34) as
the distillation temperature increased. At fractionation
temperatures of 175°C and higher, 54-carbon AG be-
came evident in the retentate. Under our analytical
conditions, these AG were not detected in the retentate
at lower distillation temperatures.

Melting Behavior

As reported by other research groups, fractionation
processes render a heavy fraction with high melting

Figure 2. Fatty acid composition (area %) of the distillate (A) and retentate (B). Short-chain fatty acids (C4 to C8) �, medium-chain
fatty acids (C10 to C15) �, long-chain fatty acids (C16 to C20) �. Symbols at 100°C correspond to the composition of native milk fat.
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point relative to that of native milk fat, and a light
fraction with a low melting point (Deffense, 1993;
Krishnamurthy and Kellens, 1996; Arul et al., 1998).
The thermal properties of the resulting fractions, mea-
sured in terms of dropping point, are shown in Figure
4. A slight increase in the dropping point of the samples
was observed as the distillation temperature increased.
The dropping point of the distillate is about 16°C for
fractions distilled below 225°C. At 250°C, a major in-
crease to 27.9°C was observed. The retentate, on the
other hand, had higher dropping points (roughly 35°C)
at all fractionation temperatures.

Figure 5A shows the melting profile of distillates ob-
tained at different fractionation temperatures as well
as that of native milk fat. The melting profile of the
distillate approaches that of native milk fat as the dis-
tillation temperature is increased. In general, the SFC
of distillates are lower than those of native milk fat in
the temperature range 0 to 40°C. As seen on Figure
5B, the SFC of the retentates are higher than that of
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Table 3. Acylglycerol composition (% area) of native milk fat and distillate obtained by short-path distillation
at different distillation temperatures.

Acyl Temperature of fractionation (°C)
carbon Milk
number1 fat 125 150 175 180 185 190 195 200 225 250

18 0.0 28.6 0.0 5.2 6.1 0.6 0.0 1.2 0.0 0.0 0.0
20 0.0 33.2 3.7 8.6 0.0 1.3 0.0 2.3 1.0 0.0 0.0
21 0.0 2.6 6.0 1.9 2.8 0.5 0.8 0.7 0.3 0.0 0.0
22 0.0 1.6 8.2 2.5 3.9 1.3 1.9 1.1 1.1 0.7 0.3
24 0.7 1.5 38.7 4.4 4.7 1.8 2.6 1.3 1.6 1.0 0.4
26 0.7 8.1 12.9 23.1 23.2 10.0 13.7 6.6 8.0 3.4 1.4
28 1.3 1.6 9.3 9.5 10.8 7.8 8.9 5.5 7.1 3.2 1.4
30 2.4 1.3 7.3 7.9 10.1 10.2 9.8 7.7 10.1 5.2 2.3
32 4.9 1.4 5.8 6.9 9.9 13.4 11.1 11.5 13.5 8.7 4.4
34 10.0 2.1 4.5 6.4 10.3 17.1 13.9 15.7 17.1 15.0 9.1
36 13.8 3.3 2.7 6.7 9.3 18.3 16.3 19.3 18.8 21.3 16.0
38 11.2 3.9 0.9 5.6 5.2 10.4 11.2 13.1 11.9 20.5 19.5
40 7.3 3.3 0.0 3.5 2.1 3.9 5.2 6.0 5.0 11.1 13.7
42 6.5 1.8 0.0 1.7 0.8 1.4 2.2 2.6 1.8 4.1 7.2
44 7.5 1.4 0.0 1.3 0.4 0.8 1.2 1.7 1.0 2.2 5.4
46 10.5 1.3 0.0 1.4 0.2 0.6 0.7 1.5 0.8 1.4 5.1
48 11.9 1.5 0.0 1.5 0.0 0.5 0.5 1.5 0.7 1.3 5.4
50 8.7 1.5 0.0 1.4 0.0 0.0 0.0 0.7 0.3 0.8 5.4
52 2.4 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 2.9

1Excluding glycerol.

native milk fat in the temperature range of 0°C to 40°C.
Generally, in the temperature range 0°C to 20°C, there
is a significant positive correlation (P ≤ 0.05) between
the concentration of saturated long-chain fatty acids
(C16:0, C18:0, and C20:0) in retentates obtained under
different distillation temperatures and their SFC; as
well as between the distillation temperatures and the
SFC of the retentates (P ≤ 0.05) obtained in the temper-
ature range of 15 to 35°C. Such correlations explain
the increase in solid crystalline material as a function
of distillation temperature. At higher crystallization

Table 4. Acylglycerol composition (% area) of native milk fat and retentate obtained by short-path distillation
at different distillation temperatures.

Acyl Fractionation temperature (°C)
carbon Milk
number1 fat 125 150 175 180 185 190 195 200 225 250

24 0.7 0.2 0.3 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0
26 0.7 0.7 0.5 0.5 0.5 0.0 0.2 0.3 0.0 0.0 0.0
28 1.3 0.7 1.0 0.6 0.5 0.2 0.4 0.4 0.0 0.0 0.0
30 2.4 1.2 2.0 1.1 1.1 0.6 0.9 0.8 0.4 0.0 0.0
32 4.9 2.2 4.8 2.0 2.5 1.6 2.1 1.9 1.3 0.6 0.6
34 10.0 5.2 10.7 4.8 5.9 5.3 5.6 5.1 3.9 2.2 1.8
36 13.8 10.4 13.4 9.5 12.1 11.1 11.1 11.7 9.3 6.3 5.1
38 11.2 14.2 11.1 13.2 13.6 13.1 13.9 13.6 14.1 11.3 9.1
40 7.3 11.6 7.7 11.0 10.4 10.2 10.8 10.7 12.0 11.1 9.3
42 6.5 7.5 6.6 7.0 7.3 8.0 7.6 7.5 7.8 7.7 7.0
44 7.5 7.0 7.4 6.6 7.0 8.1 7.3 7.3 7.3 7.8 7.6
46 10.5 8.0 10.2 7.6 7.7 9.3 8.0 8.1 8.4 9.3 9.6
48 11.9 10.1 11.7 10.7 10.4 10.9 10.7 10.8 10.1 11.4 12.3
50 8.7 12.3 9.3 12.2 10.9 11.4 11.3 11.5 13.0 15.2 17.2
52 2.4 8.8 3.1 9.7 7.6 7.8 7.8 7.9 9.7 12.5 14.5
54 0.0 0.0 0.0 3.5 2.3 2.2 2.1 2.3 2.6 4.6 5.7

1Excluding glycerol.
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temperatures, the quantity of crystalline mass is re-
duced, as the system approaches its melting point (as
shown in Figure 4); hence, the correlations become non-
significant. The observed trends correspond to those
reported for high melting stearins and low melting ole-
ins obtained by other fractionation methods (Kaylegian
and Lindsay, 1992; Deffense, 1993; Krishnamurthy and
Kellens, 1996; Dimick et al., 1996) as well as to the
distillates and retentates obtained by short-path dis-
tillation under different operation conditions (Arul et
al., 1988).
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Figure 3. Acylglycerol composition (area %) of the distillate (A) and retentate (B). Low molecular weight triacylglycerol (TAG) (C18 to
C34) �, medium molecular weight TAG (C36 to C40) �, high molecular weight TAG (C42 to C54) �. Symbols at 100°C correspond to the
composition of native milk fat.

Crystallization Kinetics

The quantification of the crystallization behavior of
retentates obtained at different distillation tempera-
tures was obtained by means of measurement of the
development of crystalline material as a function of
time was measured. The resulting SFC vs. time crystal-
lization curves obtained at different crystallization tem-
peratures, shown in Figure 6, were fitted to the Avrami
equation (Avrami, 1939). The Avrami constants (k),
Avrami exponents (n), and half times of crystallization
(t1/2) as a function of crystallization temperature are
reported in Figure 7.

The existence of two regions of distinct crystallization
behavior is demonstrated in Figure 7, one below 20°C,
where the values of k are high whereas values for n
and t1/2 are low; and the other above 20°C where a

Figure 4. Dropping points (°C) of distillate (�), retentate (�), and
native milk fat (�) at different fracctionation temperatures (°C).
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Figure 5. Solid fat content (%) vs. temperature (°C) for the distil-
lates (A) and retentates (B) obtained at 125 (�), 150 (▲), 175 (▼),
180 (◆), 185 (�), 190 (�), 195 (�), 200 (�), 225 (�), 250°C (�), and
native milk fat (×).
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dramatic decrease in the value of k and augmentation
in the values of n and t1/2 are observed. No trend on
the crystallization parameters under the determined
crystallization temperatures was found between the re-
tentates obtained through different distillation condi-
tions. As the crystallization temperature is increased,
a decrease in the crystallization rates was observed
(Figure 7A), with significantly higher crystallization
indices (Figure 7B) and half-times of crystallization
(Figure 7C), as well as more sigmoidal crystallization
curves for all distillation temperatures. The crystalliza-
tion parameters (k, n, and t1/2) are solely dependent on
the degree of undercooling (ΔT), which determines the
crystallization kinetics of the different fractions.

Figure 6. Solid fat content (%) vs. time (min) during static crystallization at 5 (A), 10 (B), 15 (C), 20 (D), 23 (E), 25°C (F) of retentates
obtained at 125 (�), 150 (▲), 175 (▼), 180 (◆), 185 (�), 190 (�), 195 (�), 200 (�), 225 (�), 250°C (�), and native milk fat (×).
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The activation ΔGc of the retentates crystallized at
different temperatures are reported in Table 5. At
higher crystallization temperatures, longer induction
times and higher ΔGc for all fractions are obtained. At
lower crystallization temperatures (higher degrees of
undercooling), shorter induction times and lower ΔGc
are observed. No trend was observed between the differ-
ent distillation temperatures, thus distillation condi-
tions appear to have no effect on the energy barrier to
nucleation of the retentates obtained.

Microstructure

No microstructural differences were observed be-
tween retentate samples obtained at different distilla-
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Figure 7. Avrami rate constants k (A), exponents n (B), and half-
times of crystallization (C) of retentates obtained at 125 (�), 150 (▲),
175 (▼), 180 (◆), 185 (�), 190 (�), 195 (�), 200 (�), 225 (�), 250°C
(�), and native milk fat (×). The average dropping point of the retan-
tates was 34.9°C.
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tion temperatures. However, large differences were ob-
served for samples above and below 20°C. Figure 8
shows polarized light micrographs of the retentate (ob-
tained when distilling milk fat at 175°C) crystallized
statically for 24 h at 5 and 25°C. With a high degree
of undercooling (crystallization at 5°C) the nucleation
rate is higher due to a lower ΔGc, resulting in a granular
morphology. Under these conditions, milk fat has been
reported to crystallize in the α polymorph (ten Groten-
huis et al., 1999). Conversely, crystallization at higher
temperatures (25°C), in which the nucleation rate is
lower, due to a high ΔGc, allows for a more orderly
crystal growth and formation of spherulitic microstruc-
tures. Under these conditions, milk fat crystallizes in
the β′ polymorph as reported by ten Grotenhuis et al.
(1999).

The morphological differences observed correspond
to the change observed in the Avrami parameters above
and below 20°C. From Figure 7 it can be observed that
at 5°C, the value of n is smaller than 1, whereas at 25°C
the values of n are 3 or greater. The Avrami exponent is
sensitive both to the type of nucleation and dimension-
ality of growth. Sharples (1966) reported that values
of 1 correspond to rod-like growth from instantaneous
nuclei, whereas values of 3 or 4 correspond to spheru-
litic growth from either sporadic or instantaneous nu-
cleation. There is a correspondence between the sig-
nificance of n and the different morphologies observed
in Figure 8. Similar agreement between crystallization
kinetics and microstructure was also found by Wright
et al. (2001) for milk fat. Our results suggest that the
Avrami exponent does provide a phenomenological in-
dex of crystallization, which can possibly be used to
discern between different mechanisms of crystalli-
zation.

Rheology

The compressive storage modulus (E′) of retentates
obtained at different distillation temperatures are
shown in Figure 9. At distillation temperatures of
185°C and above, the elastic modulus of retentates is
higher, i.e, the material is more elastic, or solidlike,
relative to native milk fat. A positive significant correla-
tion (R2 = 0.47, P = 0.019) was found between the concen-
tration of long-chain fatty acids and the compressive
storage modulus of the studied retentates. Hardness
indices of fat networks have been found to positively
correlate to the elastic modulus for various lipid sys-
tems including milk fat (Narine and Marangoni, 2001).
According to this, the higher the distillation tempera-
ture, the harder the retentate will be. Other studies
have also found that the addition of long-chain fatty
acids to milk fat appear to affect its functionality, as
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Table 5. Apparent activation free energies of nucleation (ΔGc) for retentate obtained at different fractionation
temperatures in kJ/mol.

Temperature of Temperature of crystallization (°C)
fractionation
(°C) 5 10 15 20 23 25

125 0.34 0.49 0.79 1.48 2.42 3.66
150 0.31 0.46 0.73 1.35 2.19 3.27
175 0.24 0.36 0.58 1.07 1.76 2.66
180 0.30 0.44 0.69 1.27 2.04 3.02
185 0.38 0.55 0.87 1.59 2.56 3.79
190 0.37 0.53 0.82 1.47 2.29 3.30
195 0.30 0.44 0.69 1.25 1.98 2.91
200 0.29 0.42 0.65 1.15 1.79 2.57
225 0.31 0.44 0.69 1.22 1.91 2.73
250 0.24 0.34 0.54 0.98 1.56 2.28
Native milk fat 0.37 0.52 0.80 1.38 2.08 2.90

Figure 8. Polarized light micrographs of retentate obtained after
distillation at 185°C and crystallized statically for 24 h at 5 (A) and
25°C (B).
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an exponential increase in hardness was reported upon
the addition of tripalmitin to butterfat (Fairley et al.,
1994).

Short-path distillation offers an alternative method
to fractionate milk fat into a heavy fraction (retentate)
and a light fraction (distillate) on the basis of volatility.
It yields fractions with distinct chemical composition
and physical properties. The resulting retentate is en-
riched in high molecular weight lipid species, while
these are depleted in the distillate. On the other hand,
the concentration of low molecular fatty acids and satu-
rated species is higher in the distillate relative to that of
native milk fat. These changes in chemical composition
affect physical characteristics such as melting and rheo-
logical behavior, hence functionality of the fractions.
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