
ABSTRACT: Milk fat was fractionated by solvent (acetone)
fractionation and dry fractionation. Based on their fatty acid and
acyl-carbon profiles, the fractions could be divided into three
main groups: high-melting triglycerides (HMT), middle-melting
triglycerides (MMT), and low-melting triglycerides (LMT). HMT
fractions were enriched in long-chain fatty acids, and reduced
in short-chain fatty acids and unsaturated fatty acids. The MMT
fractions were enriched in long-chain fatty acids, and reduced
in unsaturated fatty acids. The LMT fractions were reduced in
long-chain fatty acids, and enriched in short-chain fatty acids
and unsaturated fatty acids. Crystallization of these fractions
was studied by differential scanning calorimetry and X-ray dif-
fraction techniques. In this study, the stable crystal form ap-
peared to be the β′-form for all fractions. At sufficiently low tem-
perature (different for each fraction), the β′-form is preceded by
crystallization in the metastable α-form. An important differ-
ence between the fractions is the rate of crystallization in the
β′-form, which proceeds at a much lower rate for the lower-
melting fat fractions than for the higher-melting fat fractions.
This may be due to the much lower affinity for crystallization of
the lower-melting fractions, due to the less favorable molecular
geometry for packing in the β′-crystal lattice.
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Milk fat is a natural product obtained from cream, and it
forms the main constituent of butter. It has excellent
organoleptic properties, which makes it an important ingredi-
ent in the bakery and confectionery industry. Despite these
good qualifications, the market for milk fat has tended to de-
cline in recent years due to its high price and limited func-
tional properties. Melting characteristics and firmness vary
with the season, breed of cow, stage of lactation, and the feed
given to the cows. Moreover, the product diversity of milk fat
is limited compared to that of margarine, for which a whole
range of products exists for applications such as puff pastry,
cookies, and cold-spreadable products. 

The physical properties of milk fat are determined by
triglycerides, which are its main components. These triglyc-
erides are composed of a large number of different fatty acids.
This leads to a heterogeneous composition of triglycerides and
a very broad melting range, which varies between approxi-
mately −40 and 35°C. Characteristic for milk fat is the occur-
rence of large amounts (approximately 25% on a molar basis)
of short-chain fatty acids, of which butyric acid is the most im-
portant.

Polymorphism is a common property of all triglycerides
(1,2), including milk fat. The main types of polymorphic crys-
tal forms in triglycerides are the γ-, α-, β′-, and β-forms (3–5).
Of these main types, either the β′- or β-form is the stable form,
depending on the molecular geometry of the triglyceride (6).
The other forms are metastable, although they may persist for
a long time. For milk fat, the β′-form is the most stable. 

The utilization range of milk fat can be broadened by sep-
arating it into fractions with different melting ranges (7,8).
Much literature has been devoted to this subject, and a good
overview has been presented by Kaylegian and Lindsay (9).
The most important fractionation process is dry fractionation
(9–14). Other processes, such as detergent fractionation and
solvent fractionation (including supercritical CO2-fractiona-
tion), are not applied to milk fat on a commercial scale due to
the high costs, use of solvents, or flavor deterioration (15). 

In the literature, milk fat is usually separated into three
main fractions with very different melting points: low-melt-
ing fat (LMF), middle-melting fat (MMF), and high-melting
fat (HMF) (16). It is often assumed that these main fractions
would crystallize separately, and thus would behave as more
or less independent pseudocomponents (cf. 16,17). This view
was supported by the occurrence of three main endothermic
peaks in a heating thermogram recorded by differential scan-
ning calorimetry (DSC) (13,16,18). However, the crystalliza-
tion and melting of milk fat are complicated by the occur-
rence of transitions between several polymorphic crystal
forms, and ten Grotenhuis et al. (3) recently showed that the
particular shape of the curve with three main peaks is only
observed when the DSC curve is recorded in a specific way.
X-ray powder diffraction revealed that the shape of the curve
is partly due to a polymorphic transformation during heating. 

The main purpose of this work was to investigate whether
the separation of milk fat into a number of main fractions is fun-
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damentally due to its composition or if this separation is merely
due to arbitrary choices in the fractionation temperatures. To in-
vestigate this, milk fat was fractionated by acetone and dry frac-
tionation. The resulting fractions were analyzed chemically
(fatty acid distribution and acyl-carbon number profile) and
physically (X-ray powder diffraction and DSC) to see if a
grouping of triglycerides can be achieved based on their mutual
miscibility in the solid state or their solubility in acetone. 

MATERIALS AND METHODS

Milk fat. Anhydrous milk fat, produced in the winter season
of 1996, was obtained from Frico Union de Jong (Noordwijk
(Gr.), The Netherlands).

Acetone fractionation. Milk fat (50 g) was dissolved in
acetone in a concentration of 13.3 g milk fat per 100 mL ace-
tone at a temperature of 45°C. The temperature was lowered
to 40°C and the solution was left to crystallize for 24 h. The
fat crystals were separated by vacuum filtration and the fil-
trate was kept for further fractionation. Fractionation was re-
peated at crystallization temperatures of 40, 25, 20, 15, 10, 5,
2, 0, −5, −13, −20, and −25°C. Each time, the volume of the
filtrate was adjusted to 100 mL with acetone, after which the
solution was heated to 45°C, cooled to the desired crystalliza-
tion temperature, and left to crystallize for 24 h before filtra-
tion. The retentates and the filtrate of −25°C were dried at
65°C to remove the acetone.

Dry fractionation. Crystallization was carried out in a ther-
mostatted, stirred crystallization tank built by Terlet (Zut-
phen, the Netherlands). Nine hundred kilograms of milk fat
was heated to 65°C to destroy all crystal nuclei, slowly cooled
to 24°C, and stored at this temperature for 24 h. During the
storage time, the crystallizing mass was periodically stirred
(every 15 min for a period of 3 min at a stirring speed of 10
rpm). To minimize oxidation, the head space of the tank was
filled with nitrogen. The solid and liquid fractions were sepa-
rated at 24°C on a rotary belt vacuum filter built by Nivoba
(Veendam, The Netherlands). Part of the solid fraction (S24)
was fractionated by melting at 65°C and stored for 24 h at
30°C. Filtration at 30°C led to a solid mass (S30) and a liquid
(L30). Similarly, the filtrate (L24) obtained at 24°C was frac-
tionated at 19°C, leading to the fractions S19 and L19. Fi-
nally, the liquid fraction L19 was fractionated at 11°C, yield-
ing the fractions S11 and L11. The multistage dry fractiona-
tion procedure is outlined in Scheme 1. 

Fatty acid analysis. Glass capillary gas chromatography
of fatty acid methyl esters derived from the fat samples was
used to determine the fatty acid profile. The method is de-
scribed in detail by Badings and de Jong (19). Usually, 35 dif-
ferent fatty acids could be detected. For clarity, however, only
the main fatty acids and groups of fatty acids (e.g., C18:1 as
the sum for all positions of the double bond) are reported.

Acyl-carbon number profiles. Automated triglyceride
analyses were carried out on a CE Mega 5360 gas chromato-
graph equipped with a flame-ionization detector, a high oven
temperature cold-on-column (H.O.T.) injector and a model

AS-550 CE autosampler (setup by CE Instruments, Thermo
Quest, Milano, Italy). The instrument was fitted with a 10 m
× 0.32 mm CP Sil 5CB HT (df = 0.1 m) fused-silica column
(Varian-Gronpack, Middelburg, The Netherlands). Hydrogen
carrier gas was used with an inlet pressure of 30 kPa. Sam-
ples (0.02% fat in heptane) were injected into the column at
an oven temperature of 200°C with secondary cooling of the
injection zone. The temperature program of the oven was
started 1 min after injection to raise the temperature to 300°C
at 10°C/min, and then to 350°C at 4°C/min. The results were
expressed as peak area percentages. For the analytical proce-
dure used, the peak area percentages correspond to weight
fraction percentages of triglycerides. The validity of this
equality was checked for each series of samples using a milk
fat sample of accurately known composition.

DSC. The heat exchange of milk fat with the environment
during cooling, heating, and isothermal storage was measured
with a differential scanning calorimeter (Perkin Elmer DSC
7; Perkin Elmer Nederland, Nieuwerkerk aan de IJssel). Sam-
ples of 10 mg were weighed in aluminum measuring pans,
which were sealed and placed into the calorimeter. An empty
sealed pan was used for reference. 

DSC heating curves were determined by holding the sam-
ples for 1 min at 70°C to completely melt the fat and elimi-
nate all crystal nuclei, after which the samples were cooled to
−65°C at a cooling rate of 5°C/min. The samples were kept
for 1 min at −65°C before heating to 70°C at a preset heating
rate. The clear points were obtained from DSC heating curves
as the temperature above which no heat flow related to melt-
ing could be measured.

Isothermal DSC curves were determined by holding the
samples for 1 min at 70°C to completely melt the fat and elimi-
nate all crystal nuclei, after which the samples were cooled at
5°C/min to the measuring temperature. The samples were kept
at this temperature while recording the isothermal heat effect.
At the end of the isothermal period, the samples were heated to
70°C at 5°C/min while measuring the melting behavior.

X-ray diffraction (XRD). XRD patterns were recorded with
an instrument by Van Malssen et al. (20). Samples were first
heated to 70°C and held at this temperature for 5 min to elim-
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inate all nuclei. Next, the samples were cooled at 20°C/min
to the temperature of crystallization, after which the develop-
ment of the XRD pattern was recorded. Monochromated cop-
per Kα radiation with a wavelength of 1.5418 Å was used to
obtain diffraction patterns in the 2θ range of 14.6–29.6°,
which correspond to lattice-spacing from 3.0 to 6.1 Å; this
range contains the diffraction patterns characteristic for the
different triglyceride crystal polymorphs. The instrument was
calibrated with potassium iodide as a reference. The samples
were prepared by pressing solid samples into a sample holder
with dimensions of 1 × 10 × 15 mm3. The sample holder sup-
ported a mass of fat sample of approximately 135 mg. The
sample holder was positioned in a vacuum measuring cham-
ber. The temperature of the sample holder was controlled by
simultaneous cooling with water or liquid nitrogen and heat-
ing using a TTK-HC temperature controller (Anton PAAR
KG, Graz, Austria). Accuracy in measured temperature =
0.1°C. All XRD patterns are represented as difference pat-
terns with respect to liquid milk fat.

RESULTS

Acetone fractionation. Table 1 lists the amounts of fat sepa-
rated at each fractionation temperature. A cumulative plot of
these data is given in Figure 1. A relatively smooth curve is
obtained, showing only one slight “hill” around 0°C. The
smoothness of the curve indicates that no sharp separation be-
tween the different triglycerides was obtained; only a gradual
separation into fractions was achieved. 

Figure 2 shows the DSC heating curves for acetone frac-
tions separated at the various temperatures. The clear points
of the acetone fractions are given in Table 1. The curves are
similar to those found by Lohman and Hartel (21) for acetone
fractions obtained at temperatures between 25 and 0°C. The
DSC curve of the fraction separated at 25°C deviates from the
general trend in the series of DSC curves. This is probably

due to the inclusion of a large amount of milk fat in the sepa-
rated crystal mass, and must therefore be considered an arti-
fact. The sequence of curves in Figure 2 reflects a division
into three main groups of triglycerides, HMT, MMT, and
LMT (high-, middle-, and low-melting triglycerides, respec-
tively) in descending order of clear point. It would appear that
these fractions do not fully correspond to HMF, MMF, and
LMF as defined by Timms (16). HMT consists of the frac-
tions separated at temperatures between 25 and 10°C. Ac-
cording to Table 1, approximately 31% of the triglycerides
belong to this group. MMT is separated at temperatures be-
tween 5 and −5°C, and forms approximately 34% of the
triglycerides. The slight “hill” in the curve of Figure 2 is prob-
ably due to the crystallization of MMT. At temperatures of
−13°C and below, LMT is separated, which forms approxi-
mately 36% of the triglycerides. 

The DSC curves of both the LMT and the HMT group of
fractions show only one endothermic peak, whereas the DSC
curves of the MMT group of fractions show two or more en-
dothermic peaks. In the DSC heating curves of the HMT
group of fractions, the endothermic peak is preceded by an
exothermic heat effect in the DSC heating curve. This effect
was also observed by Lohman and Hartel (21). XRD indi-
cated that this exothermic effect is due to the formation of β′-
crystals (data not shown), similar to the transition observed
in milk fat described by ten Grotenhuis et al. (3). The LMT
group of fractions does not show such an exothermic heat ef-
fect, resulting in only a single endothermic melting peak in
the DSC heating curve. The reason for this difference will be
explained in the dry fractionation section.

Tables 2 and 3 give the fatty acid and acyl-carbon number
profiles for the acetone fractions. From these tables, the fol-
lowing general trends can be deduced. Table 2 shows that
HMT fractions obtained by acetone fractionation are enriched
in C16:0 and C18:0, and reduced in the short-chain fatty acid
(e.g., C4:0) and unsaturated fatty acid (e.g., C18:1) contents.
The MMT fractions are enriched in C16:0 and C18:0 and re-
duced in the unsaturated fatty acid (e.g., C18:1) contents. The
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TABLE 1
Relative Amounts and Clear Points of the Fractions Obtained
by Acetone Fractionation

Relative amount Clear point
Fractiona (weight %) (°C)

Milk fat 100 35
S25 9.66 44
S20 7.16 50
S15 6.21 43
S10 7.38 44
S5 7.13 34
S2 5.80 —
S0 13.10 25
S–5 7.51 21
S–13 3.12 15
S–20 9.63 10
S–25 3.63 5
L–25 19.66 −9
aS, solid fraction; L, liquid fraction. Numbers following the type of fraction
(S or L) correspond to the temperature at which the fraction separated (25 to
−25°C).

FIG. 1. Cumulative plot of the crystal mass separated by acetone frac-
tionation as a function of temperature.



LMT fractions obtained by acetone fractionation are reduced
in C16:0 and C18:0 and enriched in short-chain fatty acids and
unsaturated fatty acids. Table 3 shows that for the HMT frac-
tions, the content of TG26–40 appears to be reduced whereas
the content of TG44–54 appears to be increased. The MMT
fraction is reduced in TG26–34, and the contents of TG42–44
and TG50 vary from increased to reduced for fractions sepa-
rated between 5 and −5°C. The LMT fractions are increased
in TG26–36 and reduced in TG44–52.

Dry fractionation. Table 4 gives the relative quantities and
the clear points of the different fractions obtained by dry frac-
tionation. The DSC curves of the fractions separated by crys-
tallization are given in Figure 3. S24 and S30 are the HMT

fractions. The DSC curves of the HMT fractions (S24 and S30)
are different from the curves obtained by acetone fractionation,
and are characterized by a broad shoulder between 20 and
40°C. S24 forms 63% of the total amount of milk fat (S30 was
obtained from S24 by a second fractionation). S19 and S11 are
the MMT fractions, which form approximately 29% of the total
amount of fat. The DSC curve of S11 resembles the curve ob-
tained for acetone fractions S0 and S–5. L11 is the LMT frac-
tion, corresponding to 7% of the total amount of milk fat. Its
DSC curve resembles that of acetone fraction S–20.

The fatty acid distributions of the main fatty acids and total
chain length distributions of the main triglycerides are com-
pared to the values of the original milk fat in Tables 5 and 6,
respectively. The changes with respect to milk fat observed
for LMT, MMT, and HMT fractions obtained by dry fraction-
ation are similar to those observed for acetone fractionation,
but the effects are generally much smaller. This difference is
usually ascribed to the inclusion of rather large amounts of
liquid fat in the crystalline fraction separated with dry frac-
tionation, whereas with acetone fractionation, only a dilute
solution of the remaining triglycerides is incorporated in the
crystalline fraction (9). This leads to a relatively large amount
of HMT fractions with lower purity and smaller amounts of
the LMT fractions, which is in accordance with our results
(Table 4). Another reason for the differences between acetone
fractionation and dry fractionation might be that dry fraction-
ation is based on the solubility of the triglycerides in a liquid
triglyceride, whereas acetone fraction is based on the solubil-
ity in acetone.

Isothermal crystallization of fractions obtained by dry frac-
tionation. Isothermal crystallization was studied for the frac-
tions obtained by dry fractionation. Figure 4 shows a typical
series of DSC curves obtained by isothermal crystallization
recorded for a range of temperatures between 16 and 26°C for
fraction S30. Two exothermic peaks in the DSC curves were
observed in the temperature range of 18 to 23°C. At higher
temperatures, only one peak was observed. The position of the
maximum of this peak shifted to longer times for higher tem-
peratures. XRD measurements were carried out to investigate
the transitions taking place during the two exothermic peaks.
Figure 5 gives a typical time sequence recorded for fraction
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FIG. 2. Differential scanning calorimetry (DSC) heating curves of the
acetone fractions.

TABLE 2
Fatty Acid Profiles of Fractions Obtained by Acetone Fractionation

Fractiona

Fatty acid Milk fat S25 S20 S15 S10 S5 S2 S0 S–5 S–13 S–20 S–25 L–25

C4:0 3.68 2.67 1.19 1.21 1.68 2.27 3.41 3.92 3.97 3.80 4.41 4.16 5.99
C6:0 2.45 1.65 0.76 0.83 1.07 1.59 2.27 2.46 2.36 2.31 2.73 3.00 3.55
C8:0 1.35 1.04 0.49 0.66 0.72 1.03 1.27 1.26 1.24 1.41 1.65 2.03 2.13
C10:0 3.19 2.54 1.40 2.53 2.20 2.77 2.73 2.50 2.78 3.36 4.12 4.96 4.15
C12:0 4.40 3.90 2.87 5.22 4.29 3.61 2.86 2.57 3.74 4.92 6.38 6.42 4.87
C14:0 11.91 12.57 13.20 15.37 14.19 9.97 9.72 10.45 13.86 14.55 14.70 11.65 9.03
C16:0 32.97 37.99 44.83 39.76 41.04 41.28 46.19 45.82 37.65 28.93 27.93 26.39 17.85
C18:0 10.09 14.38 19.31 13.15 13.86 17.28 12.34 12.16 10.08 8.20 8.39 8.36 4.47
C18:1 19.34 14.41 9.62 13.41 13.02 13.15 12.42 11.65 15.43 21.76 26.78 29.29 42.19
C18:2 2.17 1.26 1.07 1.21 1.20 1.15 1.03 1.13 1.47 1.89 3.85 3.74 5.76
aSee Table 1 for abbreviations and explanation.



S30 at a temperature of 23°C, showing a pattern typical for α-
crystals at the start of the isothermal period, and the transfor-
mation into a pattern typical for β′-crystals starting at 7 min
and ending at 12 min. The results of the XRD measurements
on fraction S30 are listed in Table 7. Apparently, the first peak
in the DSC curve corresponds to a maximum of the crystalliza-
tion rate during the formation of α-crystals, while the second
peak is due to a maximum of the crystallization rate during the
formation of β′-crystals. At the lower temperatures, a part of
the α-crystals remained present after the formation of β′-crys-
tals had ended.

Similar behavior was also observed for the other fractions
and also for whole milk fat (3). XRD measurements con-
firmed that for all fractions, the first and second exothermic
maxima correspond to the formation of α- and β′-crystals. In
Figure 6, the measured times of the second exothermic maxi-
mum are plotted as a function of temperature for isothermal
crystallization of the various fractions. In general, the induc-
tion time for the formation of β′-crystals from milk fat frac-
tions is seen to increase at higher temperatures. Moreover, at
a given temperature, the induction time is larger for fractions
with a lower clear point of the β′-form. Deviations from this
monotonic increase of the induction time with temperature
are seen to occur. These are most obvious for the HMT frac-
tions S30 and S24. The stable crystal form was found to be
the β′-form for all fractions. Even fraction L11 was crystal-
lized into the β′-form after storage for 2 wk at 4°C.

DSC heating curves recorded after isothermal crystalliza-
tion of fractions obtained by dry fractionation. The phase
transitions occurring during isothermal crystallization were
investigated further by recording the DSC heating curves
after varying periods of isothermal crystallization. As a typi-
cal example, Figure 7 shows the resulting curves for dry frac-
tion S30 after isothermal crystallization at 23°C. During the
first 5 min, the growth of a peak is observed, which disap-
pears upon heating in the temperature range of 25–32°C. This

peak corresponds to the first crystallization peak in Figure 4
and is due to the formation of α-crystals. After 5 min, a sec-
ond peak starts to form, which disappears upon heating in the
temperature range of 30–42°C. This peak corresponds to the
second crystallization peak in Figure 4, which is due to the
formation of β′-crystals. After 6 to 10 min, the α-crystals dis-
appear, while the quantity of fat crystallized in the β′-form in-
creases. The maximum increase in the quantity of fat crystal-
lized in the β′-form occurs between 10 and 15 min. After 30
min, the final shape of the β′-melting peak is reached, which
means that the crystallization process had ended. 

Crystallization of dry fraction S30 was also investigated at
−10°C. XRD measurements showed the presence of α-crystals
during the whole measuring time of 30 min and the slow for-
mation of a small amount of β′-crystals during this period (data
not shown). DSC heating curves were also recorded for dry
fraction S30 after a series of isothermal crystallization times at
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TABLE 3
Acyl Chain-Length Profile for Fractions Obtained by Acetone Fractionation

Fractiona

TG numberb Milk fat S25 S20 S15 S10 S5 S2 S0 S–5 S–13 S–20 S–25 L–25

26 0.2 0.1 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.1 0.5 0.6 1.4
28 0.6 0.4 0.1 0.1 0.2 0.1 0.1 0.1 0.2 0.4 1.2 1.1 2.9
30 1.2 0.8 0.3 0.3 0.5 0.2 0.2 0.2 0.4 0.8 2.1 2.4 5.1
32 2.8 1.8 0.7 0.7 1.0 0.4 0.6 0.6 1.1 2.5 5.8 7.9 8.1
34 6.5 4.1 1.7 1.8 2.6 1.6 2.9 4.1 6.6 9.7 15.8 15.5 9.3
36 12.4 7.9 3.5 3.8 5.1 7.2 14.7 17.9 17.9 14.2 17.4 13.7 12.8
38 14.1 9.0 4.0 4.7 6.0 11.4 15.9 17.2 15.4 13.0 15.2 13.2 20.2
40 10.8 7.2 3.5 5.2 5.4 9.5 10.8 10.9 10.9 10.3 10.0 10.2 15.1
42 8.0 6.6 4.2 9.4 7.0 10.9 10.7 9.4 7.7 6.6 6.3 8.5 7.7
44 7.5 8.1 7.7 15.3 11.6 11.8 7.9 6.2 5.6 6.5 6.9 8.8 4.5
46 7.8 11.0 15.2 16.8 16.5 9.0 5.9 5.1 6.1 7.7 6.8 5.9 2.6
48 8.8 14.0 21.7 14.4 16.4 8.4 7.6 7.9 9.9 9.1 5.2 3.4 2.4
50 9.6 15.6 22.2 15.0 15.7 14.7 13.9 12.3 9.5 7.5 0.8 0.4 3.0
52 7.3 10.6 12.2 9.9 9.5 12.1 7.5 6.9 6.8 8.4 4.5 5.4 2.9
54 2.2 2.8 2.8 2.6 2.5 2.6 1.5 1.4 2.0 3.2 1.5 3.1 1.9
aSee Table 1 for abbreviations and explanation.
bTG, triglyceride; TG number, number of carbon atoms present in the fatty acid chains of the TG molecule.

TABLE 4 
Relative Amounts and Clear Points of the Fractions
Obtained by Dry Fractionationa

Relative amount Clear point
Fractionb (weight %) (˚C)

Milk fat 100 36.4
S24 63 40.0
S30 24 41.4
L30 39 33.1
L24 37 24.0
S19 22 27.5
L19 15 —c

S11 7 17.9
L11 7 10.3
aDue to the procedure of preparation the combinations the relative amounts
sum up according to S24 + L24 = 100%; S24 = S30 + L30; L24 = S19 + L19;
L19 = S11 + L11.
bS, solid; L, liquid numbers following the type of fraction (S or L) correspond
to the temperature at which the filtrate fractionated (11 to −30°C).
cNot determined.



−10°C (Fig. 9). The curve recorded after 1 min starts with an
endothermic heat effect, which according to the XRD measure-
ments must be due to the melting of α-crystals. In the tempera-
ture region of 8–20°C, an exothermic heat effect is observed,
followed by an endothermic shoulder between 20 and 39°C
that strongly resembles the melting range of β′-crystals of
HMT. Apparently, the exothermic effect between 8 and 20°C
is due to the formation of these β′-crystals. DSC heating curves
recorded after longer isothermal crystallization times show the
gradual disappearance of the exothermic effect between 8 and
20°C, which is simultaneous with the gradual growth of a sharp
endothermic peak in the same region. Most likely, this sharp
endothermic peak is due to the melting of β′-crystals of MMT.

Apparently, during isothermal storage at −10°C, β′-crystals of
HMT and MMT grow simultaneously. 

DISCUSSION

The experimental results show that milk fat fractions can be
divided into three main groups: HMT, MMT, and LMT. LMT
is enriched in the short-chain fatty acids (Table 2). Note that
the short-chain fatty acids C4:0 and C6:0 have a joint weight
fraction of almost 9% of the total fatty acids in fraction L–25
(corresponding to 20% on a molar basis). Taking into account
that C4:0 and C6:0 are almost exclusively found at the sn-3 po-
sition (22), this proves that fraction L–25 mainly consists of
triglycerides with a short-chain fatty acid in the sn-3 position.
This explains the observed low position of the maximum in
the acyl-carbon number profile (Table 3). Furthermore, al-
most half of the fatty acids in L–25 are unsaturated. The com-
bination of short-chain fatty acids and unsaturated fatty acids
leads to the observed low melting point of this fraction. The
other LMT fractions have a composition similar to L–25.
However, they contain somewhat more C16:0 and somewhat
less C18:1. HMT contains hardly any short-chain fatty acids,
which leads to the observed high values of the acyl-carbon
numbers (Table 3). HMT is also reduced in unsaturated fatty
acids, which explains the high melting point of this group of
triglycerides. The important finding that HMT and MMT
crystallize separately supports the view that these really may
be distinguished as two different groups of triglycerides.
Compared to HMT, MMT contains relatively much C16:0 and
C4:0. MMT seems to form a group between HMT and LMT,
which probably contains molecules that either possess a C4:0
or a combination of two unsaturated fatty acids or other com-
binations that will result in a melting point somewhat lower
than that of the HMT group. This also explains the occurrence
of two maxima in the acyl-carbon number profile (Table 3). 

All fractions were seen to crystallize in the α- or β′-phase,
of which the former was seen to be metastable. At high cool-
ing rates, crystallization in the metastable γ-phase was also
observed (not shown), similar to the occurrence of this phase
in milk fat (3). The β-crystal form was not detected in any of
the samples obtained by dry fractionation. In the literature of
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FIG. 3. DSC heating curves of the dry fractions. See Figure 2 for abbre-
viations.

TABLE 5
Fatty Acid Profiles of the Main Groups of Fatty Acids for the Various Fractions Obtained by Dry Fractionationa

Fatty acid Milk fat S24 S30 L30 L24 S19 L19 S11 L11

C4:0 3.83 3.37 3.21 4.32 4.19 3.32 4.49 4.11 4.52
C6:0 2.37 2.10 1.98 2.32 2.61 2.10 2.74 2.50 2.77
C8:0 1.39 1.27 1.20 1.39 1.49 1.29 1.58 1.50 1.75
C10:0 3.13 2.97 2.86 3.16 3.18 3.17 3.37 3.35 3.81
C12:0 4.43 4.44 4.37 4.46 4.18 4.72 4.44 4.61 5.06
C14:0 11.99 12.35 12.44 11.93 11.23 12.65 11.38 12.52 11.40
C16:0 32.37 33.94 34.80 31.85 32.88 32.95 29.72 29.3 22.79
C18:0 9.63 10.58 10.99 9.40 9.19 10.03 8.33 9.03 6.37
C18:1 21.05 19.47 18.80 21.32 21.28 19.86 23.50 22.09 28.55
C18:2 1.94 1.85 1.81 1.94 1.91 1.87 2.09 2.12 2.61
aStandard deviation 0.1%.
bSee Table 2 for abbreviations and explanation.



milk fat crystallization, larger amounts of the β-modification
were only observed in a HMF fraction obtained by acetone
fractionation (4,23,24). However, total crystallization in the
β-form proved to be difficult (4). Timms (16) stated that the
acetone HMF fractions of milk fat can only crystallize in the
β-form in the presence of a LMF fraction of milk fat obtained
by acetone fractionation. 

An important physical aspect of the fractions lies in the
rate of crystallization into the β′-form. The general behavior
observed in Figure 6 is that the lower the melting point of the
fat fraction, the longer the induction time for crystallization.
This result is in agreement with the results of Sato and
Kuroda (25) on the crystallization of trilaurin and in general
for the crystallization of pure liquids. Theoretically, the in-
duction time for crystallization can be explained qualitatively
by nucleation theory. For pure liquids at low supercooling,
the lag time L needed to form crystal embryos of sufficiently
large size to nucleate crystal growth is described by an equa-
tion of the form (26)

[1]L A
B

kT
= 





• •exp
1

2∆Ψ
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TABLE 6
Acyl Chain Length Distribution for the Various Fractions Obtained by Dry Fractionationa

Fractionb

TG numberc Milk fat S24 S30 L30 L24 S19 L19 S11 L11

26 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3
28 0.6 0.5 0.5 0.6 0.6 0.5 0.8 0.6 1.0
30 1.2 1.0 1.0 1.2 1.3 1.0 1.6 1.3 2.1
32 2.8 2.4 2.4 2.8 2.9 2.3 3.4 3.1 4.4
34 6.5 5.7 5.7 6.4 7.0 5.5 7.7 7.7 8.0
36 12.4 10.7 11.0 12.1 14.1 10.5 13.9 12.9 11.4
38 14.1 12.3 12.7 13.9 15.6 12.3 15.7 14.5 14.8
40 10.8 9.9 10.1 10.7 11.3 10.0 12.1 11.4 12.6
42 8.0 8.0 8.5 8.1 8.1 8.8 7.7 7.7 7.5
44 7.5 8.2 9.3 7.6 6.8 8.9 6.3 6.5 6.0
46 7.8 9.2 10.8 7.7 6.4 9.0 6.0 6.4 6.0
48 8.8 10.2 12.0 8.6 7.2 9.7 6.8 7.7 6.6
50 9.6 11.1 12.8 9.8 8.9 10.7 8.0 8.9 7.1
52 7.3 7.9 8.4 7.6 7.1 7.9 7.0 8.1 8.3
54 2.2 2.4 2.4 2.4 2.2 2.3 2.4 3.0 3.8
aAcyl chain length distribution is expressed as a percentage of the sum of weights of fatty acids. Standard deviation 5% of
the value.
bSee Table 4 for abbreviations and explanation.
cSee Table 3 for abbreviation and explanation.

FIG. 4. Isothermal DSC curves recorded for dry fraction S30 at various
temperatures. S30, solid fraction produced when filtered at 30°C; see
Figure 2 for other abbreviations.

FIG. 5. Sequence of X-ray diffraction (XRD) curves recorded for dry frac-
tion S30 at 23°C. No changes were observed during the first 6 min. See
Figure 4 for abbreviation.



where k is Boltzmann’s constant, T is absolute temperature, and
A and B are constants, depending on model parameters such as
the surface tension of the embryos and the molecular volume
of the triglyceride molecules. The parameter ∆Ψ is the decrease
in free energy for the incorporation of a triglyceride molecule
in the crystal embryo, which can be estimated from 

∆Ψ = θ∆Sf [2]

where ∆Sf is the molecular entropy of fusion at the melting
temperature Tm; ∆Hf = Tm·∆Sf; and θ is the supercooling T –
Tm. These equations predict that the time lag for nucleation
increases strongly when the melting point is reached, and that
at the same temperature, longer induction times for crystal-
lization will be found for fractions with lower melting point.
This behavior can be observed in Figure 6.

The crystallization properties of the lower-melting milk fat
fractions can be explained from their molecular structure. The
highly asymmetric molecular structure of these fractions leads
to a much less favorable incorporation of the molecules into
the β′-crystal lattice. This results in a lower melting point and a
reduced driving force for nucleation and crystal growth. This
also explains why the separation of lower-melting fractions is
much more difficult than the separation of higher- melting frac-
tions. For good separation (agglomerated) crystals in the β′-
form are favorable (12,27,28). The formation of these will take
much longer for the lower-melting fractions. Also the slow
“setting” of milk fat after crystallization may be a result of the
very slow β′-crystallization of MMT and especially LMT.

The separate crystallization of HMT and MMT in the high-
melting dry fractions observed in Figure 8 explains the deviating
relationship between the induction time for β′-crystallization vs.
the temperature observed in Figure 6. At higher temperatures
(>20°C), one observes the induction time for the crystallization
of β′-crystals of HMT, whereas at lower temperatures (<16°C)
the induction time of a mixture of β′-crystals of MMT and HMT
is measured. In a small transition region, the effective induction
time of mixed β′-crystals decreases with temperature. 

The differentiation into three groups, HMT, MMT, and
LMT, found by us differs from the differentiation into HMF,
MMF, and LMF frequently used the literature. The latter dis-
tinction is based on an a priori choice of the fractionation tem-
perature in their solvent fractionation. HMF corresponds to the
higher melting fractions of HMT, whereas MMF corresponds to
the lower melting fractions of our HMT. LMF corresponds to a
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TABLE 7
Isothermal Crystallization of Milk Fat Fraction S30a

ts tm te
T (°C) (min) (min) (min) Phase at t = 0 Final phase

−10 8 15 30 α α + β′
7 6 14 28 α α + β′

14 6 14 21 α α + β′
20 7 11 14 α α + β′
23 7 8 12 (α)b (α) + β′

aS30, solid fraction produced when filtered at 30°C; ts = start of the transfor-
mation, tm = maximum rate of transformation, te = end of transformation.
bParentheses indicate that the polymorphic form was observed only in minor
amounts.

FIG. 6. Induction times for isothermal crystallization of β′-crystals of
fractions obtained by dry fractionation.

FIG. 7. DSC heating curves recorded after various periods (min) of
isothermal crystallization at a temperature of 23°C of dry fraction S30.
See Figures 2 and 4 for abbreviations.



combination of our MMT and LMT. The experimental result of
Marangoni and Lenki (17) that showed MMF and HMF co-
crystallize into mixed crystals forming solid solutions, and that
the combinations LMF–HMF and LMF–MMF form partial
solid solutions, therefore corresponds well with our findings. 
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FIG. 8. Material and conditions were the same as Figure 7, but at a tem-
perature of –10°C.


