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Fractionation of butterfat by melt crystallization is a
commercial process in many countries for making butter
fractions with varying melting, textural and flavor prop-
erties for use as food ingredients. However, the crystalliza-
tion phenomena in this complex system are poorly under-
stood and difficult to optimize and control. In this study,
the crystallization kinetics of anhydrous butterfat were
determined by cooling a melted sample to the final crys-
tallization temperature in either a lab-scale (2 L) batch
crystallizer or a pilot-scale (20 L) crystallization vessel.
The butterfat was cooled sequentially from an initial
temperature of 60°C to final temperatures of 30, 20 and
15°C at a constant cooling rate. Crystals formed at each
temperature were separated by vacuum filtration, with
the liquid cooled to the next crystallization temperature.
Nucleation rates were determined by counting the number
of crystals in a given volume of suspension during the
course of crystallization. Crystal growth rates were ob-
tained from image analysis of optical photomicrographs.
Changes in viscosity, turbidity and mass of crystals also
were determined. Effects of impeller velocity (75, 100 or
125 rpm) on the crystallization kinetics were determined.
Nucleation and mass deposition rates increased while
crystallization lag times decreased with increasing agita-
tor velocities. Growth rates increased with agitator rpm
at 20 and 15°C, but decreased with agitator rpm at 30°C,
indicating different growth mechanisms. At 20 and 30°C,
aggregation was the primary mechanism of crystal
growth, whereas little aggregation was observed at 15°C.
Crystallization at the larger scale, 20 L, showed only
minor differences.
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kinetics, nucleation.

In the food industry, milkfat is a common ingredient in
a variety of products including butter, ice cream and
cheese. Milkfat {(or butterfat), obtained from the process
of fat removal from whole milk, possesses some unique
compositional and functional characteristics. Milkfat con-
tains a wide range of fatty acids, existing as triacylglyc-
erols, including high amounts of both longer-chain fatty
acids (C16 to C18) and shorter-chain acids (C4 to C10) (1).
Over the past twenty years the consumption of milkfat
has declined for several reasons, but mainly due to the
negative health aspects surrounding its high concentra-
tion of saturated fats and cholesterol. Butterfat also
possesses poor spreadability due to its high solid fat con-
tent at refrigerator temperatures (2).

Several methods for modifying milkfat have been in-
vestigated to increase its usage as a food ingredient. These
include acyl exchange of the fatty acids on the triacyl-
glycerol backbone, cholesterol reduction and fractionation.
Fractionation, or separation of fat according to its physi-
cal properties, has been accomplished by various methods,

*To whom correspondence should be addressed.

including crystallization from the melt (3-5) or solvent
{6,7), short-path distillation (8) and supercritical fluid ex-
traction (9,10).

Many types of food products have been investigated for
incorporation of milkfat fractions. If milkfat were to be
fractionated on a commercial scale, it would be desirable
that each of the fractions be utilized as a beneficial food
ingredient. Some potential uses that have been investi-
gated include cold spreadable butters and spreads (11-13),
a cocoa butter replacement in chocolate (14,15), and as
a food ingredient in puff pastries (16,17) and biscuits (15).

Crystallization from the melt is the process of phase
transition of a molecule from a liquid to a solid state; in
butterfat crystallization, the triacylglycerol molecules are
arranged in a lattice structure. The driving force for
crystallization from a pure melt is the difference between
the melting point of the fat and the actual solution
temperature. In mixed systems, the solubility of higher
melting components in liquid oil also must be considered.
Since the melting point of butterfat cannot be defined ex-
actly due to its heterogeneous nature, the driving force
for crystallization cannot be quantified. In addition, the
relative solubilities of various triacylglycerides in the
liquid oil have not been quantified.

Crystallization can generally be classified into two
steps—nucleation and growth. Nucleation involves the ini-
tial formation of tiny embryonic crystals referred to as
nuclei. Crystal growth involves diffusion of the flexible
triacylglycerols from the bulk solution across a boundary
layer, and incorporation into the crystal lattice structure
of an existing crystal or nucleus (18). Because of the wide
range of fatty acid constituents in milkfat, crystal growth
is complicated by competition of similar, but incompati-
ble, triacylglycerols, which either become incorporated in-
to a mismatched lattice or diffuse back to the bulk solu-
tion. In either case, growth of existing crystals is slowed
down due to the presence of multiple triacylglycerols.
Crystallization of milkfat from the melt can be affected
by various experimental conditions, including source and
nature of the milkfat (19), agitation rate (20,21), scale of
operation (22), final temperature (4) and rate of cooling
(23). Higher yields of solid fraction were obtained by in-
creasing the agitator velocity (24). Higher agitation veloci-
ties also gave small crystal size and a higher crystalliza-
tion rate (21,25,26). A higher number of crystals appeared
as the impeller velocity was increased, and the concen-
trations of large crystals (crystal diameter > 250 um) was
smaller at higher rpm. The mechanisms for these effects
have not been clearly defined.

Little work has been done in characterizing the effects
of scale of operation on the crystallization process. Saxer
and Fischer (22) summarized fractional crystallization of
glycerides, including factors affecting the formation of fat
crystals and a discussion of conditions required for all
aspects of a commercial fractionation unit. For scaling up
a pilot-scale system, the major considerations involve heat
and mass transfer. The factors that affect the heat and
mass transfer in the system include tank design, impeller
design and method of cooling.

JAOCS, Vol. 69, no. 8 (August 1992)



742

D.S. GRALL AND RW. HARTEL

The crystallization temperature affects the formation
of the various polymorphs, the size of the crystals, com-
position of the solid fat and the physical properties of the
fractions (3,4,25,26). Several researchers (3,25,27) have con-
cluded that the temperature of crystallization has a small
effect on the composition of triacylglycerols and their
fatty acids. However, the physical properties of the frac-
tions, including thermal melt properties and hardness
values, were found to be significantly different at various
crystallization temperatures. Thermal melt curves showed
more distinct melting peaks in solid fractions crystallized
above 28°C or below 6°C (11). Hardness values were con-
siderably higher at higher crystallization temperatures for
both fractions (25). Keogh and Higgins (24) crystallized
milkfat at 25, 22 and 19°C and found that the crystalliza-
tion temperature had the greatest effect on the slip point
and yield of the fractions as compared with agitation time,
cooling rate and initial temperature.

The effects of cooling rates were examined by deMan
(23) and Schaap and Rutten (26), who found little dif-
ference in slip point, solid fat content, yield, hardness,
thermal melting curves and fatty acid composition over
the range from 0.01 to 1°C/min. However, Deffense (28)
found that the cooling rate significantly altered the
physical properties of the crystalline fractions at much
higher cooling rates. As the cooling rate increased, the
yield and drop point of the solid fraction decreased, while
the crystal size increased. The basis for these effects was
related to separation efficiency, although no specific
mechanisms have been delineated.

Despite the numerous studies on melt crystallization
of butterfat, there is little quantitative data on the kinetics
of crystal formation and growth. The purpose of this study
was to quantify the effects of various operating param-
eters on the crystallization kinetics of butterfat.

MATERIALS AND METHODS

Anhydrous milkfat was obtained from a local dairy in a
350-pound shipment. The milkfat, obtained in eight
storage pails, was used for all experiments to provide con-
sistency in fat composition. Samples were stored at 5°C
until used.

For the 2-L experiments, approximately 2000 g of
milkfat was placed in a 2.3-L stainless-steel jacketed vessel
with a 30-cm height and a 10-cm inner diameter. The fat
was held at 60°C by a circulating water bath for 0.5 h to
ensure that all “crystal memory” had been lost. An im-
peller was attached to a Master Servodyne (Servodyne
Controller, Chicago, IL) drive unit, which maintained con-
stant motor speed so that viscosity changes of the solu-
tion, due to crystallization, resulted in motor torque
changes. The impeller consisted of a 6-mm diameter
stainless steel shaft with 4, 5-cm diameter, 45° pitched-
blade impellers and 2 radial fins (dimensions of fins, 16
cm by 2 cm). The pitched-blade impellers were located at
1,9, 17 and 25 cm from the bottom of the vessel and posi-
tioned to produce a lifting force when rotating. The crys-
tallization vessel also was equipped with 4 baffles of 8.5
mm width, which extended through the full height of the
tank. A copper-constantan thermocouple, attached to an
aluminum brace and positioned 1 cm from the center of
the tank and 14 cm from the bottom of the vessel, was
used to determine solution temperature. Torque change
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and solution temperature were recorded with a data ac-
quisition board attached to a microcomputer.

At the start of each experiment, the setpoint tempera-
ture of the Lauda water bath was reduced to the final
crystallization temperature at constant agitator velocity
of 125, 100 and 75 rpm. The average cooling rate of the
water bath was 0.45°C/min for this system. Once the
milkfat reached the crystallization temperature, 1-mL
samples were removed at 15-min intervals and observed
by photomicroscopy with a polarized-light microscope
(Nikon Optiphot, Garden City, NY) equipped with a 35-
mm camera. Sample collection was started when crystal
nuclei were apparent under a magnification of 16 times
{crystal diameter approximately 4 um), all experiments
were stopped after 22-24 h, and the slurries were filtered.
Fractionation experiments were performed sequentially,
i.e.,, the liquid fraction obtained after separation was used
for the next crystallization at the lower temperature. By
this method four fractions were obtained, with three solid
fractions at 30, 20 and 15°C and a liquid fraction at 15°C.

After the crystallization experiment was halted, the
crystallization vessel was removed from the cooling bath
{the water jacket was drained) and transferred to a
temperature-controlled box that housed the filtration unit.
The temperature of the box was maintained at the crystal-
lization temperature by means of a circulating water bath
in which water was circulated through a finned heat ex-
changer equipped with a blower to circulate air. Four
12.5-cm Buchner funnels were placed in a manifold made
of 1.27-cm chlorinated poly-vinyl chloride (CPVC) pipe.
The thickness of the filter cake was 1 ¢m for the 30 and
20°C fractions and 0.5 cm for the 15°C fractions. These
thicknesses were used for consistency, and to ensure that
the pressure drop across the cake did not reach levels that
prevented good separation.

For the 20-L crystallization experiments, liquid milkfat
was transferred to a 25-L crystallization tank (28 cm inner
diameter by 41 cm height). The tank, made of stainless
steel, was placed into a 30-gallon tank with a water
temperature of 60°C and held for 0.5 h. The bath water
was cooled at a constant rate of 0.25°C/min by using a
cold-finger immersion cooler. The milkfat was agitated
with a Master Servodyne drive unit similar to the Ser-
vodyne unit used for the small-scale crystallization ex-
periments. However, torque readings were not recorded.
The impeller unit consisted of a 9-mm stainless-steel shaft
with an attached 20-cm 5-blade plastic impeller. The blade
was placed 4 cm from the bottom of the tank with the
blades rotating to lift the crystals. the agitation velocity
was 75 rpm for all experiments. Solution temperature was
monitored by placing a thermometer 4 cm below the sur-
face of the milkfat.

Samples were taken for observation at 15-min intervals
after the milkfat reached the crystallization temperature,
with sample collection started when the first nuclei were
observed microscopically at 16 times magnification. Ex-
periments were ended after 24-26 h and the milkfat was
filtered. Longer crystallization times were used, as com-
pared to the bench-top scale, because of the slower cool-
ing rate and the lower surface area per volume for heat
transfer associated with the larger unit: (Surface area/
volume)y,;, = 0.1738 em™; (Surface area/volume),; =
0.4948 cm™. At the end of each pilot-scale experiment,
approximately 500 mL of the slurry was removed, weighed
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and filtered to determine the final mass fraction of crystals
(yield).

At the completion of the experiment, the crystallization
vessel was removed from the water bath and placed in the
temperature-controlled box (same as used in the small
scale). The filtration device consisted of a modified sink
(0.56 m by 0.53 m by .45 m height) with a rack placed 15.2
cm below the top. Four aluminum angle irons were used
to support the rack, and a gasket with a width of 3.2 cm
surrounded the edges. The filter cloth consisted of a woven
polyester mesh with a retention rating of 25 um. The ef-
fective surface area for filtration was approximately 2900
cm?. The liquid oil was drawn into a sealed 10-gallon
milk can evacuated by a vacuum pump. All fractions were
stored in 5-gallon polystyrene containers at 5°C.

Sample measurements and analyses. Sample collection
was started when the first crystal nuclei were observed.
Samples were taken at 15-min intervals until the transmit-
tance of light through a 5-mL sample at 490 nm reached
zero. Sampling time intervals were then varied from 30-60
min up to about 600-800 min after the experiment was
started. Several samples were taken at the end of the
crystallization experiment between 1300-1500 min. All
sampling equipment was kept near the crystallization
temperature so that growth or melting of crystals would
not be a factor as the sample was analyzed.

Nucleation rates were determined by counting the
number of crystals falling in an engraved counting
chamber. The counting chamber contained four cells with
10 calibrated engraved squares each (1 mm?), with the
area under the coverslip calibrated to 0.2 mm. A drop of
slurry was placed in each cell and photomicrographs were
taken at 8 times magnification. Eight pictures were re-
quired to cover the entire chamber, and crystals falling
in the chamber engravings were visually counted from the
photomicrographs and the number was multiplied by 125
to give a value for the number of crystals/mL. To prevent
bias, crystals falling on the left and top engravings of each
box were counted, while those falling on the right and bot-
tom were not. Nucleation rates were obtained by deter-
mining the slope of the initial portion of the crystal
number curve.

Photomicrographs of growing fat crystals, under polar-
ized light, were taken during the course of each experi-
ment. Polarized light was useful for crystal definition and
for observation of uniformity of crystals. Samples of ap-
proximately 1 mL were placed on a slide with a coverslip
and pictures were taken at magnifications of 8 or 16 times.
The crystals formed at 30 and 15°C were relatively small
so that 16 times magnification was required, whereas the
crystals that formed at 20°C were much larger and were
photographed at a magnification of 8 times to obtain a
large sample size. Four to eight photographs were taken
for each sample to ensure a sufficient sample size. The
perimeter of each crystal in the photomicrographs was
manually traced by means of a digitizer board, with the
results being automatically transferred to a microcom-
puter. Crystal area (um?) was collected by image analysis
software, and equivalent circular diameters (diameter of
a circle having an equivalent area to the measured area)
and crystal size distributions (mean size and variance)
were calculated with a custom-made program written in
Basic. The number of crystals counted was between
200-350 crystals per sample. The value of 200 was

selected for the crystals produced at 30°C because the low
number of crystals per photomicrograph made it difficult
to obtain a higher sample number and remain within eight
photomicrographs for each sample time. The population-
based mean diameter, L, for each distribution was plot-
ted vs. crystallization time, and the growth rate was ob-
tained from the linear portion of the curve.

Two methods were used to determine the suspension
density (or crystal mass)—microfiltration and turbidity.
For microfiltration, 1.5 mL of solution was drawn into a
3-mL syringe and injected into a 25-mm filter holder
through a filter membrane. After injection, the syringe
was removed and a vacuum tube was attached for 3 min.
The filtering apparatus was weighed before and after
loading the sample and after the sample had been injected.
Because of the small volume used, the liquid oil could not
be collected efficiently for weighing, and the mass balance
could not be closed. To account for liquid oil remaining
in the filtering apparatus, three liquid o0il samples, taken
before crystallization started, were injected through the
filtering apparatus, and the mass of entrained oil was
calculated. The assumption was made that the amount
of oil entrained by the apparatus would not change
significantly, so that this average value was subtracted
from each sample to determine mass fractions. Solid frac-
tions found in this way (microfiltration) at the end of the
experiment compared favorably with mass fraction
calculations made upon filtering the entire solution.

Changes in suspension density were measured by
transmittance of light at 490 nm through a 5-mL sam-
ple. This wavelength was chosen because of the peak in
transmittance observed for whole milkfat. A clear liquid
standard was prepared for each experiment from the
milkfat being crystallized. Correlations for light scatter-
ing, where the extinction of light is a combination of scat-
tering and absorption, are given as (29):

11, = e el 1

where I, is the intensity incident upon the first surface;
I, intensity transmitted through a path thickness, I; I/I,,
transmittance of light through the sample; and y,, extine-
tion coefficient. The extinction coefficient can be defined
by:

Ye=¢C Bext [2]

where c is the number of particles per unit volume of solu-
tion; and B,,,, area of light blocked by one average-sized
particle.

Beer’s law for absorbance can be modified to include
light scattering by substituting Egs. [1] and [2] into an
overall absorbance equation:

A =log (I/T) = log (e° Bext']) 3]

where A is the overall extinction of light through the sam-
ple, including scattering effects and particle absorbance.
Rearrangement of the right-hand side of Eq. [3] gives:
_¢ 2 3|
2.303 [4]

For a crystallization process, the value for B, will
change as the crystal diameter changes, and thus the
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amount of light that is absorbed or scattered is propor-
tional to the concentration of particles in solution and the
average area of the particle distribution. Rate equations
for crystallization could be derived from the absorbance
values and given by:

dA de

Byt ko5 + ck,

dA _ dB,,
dt et tc g

at [&]

where k. is a constant. During the initial nucleation
phase the change in crystal area over time (related to
B.:) may be considered negligible compared to the
change in concentration of particles, and Eq. [5] can be
written as:

dA , dc

TR (6]
where k,'= k, B,,.. Eq. [6] shows that the extinction of
light due to light scattering and absorbance is propor-
tional to the concentration of particles in solution. The
slopes were determined for the initial linear portion of
both the mass fraction and absorbance curves. In all cases,
the slopes of absorbance with time curves were found to
be identical to curves of microfiltration data vs. time. The
combined average of mass deposition rates found from
microfiltration data and absorbance were used.

Fatty acid analysis. The composition of fatty acids in
the milkfat fractions was determined by gas chromatog-
raphy. Butyl esters were produced by a modified method
of Iverson and Sheppard (30). Samples were injected into
the gas chromatograph and the concentration of each
ester was determined by peak area analysis.

Thermal heating curves. Thermal heating curves were
determined for each fraction, in duplicate, in a Perkin
Elmer DSC 7 differential scanning calorimeter (Perkin
Elmer, Norwalk, CT) with liquid nitrogen as a heat sink.
The samples were initially cooled to —40°C. A constant
temperature ramp of 10°C/min was used for all samples
over the temperature range between —40-80°C.

RESULTS AND DISCUSSION

Morphology. Photomicrographs taken of the growing
crystals demonstrate the extreme differences in crystal
structure. The crystals formed at 30°C consisted of a con-
glomeration of needle-like structures. The crystals at 20°C
did not show these needle-like structures at the magnifica-
tions used, but appeared to be a conglomeration of smaller,
tighter aggregates. During the crystallization process, par-
tially joined crystals were observed for both the 30 and
20°C fractions. The crystals at 15°C formed uniform
spheres with a single birefringent cross in polarized light,
which indicated a more uniform structure.

Crystal number and mean size. The final crystal number
and final mean diameter, which would affect the yield of
solids, were plotted for each experimental condition (see
Figs. 1 and 2). Figure 1 shows that the final crystal num-
ber increased with agitator velocity with the greatest ef-
fect at 15°C. The final mean crystal diameter (Fig. 2) was
found to decrease with agitator velocity at 30 and 20°C,
but increased at 15°C. This would indicate that the
crystals at 15°C were not easily sheared by the higher im-
peller rpm.

Fraction yields. The yield of solid fat varied with agi-
tator velocity and crystallization temperature, as shown
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FIG. 1. Comparison of final crystal number with agitator velocity
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FIG. 2. Comparison of final mean crystal diameter with agitator
velocity for batch crystallization of butterfat. Symbols as in Figure 1.

in Figure 3. This mass of solid fat also includes the mass
of liquid oil remaining in the crystals, which has been
noted as a major problem associated with melt crystalliza-
tion. The amount of entrained oil varies with experimen-
tal conditions, including crystallization temperature,
agitator velocity and cooling rate, although this is difficult
to determine directly. The mass of crystals increased with
increasing rpm, with the largest effect seen for the solid
fraction at 15°C and the smallest effect at 20°C. These
differences may be partly caused by the effects of rpm on
crystallization conditions that affect the level of liquid en-
trainment during filtration. These effects include number,
mean size and shape of crystals.

Kinetics of crystallization. The kinetics of crystalliza-
tion were determined by various experimental methods.
Nucleation, mass deposition and growth rates were deter-
mined by calculating the slope of the initial linear por-
tion of the respective curves. Lag times for nucleation and
mass deposition were determined by calculation from a
slope-intercept equation. The nucleation values gave the
rate at which particles formed in the solution during the
initial nucleation phase, and the growth data determined
the increase in mean crystal diameter over the initial
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FIG. 3. Yield of solid fraction at various agitator velocities for batch
crystallization of butterfat. Symbols as in Figure 1.

growth phase. The mass deposition data gave the rate of
formation of total solids, which combines both nucleation
and growth rates. Replicates of each experiment were
made to ensure reproducibility at each condition, and the
standard error was calculated for each method by pool-
ing the standard error of the individual experiments at
each crystallization temperature (31).

Nucleation. A typical temperature-time profile along
with the nucleation curve is shown in Figure 4 for a
crystallization temperature of 20°C. Similar curves were
observed at the other conditions. The number of nuclei
per milliliter showed a linear increase after an initial lag
time for all conditions. For all crystallization tempera-
tures, the solution temperature increased at the onset of
nucleation, decreased slightly and, after a period of time,
dropped off to the water bath temperature. The two phases
may indicate the initial rapid rates of nucleation and
growth, followed by slower rates as the system approached
equilibrium.,

The influence of agitator velocities on the nucleation
rate, as measured by the initial slope of particle number
with time, can be seen in Figure 5, and the lag time
associated with nucleation in Figure 6. In the 2-L crystal-
lizer, the nucleation rates were highest for crystals formed
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FIG. 4. Number of crystals and solution-temperature during batch
crystallization of butterfat (2-L, 100 rpm, 20°C, 0.45°C/min cooling
rate).
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FIG. 5. Comparison of nucleation rates at various agitator velocities
for batch crystallization of butterfat. Symbols as in Figure 1.

at 15°C, for the agitator velocities tested, and lowest for
crystallization at 20°C, while the lag times were longest
at 15°C and shortest at 30°C. The increase in nucleation
rate with agitation velocity for all temperatures could be
explained by the increase in impeller shear associated with
higher agitator velocity. This higher shear promotes
secondary nucleation, where the impeller blades caused
tiny crystals to form from disruption of existing crystals.
The decrease in lag time with increased rpm’s also can be
explained by increased impeller shear, which would pro-
mote crystallization at a faster rate at the same sub-cooled
temperature.

For the 20-L crystallizer, the trend for nucleation rate
was consistent with that of the 2-L experiments. This sug-
gests that the variations in equipment, which would ef-
fect the heat and mass transfer conditions, had no signifi-
cant effect on the rate of nucleation. The lag times were
slightly shorter for crystallization temperatures of 15 and
30°C, but remained nearly the same for 20°C. The shorter
lag times could be caused by the five-blade impeller used
for the pilot-scale experiment, which produced a higher
local shear rate and may have enhanced heat transfer.

Crystal growth. Growth rates were determined from the
linear portion of the growth curve where the mean equiva-
lent circular diameter was plotted over time. Growth
rates for crystals formed at 15 and 20°C increased with
increasing agitator velocities, while the growth rate for
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FIG. 6. Comparison of lag times associated with nucleation for batch
crystallization of butterfat. Symbols as in Figure 1.
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the 30°C crystallization initially increased between 50 and
100 rpm, and then decreased with increasing agitator
velocity (Fig. 7). This trend suggests that the crystals
formed at 30°C were held together in loose aggregates.
At 30°C, the initial crystals formed as needles, which
subsequently aggregated into loosely-packed structures.
Thus, the mechanism for growth in this fraction was main-
ly by aggregation of existing crystals. Lower agitation
velocities promote a shear aggregation, while higher
agitator velocities slow this aggregation process by
preventing the crystals from aligning themselves for at-
tachment with adjacent crystals. In addition, higher shear
rates tend to disrupt aggregates that do form. The crystals
formed at 15 and 20°C appear to grow by another
mechanism because growth rates for these fractions in-
creased with increasing agitator velocities. This growth
would be on a molecular level where individual triacyl-
glycerols are incorporated into the crystal lattice from the
bulk solution. Photomicroscopy showed that the 20°C
crystals were compacted clumps of smaller crystals with
a higher affinity for one another. One would expect that
the crystal growth rate would eventually reach a max-
imum and then decrease for these fractions with increas-
ing agitator rpm because some aggregation was evident.
However, sufficiently high agitator speeds were not ob-
tained. In addition, heat and mass transfer effects may
be more important for these crystals, where increased
agitator speed may result in increased growth rates.
Similar results, but to a lesser degree, were observed for
crystals grown at 15°C. Uniform spherical crystals form-
ed with no aggregation present.

From the pilot-scale experiments, the growth rates
followed similar trends at 30 and 15°C, compared to the
small-scale results, while crystallization at 20°C gave a
significantly higher growth rate. Perhaps this was due to
larger effects of heat and mass transfer at this condition,
although it is unclear exactly how this might occur. This
anomalously high growth rate at 20°C in the 20-L
crystallizer is difficult to explain.

Mass deposition rate. Mass deposition rates were calcu-
lated from turbidity measurements and microfiltration
data. Mass deposition rate, which is influenced by both
nucleation and growth rates, gives a value for the total
amount of solid fat formed over time. The mass deposi-
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FIG. 7. Comparison of growth rates at various agitator velocities
during batch crystallization of butterfat. Symbols as in Figure 1.
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tion was determined from turbidity measurements by
determining the absorbance of light through the crystal-
line butterfat and adjusting the value by multiplying the
actual mass fraction of crystals determined by microfiltra-
tion. The mass deposition rates were similar for microfiltra-
tion and turbidity, so the values were pooled to obtain a
single mass deposition rate at each experimental condition.
The effects of agitator velocity on mass deposition rate
can be seen in Figure 8. Mass deposition rates increased
with agitator velocity for all temperatures, with the
greatest effect at 15°C and the least at 20°C. These trends
also were consistent with final solid yield {see Fig. 3). Mass
deposition rate should follow the combined trends of
nucleation and growth with agitator velocity, although
crystal size and number also are important. At a crystal-
lization temperature of 15°C, the nucleation rate increased
the most, with the smallest increase in the growth rate.
The mass deposition increase can then be accounted for
by the large increase in the number of particles. For the
20°C fraction, the nucleation rate showed a small increase,
and the growth rate increased dramatically with increas-
ing agitator velocity. Thus, an increase in mass deposi-
tion rate with agitation velocity was observed.
Thermal curves. The thermal curves, as determined by
differential scanning calorimetry, are given in Figure 9.
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FIG. 8. Comparison of mass deposition rates at various agitation
velocities for batch crystallization of butterfat. Symbols as in
Figure 1.
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FIG. 9. Comparison of thermal curves for butterfat and its fractions
crystallized from the melt. ®, Whole milkfat; O, solid at 30°C; OJ,
solid at 20°C; A, solid at 15°C; and W, liquid at 15°C.
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TABLE 1

Melting Points of Milkfat and Its Fractions

Sample m.p. (°C)
Whole milkfat 33.1
Solid at 30°C (HMF) 43.0
Solid at 20°C (MMF) 33.9
Solid at 15°C (LMF) 19.5
Liquid at 15°C (VLMF) 12.5
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FIG. 10. Fatty acid profiles for butterfat and its fractions crystallized
from the melt.

An estimation of the melting points of the fractions, based
on peak temperatures, are given in Table 1. The thermal
heating curve for whole milkfat shows a wide range of
melting, while each fraction gave a more distinct peak in
the heat flow. The medium melting fat (MMF) gave a
similar melting curve to the whole milkfat. The high
(H)MF melting curve showed two peaks at 41 and 8°C,
while the low (L)MF and very low (VL)MF fractions
gradually melted starting at —20°C with a peak at the
melting point of the sample.

Fatty acid analysis. The fatty acid analysis of the
milkfat fractions can be seen in Figure 10. The fatty acids
obtained from the milkfat triacylglycerols were grouped
into four categories: Short-chain acids (C4:0-C10:0),
medium-chain acids (C12:0-C14:0), long-chain acids
(C16:0-C18:0) and the cis-unsaturated fatty acids
{C14:1-C18:2). Similar to results from the literature (19,28),
no major compositional differences were evident. There
was a general trend with the shorter-chain and unsatu-
rated fatty acids migrating to the lower melting fractions,
and the longer-chain fatty acids to the higher melting frac-
tions. Despite the small differences in the fatty acid con-
tent of the fractions, the melting point differences were

significant. This is most likely due to the positional loca-
tions of fatty acids in the triacylglycerols, which affects
the physical properties, including crystallization and
melting.
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