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Electron paramagnetic resonance (EPR) and densitometry were used to measure the temperature-
and rate-dependent formation of fat crystals in emulsion droplets in hardened palm kernel oil in water
emulsions. The solid fat content in emulsions can be critical for the functionality of the emulsions in
a wide variety of applications. Therefore, new and accessible methods are needed to monitor solid
fat content in order to control the functional properties of these emulsions. EPR measurements showed
that the microviscosity within the oil droplets could be measured as a function of temperature and
that the storage temperature below the main fat melting point is crucial for an increase in the
microviscosity, due to fat solidification. The microviscosity of the oil droplets could be an important
parameter for defining functional performance (e.g., rheology and partial coalescence). Density
measurements provided a simple and accurate method for monitoring changes in phase state of the
oil. The phase behavior agreed well with the EPR results, demonstrating that accurate density
measurements could prove to be a valuable tool for monitoring fat crystallization processes.
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INTRODUCTION rheology; therefore, there is a great interest in trying to
Oil in water emulsions are utilized in a huge variety of understand the physicochemical mechanisms underlying the

applications including food, cosmetics, pharmaceuticals, and formation of solid fat crystals in oil droplets in order to
petrochemical industries, and they are used primarily to suspendManipulate the stability, rheology, and functionality of a range
fat or fat soluble components in an aqueous medium, to impart ©f emulsion systems.
structure and texture, or to encapsulate aroma or other active The phase behavior of the oil is different in the bulk and
compounds for enhanced nutritional quality or drug delivery emulsified forms. This is thought to be mainly due to the
(1, 2). Physically, the properties of the emulsion droplets probability that a nucleation site for crystal formation is present
themselves can influence the rheological properties of the in a single emulsified droplet (%, 7). The impact is that it is
emulsion as a whole3( 4). The droplets can form space- possible to supercool emulsion droplets, so that they remain in
spanning networks to create non-Newtonian gellike behavior the liquid phase at temperatures below the main melting point
in order to design the desired rheological propert&s3y, for of the fat 6, 7—12). On the basis of this premise, the importance
example, to retain solidlike behavior during storage but that will of various physicochemical parameters such as droplet size, oil
flow easily during transport or manipulation. The physical phase emulsifier type, and droplet interactions has been
properties of the oil phase of the constituent oil droplets are jnestigated 7—9, 13, 14), to improve our understanding of
therefore extremely important for the physical properties of the g,y to control the solid fat content of the emulsions and hence
emulsion network as a whole. That is, a network formed from j;ence the functionality of the emulsions themselves. There
liquid oil drople_ts IS very d|f_f(_erent_to that fO”T‘ed from solid have been a wide variety of studies on this problem, using a
fat droplets. This effect is Ut'".zed in the foc_)d industry for the range of techniques( 7). These include differential scanning
format|on of arange of emulsion-based dairy products such ascalorimetry (12), X-ray diffraction (15), NMR (2L0), volume
ice cream, whipped cream, and yogurt to enhance the sensory, ltrasound (9). These techniques can monitor the rate
properties of the food5—7). It is well-known that the levels (8), and u L q X
of solid fat are vital for the overall appearance, structure, and and extent of crystallization and even the polymorphism of the
crystals. The results have often been used to study the problem
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mechanisms underlying fat crystallization in emulsion systems. 7.(B) corresponds to averaging of the three anisotropic hyperfine
Another important issue is to be able to routinely measure the interactions and the three anisotrogievalues, whereas(C)
physical properties of the fat droplets in emulsions during only reflects the averaging of the hyperfine interactions. Ideally,
storage and use in order to optimize the production and storageboth have the same value, but in general, calculation(&)
process for maximal performance. To this end, we have madeis more reliable than that of.(C) and has been used in this
some preliminary investigations using densitometry and electron work. Plots of Ing(B) or Inz(C) against the reciprocal of the
paramagnetic resonance (EPR) to validate them as potentialabsolute temperature should produce straight lines, whose slopes
techniques for monitoring of the development of fat crystals as provide the activation enthalpy. If two parallel lines are obtained,

a function of storage conditions in emulsion droplets.

BACKGROUND

The free radicals that we used as spin probes are 1,1,3,3-

tetramethylisoindolin-2-yloxyl (TMIO) (mainly fat but also
water soluble)

H,C. /CH,
NO-
H,C CH,

and then-hexyl ester of 5-carboxy-1,1,3,3-tetramethylisoindolin-
2-yloxyl (HCTMIO), which is only fat soluble.

o]
” CH, CH,
C
/
CeHy O No-
CH, CH,

then the radical can be regarded as undergoing isotropic motion.
The TMIO type radicals used here have been shown to rotate
essentially isotropically. Rotational correlation times,are
related to the viscosityy, by the expression:

T = 4ar’y/3KT (5)
wherer is the effective radius of the spin probk,is the
Boltzman constant, and is the absolute temperature. Other
than in a neat liquidy is the viscosity of the environment of
the spin probe, that is, the microviscosity. This may be different
from the bulk or macroviscosity of a complex fluid, which is
measured on a larger length scale and will be influenced by
networks or microstructures, which may form at longer length-
scales than the spin probe.

Although EPR has been used before to study fat crystallization
in emulsions (23), analysis was based on a simple relationship
with peak height. Now, improved analysis is available to give
more accurate information on the physical state of the oil
droplets. This involved simulation and measurement of spectral
parameters carried out using the EWVOIGTN computer pro-
gram supplied by the Scientific Software Services (Bloomington,

The general synthetic procedures and EPR properties of thelL): The program is based on a precision fast convolution

probes have been described befd@<19). Partitioning experi-
ments usingi-octanol/water showed that the solubility of TMIO
in water is<0.1%.

Nitroxyl radicals undergoing rapid rotational motion in an

algorithm optimized by using a Levenberlylarquardt method
(24). This iterative fitting program enableaV, g-values,
Lorentzian and Gaussian line widths, and relative concentrations
to be evaluated from EPR spectra resulting from overlap of

isotropic medium have their spectral anisotropy completely spectra of two nitroxyl species. For the experiments with TMIO
averaged. The corresponding EPR spectrum is characterized bys a spin probe, two superimposed EPR spectra are observed
three equally spaced lines having 1:1:1 intensities arising from originating from the water and lipid phases. These two overlap-
hyperfine interactions of the nitrogen-14 nucleus with the ping spectra can be deconvoluted using the EWVOIGTN
unpaired electron. The widths of the lines can be accounted for program, and this is easier to do when the two nitroxyls have

by the motional modulation of thg-factor and the hyperfine

different nitrogen hyperfine splittingsal) and/or different

interaction tensors. The rate of tumbling can be determined from Lorentzian line widths. This situation occurs for oil/water

the Lorentzian line widths, provided that the correlation time
is less than 1 ns. Two rotational correlation timegB) and
7(C), can be calculated using eqgs 1 and 2 given bel@®w(
22):

7.(B) = 15B/(4bAB) 1)

)

where By is the magnetic field at the center of the spectrum
and the constantls and A can be found from the anisotropic
hyperfine interactions angtfactors for the radicals. For TMIO
type radicals, the equations become

7,(C) = 8C/(28.02x 10°0?)

.(B) = 5.75{[W(—1) — W(+1)/B} x 10’s  (3)

7(C) = 1.72{[W(+1) + W(—1)— 2W(O)]} x 10°s (4)

whereW(+1), W(—1), andW(0) are the peak-to-peak Lorentzian

line widths of the first derivative EPR lines. A comparison of
7¢(B) and7(C) tells us whether the spin probe is undergoing
isotropic rotation, in which case, the ratio of the two correlation

emulsions becaus#' is about 1.6 mT for a polar phase, whereas
for the apolar phase" is about 1.4 mT Z5).

MATERIALS AND METHODS

Sample Preparation.Emulsions were prepared from 28% hard palm
kernel oil (HPKO), 71% water, 1% sodium caseinate, and 0.2% xanthan.
HPKO contains the following fatty acids.

% % % %
lauric 47 oleic 14 caprylic 6 stearic 25
myristic 16 palmitic 8 capric 4 linoleic 25

HPKO is a soft solid at room temperature. The purpose of the protein
is to form a layer around the oil droplets and to decrease the interfacial
tension between the oil and the water phases: The emulsion is stabilized
by a decrease in surface free energy.

Macroviscosity MeasurementsThe macroviscosity of HPKO was
measured by stress viscometry using a model CS10 Bohlin controlled
rheometer (Bohlin Instruments, Cirencester, United Kingdom) and a
double gap GG 40/50 geometry at different temperatures from 323 to
353K. The shear rates were varied between 1.62 and 8&&pending

times must be close to unity. The rotational correlation time on viscosity of the sample and temperature used. The samples behaved
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Table 1. Mean Viscosity Values of HPKO Measured between Shear 1.02 (@)
Rates of 1.62 and 583 s~! as a Function of Temperature? . - . heating
2 1.011 -
temp (K) viscosity (Pa.s) § \
323 2.14E-02 (1.46E-04) f: 1.001
333 1.59E-02 (5.51E-04 i)
343 1.24E-02 E1.12E—03§ 2 5901 coc:]ing\ .
353 1.02E-02 (1.29E-03) : '\*\\
—_—
@Mean (SD); n = 75. Viscosity was Newtonian between these shear rate values 0.987 . . . . :
at all temperatures. 280 290 300 310 320
Temp (K)
in a Newtonian manner at these shear rates, and the average viscosity o4 (b)
values of this range were taken. These data were used to calculate the T 0.012] ..
enthalpy of activation associated with the macroviscosity: This is the é 0.0101
magnitude of the slope of an Arrhenius plot of In(viscosity)Tvs > “\ heating
Density MeasurementsAn Anton Paar DMA 5000 density meter ¢ 0.0081 \
(Anton-Paar GmbH, Graz, Austria) was used to measure densities of % 0.006 A
the emulsions at controlled temperatures from 278 to 323K. The b= B
. s . . . o 0.004 '
instrument uses an oscillating tube filled with the sample of interest b ) \ .
and utilizes the principle of harmonic oscillation. The oscillating U-tube % 0.002{ g ’
has a resonant frequency that is inversely proportional to the square 0 . . , ‘ =,
root of its mass. Therefore, when filled with a quuid of known volume 270 280 200 300 310 320 330

(approximately 1 ml__), the_ mass, and hence the density, can be measured Temp (K)
very accurately. It is estimated that errors are less thart g@nrs ) ) . ) .

for the emulsions used in this work. As the fat crystallizes in the Figure 1. Effect of cooling (solid line) and heafing (dashed line) on the
emulsion, its density increases, enabling a direct measure of the overalidensity of the emulsion. (a) The absolute density values and (b) the
levels of crystallized fat in the emulsion. The small sample volume differential density values compared with the density changes of the
means that the temperature can be changed and controlled quickly anctontinuous phase.

accurately (£0.002C). The emulsions were heated to 323 K for 1 h

to ensure that all of the fat was in the liquid state. The densities of the 1.020 )
samples were recorded at intervals of 2.5 K on a cooling and subsequent S 83K
heating cycle between 323 and 278 K at approximately 0.5 K per & 1.0157 _/“'/'
minute. Dynamic measurements were made by again heating the sample 5 / /,,2/8%,//4
to 323 K, then cooling to a predetermined temperature (283, 288, or 210007 e
293 K), and monitoring the density of a period of time to determine ‘g‘
the rate crystallization of the oil in the emulsion. g 10057,
EPR Measurements Microcrystals of the spin probes were mixed
into the emulsions to give a resultant probe concentration of about 1 1.0007 293K
mM. This concentration is appropriate for EPR measurements and is 0.995 -

unlikely to affect the physical properties of the emulsions. Experiments 0 5 10 15 20 25

were also carried out on neat HPKO. Samples were placed in 10 cm Time (h)

long glass capillary tubes (1 mm internal diameter), and the ends were . . ; ; :
heat sealed. X-band EPR spectra were recorded with a Bruker Elexysggrl:;r;'ureiﬁem of time on the density of the emulsion at various
500 spectrometer (Bruker Biospin Ltd., Coventry, U.K.) fitted with an ’
ER049X Super X microwave bridge and a SHQ cavity: Variable
temperature experiments were carried out with the aid of an ER131VT
nitrogen controller. Spectra were processed off-line.

emulsion is gradually cooled from 323 to 278 K and then
reheated to 323 K. The temperature of 323 K was chosen to
ensure that the HPKO is liquid at the start of the experiment.
The hysteresis in temperature is in the order of around 20 K,
which is not uncommon in these systems. The rate of solidifica-
Macroviscosity MeasurementsThe macroviscosity values  tion was studied by again starting at 323 K and then dropping
of the HPKO as a function of temperature are showiable the temperature to 283, 288, and 293 K, in three separate
1. The enthalpy of activation calculated from the macroviscosity experiments. Fronfigure 2, it can be seen that the density
measurements gave a value of 25:2.9 kJ mof ™. increases over a period of hours, being most marked for the
Melting Point Measurements on HPKO. HPKO melting lower temperatures. In fact, at 293 K, there was very little
point data (provided by the suppliers of HPKO) have shown a evidence of significant crystallization in the emulsions, whereas
wide range of temperatures due to it being a complex mixture in the bulk oil, the fat would have already passed through its
of triglyceride molecules. The melting behavior at a heating two main crystallization transition temperatures, resulting in
rate of 2 K min! showed main peaks at 300.4 and 305.4 K significant solidification of the oil phase. This information is
whereas crystallization (cooling 2 K min~1) showed two peaks  crucial for the performance of emulsions stored around this
at 294.7 and 299.0 K. The structure and physical properties of temperature. These results can be interpreted in terms of partial
HPKO crystals depend on the cooling rate and temperature, andsolidification of the HPKO over a fairly long interval.
they may change with time due to Ostwald ripening even though  The crystallization kinetics for HPKO in the bulk form can
the solid fat content remains constar).(In addition, the be very different from the emulsion form, which needs to be
strength of crystal—crystal bonds and the fat crystal network cooled to a much lower temperature in order for crystallization
increase at temperatures below the fat melting pd#a).( to start (27). In bulk oil, crystallization starts and nucleation
Density Measurements on the Emulsiondt may be seen and growth of the fat crystals rapidly extend throughout the
from Figure 1 that there is considerable hysteresis when an whole system. However, when crystallization takes place in one

RESULTS AND DISCUSSION
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Figure 3. Effect of time on rotational correlation times, 7(B), of TMIO in
neat HPKO at 283 and 293 K.

droplet of the emulsion, it cannot simply extend to the oil in
the surrounding dropletsb). Several views occur as to why

crystallization processes observed in the bulk fat are not seen

in emulsified form 7). In commercial systems such as HPKO,
impurities in the oil “seed” the nucleation of crystals, encourag-
ing their growth. However, in small emulsion droplets, many

of the droplets may not contain a nucleation site, so the process
becomes more dominated by homogeneous nucleation and
growth. Therefore, the temperature dependence and kinetics of

crystallization in discrete emulsion droplets are very different
to the bulk oil. Crystallization behavior of emulsified oil can
depend on the mean size of the droplet8)( the type of
emulsifier used (28—30), and the nature of the droptibplet
interaction (31,32).

EPR Spectra of TMIO in HPKO. The EPR spectra of
TMIO in neat HPKO were recorded over the temperature range
273—323 K; from the spectra, values«{B) were obtained in
the range 25250 ps. An Arrhenius plot was fitted linearly with
R = 0.9998 giving an activation enthalpy of 344 0.5 kJ
mol~%: Note that it was found that the enthalpy of activation
obtained from macroviscosity measurements gives a value of
25.2 4+ 0.9 kJ mofl. However, it is not uncommon for the
microviscosity enthalpy to be greater than the macroviscosity
enthalpy: This is because there is a small additional activation
energy due to the spin probe being larger than the solvent
molecules 83). A second series of experiments was carried out
in which the bulk HPKO was held at 318 K and then dropped
to 293 K and the spectra monitored at intervals for about 70
min, and the sample was heated to 318 K and then monitore
at 283 K for about 140 min. It may be see frdfigure 3 that
the rotational correlation times(B), remain constant at 87.1
+ 0.5 and 144.7+ 0.6 ps for 293 and 283 K, respectively,
over the observation periods.

EPR Spectra of TMIO in the Emulsions. TMIO was added
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Figure 4. Deconvolution of the X-band EPR spectrum of TMIO in cream
CA1 at 283 K.
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Figure 5. Effect of temperature on the rotational correlation times, z(B),
of TMIO in the HPKO and water phases of the cream CAL.
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Figure 6. Effect of time on rotational correlation times, z(B), of TMIO in

25

gcream CAl at 293 K.

activation enthalpy of 38.14 0.6 kJ mot?, which is in
reasonable agreement with the value obtained from the micro-
viscosities of the neat HPKO. ComparisonFifures 3and6
shows that at 283 and 293 K, the microviscosity of HPKO is
slightly greater in the emulsion than it is in neat HPKO.

to a sample of the emulsion and EPR spectra recorded in 5 K The values ot(B) for the water phase do not show a smooth
intervals from 273 to 318 K. Because of the high water content dependence on temperature due to computational errors. Nev-
and the significant solubility of TMIO in water, deconvolution ertheless, there is a small increase@) from 313 to 273 K:

of the spectra is very importarfigure 4 shows an example of A large change would not be expected because the enthalpy of
the experimental and deconvoluted spectra for 283 K. The activation for the macroviscosity of water is small having a value
spectral lines of TMIO in the HPKO phase are much broader of only 17.234 0.05 kJ mot? (34).

than those in the water phase due to paramagnetic line A set of experiments was carried out in which the emulsion
broadening arising from dissolved oxygen; it has a much greaterwas heated to 318 K and then cooled to 293 K and the EPR
solubility in HPKO. From the deconvoluted spectra, it can be spectra were recorded over time; then, the temperature was
calculated that, due to the high solubility of TMIO in fat as raised to 318 K, cooled to 283 K, and again monitored over
compared with water, the partitioning of TMIO has a ratio of time. The spectra were deconvoluted, and valuegBf were

28:1 for HPKO:water at 283 K; this compares with the ratio of obtained. There was no change observed at 29Bigute 6),
HKPO:water of 0.39:1 used to make the emulsiBigure 5 butz(B) increased with time at 283 K, as can be seeRigure
presents the rotational correlation data obtained from the 7, from about 150 ps to about 200 ps over 140 min. This
deconvolution computations. An Arrhenius plot #¢B) values corresponds to an increase of microviscosity from about 15
of the HPKO phase gives a linear pl&® € 0.999) yielding an centipoise to about 20 centipoise.
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Figure 7. Effect of time on rotational correlation times, 7(B), of TMIO in Figure 9. Effect of temperature on the percentage of the low mobility
cream CAL at 283 K. component in the emulsion after storage overnight at 273 K.
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Figure 10. Effect of temperature on 7(B) calculated from the simulated
spectra of HCTMIO in the emulsion after storage overnight at 273 K.
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Figure 8. Experimental and simulated EPR spectra of HCTMIO in CA1
at 275 K after storage overnight at 273 K. The arrows indicate spectral

features from a low mobility component. o . . . . .
y comp of emulsified oil droplets. Microviscosity values could provide

There is some evidence that the time required to cool the g important insight into the properties of oil/fat droplets
cream to 283 K can affect the functional qualities. An experi- equired for optimal functionality. Density measurements can
ment was carried with TMIO in the emulsion where the sample yide a sensitive measure of the onset of crystallization,
was cooled as quickly as possible from 318 to 283 K; in another paticularly under storage conditions close to the melting/

experiment, the sample was cooled from 318 K in 1 K steps ¢ystallization temperatures of the oil, which could vary
every 90 s until 283 K was reached. EPR spectra were recordeddepending on other parameters such as droplet size and

when 283 K was reached(B) values of 141+ 3 and 137+ emulsifier type.
5 ps, respectively, were obtained. Thus, there were no detectable

differences in the microviscosities measured for the two types
of cooling procedures.

HCTMIO Spin Probe Experiments. To reduce the com- )
; e : ~~ We thank Drs. S. E. Bottle and A. S. Micallef of Queensland
utational complexities from having two phases to deal with, . . )
b P g P University of Technology for the gift of HCTMIO.

the fat soluble spin probe, HCTMIO, was used. There is a slight
disadvantage in using this probe because it is larger than TMIO
thus giving broader EPR lines resulting from a larger rotational | |TERATURE CITED
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