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ABSTRACT: The effect of a commercial emulsifier, sucrose
ester, on the crystallization kinetics of hydrogenated sunflow-
erseed oil was studied by means of an optical method. Induc-
tion times were measured for hydrogenated oil with the addi-
tion of 0.01, 0.05, and 0.1 wt% sucrose ester. This emulsifier
delayed nucleation, thus affecting the formation of critical nu-
clei and prolonging induction times. Kinetics of the p'—p poly-
morphic transition was followed by X-ray diffractometry. Addi-
tion of the emulsifier delayed the appearance of the signal at
4.6 A. Moreover, longer times were needed to complete the
transition. The kinetic model chosen to describe the transition
process was based on the theory of Avrami. Avrami’s exponent
n was approximately 1 in all cases. The n value was in agree-
ment with the fact that only one B’ pattern was found. The B
form could not be obtained directly from the melt, and it is un-
likely that the B"—p transition occurred through a melt-medi-
ated mechanism. Transition was hindered by the rigidity of the
sucrose ester structure.
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Polymorphism of natural fats has been extensively investi-
gated. Properties of cocoa butter have been the subject of ex-
tensive research (1-6). The unique sensory characteristics of
cocoa butter, which are mainly due to its sharp melting point,
make it the preferred fat in confectionery products. Among
animal fats, the polymorphic behavior of beef tallow and lard
has been widely studied because of their use in shortening
(7.8). Among the vegetable oils, palm oil is becoming in-
creasingly important because of its use in cooking oil, mar-
garine, shortening, and confectionery fats. Its polymorphic
behavior also has been widely studied (9-11).
Polymorphism describes phase changes and structural
modifications of the solid-fat phase. This phenomenon signif-
icantly affects the physical and functional properties of end-
products. The polymorphic form required for a fat depends
on the product. For both all-purpose and emulsified shorten-
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ings, it is essential that the solids of the fat crystallize in the
f}’ form, whereas P crystals are desirable in salad dressings
because their physical dimensions prevent the crystals from
settling (12).

The kinetics of the f’ to B transition is important from a
technical point of view. A major problem in many fat-based
food products is the polymorphic transition of fat crystals dur-
ing storage. Margarine and chocolate are well-known exam-
ples in which transitions to the most stable crystal form lead
to unacceptable product qualities. Undesirable physical prop-
erties of the stable polymorph, which arise at the expense of
the unstable form, should be avoided (i.e., excessively high
melting points, excessively large crystals, unpleasant texture).

It is clear that retarding polymorphic transformation in
solid fats can help, at least for some time, to delay loss in
quality. Emulsifiers, such as lecithin and monoglycerides, are
used as both viscosity controllers and as antibloom agents
(13). Some vegetable fats, such as partially hydrogenated sun-
flowerseed oil and low-erucic rapeseed oil, have a strong ten-
dency to form B-crystals and cause sandiness in margarine.
Several food emulsifiers, such as saturated and unsaturated
fatty acid monoglycerides, act as modifiers of crystal struc-
ture, thus helping to prevent this unwanted phenomenon. The
addition of 0.3% sorbitan tristearate inhibits the p’ to § tran-
sition in margarine (14).

Sucrose esters can be used in food as emulsifiers because
they are nontoxic, tasteless, odorless, and are digested to su-
crose and fatty acids in the stomach. Sucrose esters can also
be used in pharmaceuticals, cosmetics, foods, and in other
products where a nonionic, nontoxic, biodegradable emulsi-
fier is required (15). The aim of the present work was to de-
termine the effects of sucrose ester on the nucleation and ki-
netics of the B’ to B polymorphic transition in the crystalliza-
tion of hydrogenated sunflowerseed oil.

MATERIALS AND METHODS

Sunflowerseed oil. Hydrogenated sunflowerseed oil was sup-
plied by Molinos Rio de La Plata S.A. (Buenos Aires, Ar-
gentina) and is used in margarines in Argentina. Its composi-
tion was determined by high-pressure liquid chromatography
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(HPLC) and gas chromatography (GC), and its iodine value
was calculated (Table 1).

Isothermal crystallization. The crystallization process was
monitored by using an optical set-up as described previously
(16). A helium—neon laser was used as the light source. A
photodiode detected the occurrence of optically anisotropic
fat crystals. The photosensor output was recorded along with
the cell temperature. A typical chart-recorder output of the
CdS photodiode, as well as the thermocouple’s record for the
crystallization of hydrogenated sunflowerseed oil, were used
(16). The induction time is the interval between the moment
crystallization temperature is reached and the start of crystal-
lization (first deviation from the laser baseline signal). Cool-
ing rates were calculated from the slopes of the cell tempera-
ture record. Two different cooling rates were used, 2 and
7°C/min. The sample was crystallized by reducing the tem-
perature to 30 and 33°C. When the laser signal reached a
peak, crystals were filtered through a 53 GA Pyrex filter (pore
diameter 5 pm); Aldrich Chemical Company, Milwaukee,
WI) under vacuum. The solid sample was then analyzed for
polymorphic form by X-ray diffractometry (XRD) and differ-
ential scanning calorimetry (DSC) and for chemical composi-
tion by capillary GC and HPLC.

Emulsifier. A sucrose ester (P-170) was supplied by Mit-
subishi-Kasei Food Corporation (Tokyo, Japan). The sucrose
ester had a Mettler dropping point of 58°C and was added at
concentrations of 0.01, 0.05, and 0.1 wt%.

(XRD). Polymorphic transformation f}" to  was followed
by XRD. Short spacings were measured by means of an X-
ray diffractometer (Rigaku, Tokyo, Japan) (Cu Kot A = 0.1542
nm) at room temperature. The polymorphic transformation
was induced by tempering the sample at 25°C, which was
placed on the glass plate used for XRD. Patterns were ob-
tained immediately after filtering and each day thereafter until
the 4.6 A signal appeared, then every three days until transi-
tion was complete.

DSC. A programmed Du Pont 910 calorimeter (Du Pont,
Wilmington, DE), fitted to a cooling apparatus and a thermal
analyzer (model 99; Du Pont), was used. Samples (ranging
from 15 to 20 mg) were placed in hermetically-sealed alu-
minum pans and subjected to the temperature program of 10
min at —40°C and further heated at 5°C/min to 80°C. The
equipment was calibrated with indium as the standard. Dia-
grams of heat flow (dQ/dt) were plotted as a function of time.
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Although the sensitivity used varied from 1.038 to 0.414
mJoule/s, based on the quantity and quality of the samples,
diagrams could be compared because they were printed on
the same scale, and values of dQ/dt were divided by mass. Fu-
sion enthalpies were calculated as reported earlier (17). Sam-
ples were run in duplicate, and values given are the means of
two thermograms.

(GC). Fatty acids were analyzed with a Hewlett-Packard
5890 A chromatograph (Hewlett-Packard, Palo Alto, CA)
with an SP 2330 column (60-m length and 0.25-mm i.d.).
Methyl esters were prepared by transesterification with a mix-
ture of methanol/benzene (3:1) and 3% wt/vol sulfuric acid.

(HPLC). Triacylglycerols (TAG) were analyzed by HPLC
(16). The HPLC columns (Alltech Associates, Inc., Deerfield,
IL) consisted of two 150 mm X 4.6 mm i.d. in series. They were
packed with 3-um C18 bonded-phase particles. The columns
were maintained at 40°C by a column oven. Analyses were car-
ried out by mixing acetonitrile and tetrahydrofuran (70:30,
vol/vol) at 0.6 mL/min, the usual flow rate. A laser light-scat-
tering detector was used to identify the separated TAG.

RESULTS AND DISCUSSION

Composition of the crystals. No difference in fatty acid com-
position was found when either cooling rate to 30 or 33°C
was used (Table 1). However, fatty acid compositions of both
fractions varied from the original sample and exhibited higher
contents of 18:0. Comparison of both fractions showed that
the 18:1 content was higher for 33°C, whereas the 18:2 con-
tent was higher for 30°C. Contents of 18:1 and 18:2 were the
only differences in fatty acid compositions of the fractions.
The TAG found in percentages higher than 2% were SSO,
SO0, POO, 000, and LOO (S denotes stearic; O, oleic and
elaidic; P, palmitic; L, linoleic). Glyceride compositions ob-
tained were: 2.9% SSO, 38.7% SOO, 26.4% POO, 15.8%
000, and 9.4% LOO for the original sample; 5.9% SSO,
36.5% SO0, 28.0% POO, 17.0% 00O0, and 9.9% LOO for
the slow cooling rate to 30°C; and 5.5% SSO, 36.9% SOO,
28.1% POO, 17.1% 000, and 10.1% LOO for the fast cool-
ing rate. By cooling to 33°C, the crystal compositions were
7.5% SSO, 33.6% SO0, 29.3% POO, 17.0% 000, and 7.9%
LOO for the slow cooling rate and 7.7% SSO, 33.6% SOO,
29.1% POO, 17.0% 00O, and 7.8% LOO for the fast cool-
ing rate. Crystal fractions had slightly higher contents of SSO,

TABLE 1
Fatty Acid Composition (%) and Other Properties of Hydrogenated Sunflowerseed
Oil Crystals

Trans

acid Calculated

Fatty acid (%) content iodine

Sample 16:0 18:0 18:1 18:2 Others (%) value
Original 7.2 109 721 7.5 2.3 325 72.4
Cooled slowly to 30°C 85 156 604 124 3.1 35.5 70.2
Cooled quickly to 30°C 8.3 154 60.1 12.8 3.4 35.2 70.4
Cooled slowly to 33°C 8.2 153 67.7 6.7 2.1 34.4 67.5
Cooled quickly to 33°C 81 151 68.0 6.9 1.9 349 68.3
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POO, and OOO than the original sample. Comparison of the
fractions showed that the fraction crystallized to 33°C had
about 2% more SSO, 3% less SOO, and 2% less LOO than
the fraction crystallized to 30°C.

With regard to the use of hydrogenated oil in margarine,
POO is present in high percentages. Therefore, we selected a
P-sucrose ester that could be expected to affect the transition
kinetics, namely a compound that should cocrystallize with
the fat and is structurally dissimilar so that it would not allow
polymorphic transition. The activities of such inhibitors are
also related to the composition of the fat (18).

Thermal behavior of the crystals. Figure 1 shows DSC
thermograms of both the original sample and the crystals ob-
tained by slow and fast crystallization to 30 and 33°C. The
DSC thermogram of the original sample showed two en-
dotherms at 0 and 23.7°C. At the fast cooling rate to 30 and
33°C, two endotherms were also observed, but their peak
temperatures were —5.0 and 36.2°C, and —7.5 and 37.5°C, re-
spectively. The DSC profiles for the fractions crystallized at
the fast cooling rate were similar and differed little from the
original sample. At the slow cooling rate, fractionation oc-
curred for both crystallization temperatures (Fig. 1). Melting

Original sample

T 30 slow rate

Tc 30 fast rate

T 33 slow rate

T 33 fast rate

375
-20 0 20 40 60
Temperature (°C)

FIG. 1. Calorimetric diagrams of the original sampie and crystals ob-
tained when hydrogenated sunflowerseed oil was crystallized to 30°C
at slow (T _30S) and fast (T_30F) rates and to 33°C at slow (T .335) and

fast (T _33F) rates; T, crystallization temperature.
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enthalpies were higher in comparison with that of the original
sample (54.4 Joule/g). At 33°C, they were 66.8 and 65.9
Joule/g for the slow and fast rate, respectively, while at 30°C,
these enthalpies were 62.5 and 63.1 Joule/g, respectively. Dif-
ferences in composition and thermal behavior of the fractions
were small although significant.

Effect of sucrose ester on induction time of crystallization.
Induction times of crystallization are reported in Table 2. Hy-
drogenated sunflowerseed oil was crystallized by cooling to
T. = 30 and 33°C at two cooling rates. At Tc = 30°C, there
was only a small difference in induction time at slow and fast
rates. Instead, at T, = 33°C, the effect of cooling rate on in-
duction time was more noticeable. Induction times were
shorter at slow crystallization rates.

With the addition of 0.01% sucrose ester, induction times
were longer than those of the control at both T_ values and
cooling rates. For T_ = 30°C and slow cooling rate, there was
a small delay of crystallization. The induction time was
21.1% longer than with no sucrose ester addition. At the fast
cooling rate, the effect was larger, 77.2% longer than that of
the control. At T_ = 33°C, induction times were 55.5 and
185.6% longer than with no sucrose ester addition for the
slow and fast rates, respectively. When 0.01 wt% sucrose
ester was added, the induction time for crystallization was in-
fluenced more than with other sucrose ester levels at the cool-
ing rate to 30°C.

The addition of 0.05% sucrose ester delayed crystalliza-
tion longer than with 0.01% sucrose ester. At 30°C, induction
times were 336 and 302% longer than those of the control for
the slow and fast rates, respectively; and at 33°C, they were
99 and 430% longer. At T_ = 33°C, the induction times were
strongly dependent on the cooling rate.

At the 0.1% concentration, induction times were the
longest. However, they were not dependent on cooling rate as
they were for the 0.01 and 0.5% levels. By adding sucrose

TABLE 2
Induction Times for Crystallization of Hydrogenated
Sunflowerseed Oil
Amount of T, Cooling rate Induction time
sucrose esters (%) °Q) (°C/min) (min)?
0 30 2 104 £ 0.1
7 13.6 £ 0.3
33 2 36.6 £ 0.4
7 50.7 £ 0.8
0.01 30 2 126+ 0.4
7 241+ 0.4
33 2 56.9 1.1
7 1448+ 1.7
0.05 30 2 453 1.2
7 546+1.2
33 2 728+ 1.3
7 2684+ 2.6
0.1 30 2 105.8 £ 2.1
7 115.5+2.0
33 2 456.7 £ 5.3
7 453.5+4.2

?Mean t one standard deviation; T, crystallization temperature.
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ester, induction times were lengthened. Nucleation was de-
layed, as well.

B’—B Transition. Tables 3 and 4 show the effect of the
emulsifier on the B’ to P transition when the sample was crys-

TABLE 4

Effect of Sucrose Ester on f'—§ Polymorphic Transition

of Hydrogenated Sunflowerseed Oil, Crystallized Quickly

at 30°C (storage temperature 25°C)

tallized under different cooling rates to 30°C. At all concen- tsitr:reage Sucrose ester content (%)
trations, the emulsifier delayed the transition 24 h. One-half () 0 0.01 0.05 0.1
of the transition was delayed for the 0.05 and 0.1% sucrose 0 B B B’ B’
ester levels. Addition of sucrose ester led to longer times to 1 B B p’ p
complete transition. Addition of 0.05% sucrose ester was 2 p p p p
needed to delay apparition of the 4.6 A signal. The same con- 3 F<<p F<<p ,B' ,ﬁ'
centration was necessary to delay one-half of the transition. 1; & =p B =p pe<p B
However, the transition was also delayed when 0.01% sucrose 35 p=p B=p
ester was added. 76 B
At the fast cooling rate, induction times were longer, and 88 B
polymorphic transformation was slower. These results imply 106 p
that the inhibitory effect of the solid surfactant on the §’ to 120 B
transition is not absolute, but rather varies with cooling rate.
It has been reported that the temperature regime controls the
mobility of the fat molecules, the number of local crystal im-
perfections, and the degree of liquefaction. Because these fac-  yapig 5
tors are kinetic, they may also affect the rate of polymorphic  Effect of Sucrose Ester on i’ B Polymorphic Transition
transition (19). of Hydrogenated Sunflowerseed Oil, Crystallized Slowly
Table 5 shows the effect of the emulsifier on the B’ to p 2t 33°C (storage temperature 25°C)
transition when the sample was crystallized slowly to 33°C.  Storage
The addition of 0.01% sucrose ester was sufficient to delay M€ Sucrose ester content (%)
the apparition of the 4.6 A signal. Times for one-half and @ O' 0"2] 0‘?5 0',1
complete transitions were longer at all sucrose ester concen- ? B'E<B g g, g,
trations. 2 p'<<B p 4
By crystailizing slowly to 33°C, a 4.6 A signal appeared 3 Br<<p B'<<B
before the signal obtained for the same cooling rate to 30°C, 8 p=p p'<<B B'<<B
both for the control and for 0.01% sucrose ester. One-half of 10 p=p .
the transition was faster in all samples cooled to 33°C, but ;g p=p 6 =p
was.complete only at longer times for both the control and for 5 )
the sample with 0.01% sucrose ester. The addition of up to g8 B
0.5% sucrose ester similarly affected the transition at both 100 B B
crystaftization temperatures.
Table 6 shows the effect on the transition for the fast crys-
tallization rate by cooling to 33°C. At all concentrations, the
4.6 A signal apparition, one-half of the transition, and the end TABLE 6
of the transition were delayed by added sucrose ester. Effect of the Emulsifier on the f'—p Polymorphic Transition
of Hydrogenated Sunflowerseed Oil, Crystallized Quickly
at 33°C (storage temperature 25°C)
TABLE 3 Storage
Effect of Sucrose Ester of f'—f Polymorphic Transition time Sucrose ester content (%)
on Hydrogenated Sunflowerseed Oil, Crystallized Slowly ) 0 0.01 0.05 0.1
at 30°C (storage temperature 25°C) 0 B P I3 B
Storage 1 B 4 B’ B
time Sucrose ester content (%) 2 p'<<p B’ B B’
(d 0 0.01 0.05 0.1 3 B<<B B B
0 g p’ i p 4 pr<<p p'<<p
1 i p’ iy p’ 9 p=p
2 fr<<p i p’ p’ 17 p'=p
3 B'<<p B'<<p B'<<B 20 p=p
18 =B p'=B 34 B'=p
31 p=p p=p 8 B
60 B 98
76 B 110 B
98 B B 134 B
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TABLE 7
Avrami Exponent n, Obtained After Fitting the Transformation Curves
Sample Sucrose ester content (%) n r?
Cooled slowly to 30°C 0 09 0.9%
0.01 0.8 0.989
0.05 1.0 0.992
0.1 09 0993
Cooled quickly to 30°C 0 1.0 0996
0.01 1.0 0997
0.05 1.1 0.997
0.1 1.3 0.999
Cooled slowly to 30°C. 0 0.8 0.999
0.01 0.8 0.999
0.05 09 0.994
0.1 09 0.99
Cooled quickly to 30°C 0 09 0.998
0.01 1.0 0.998
0.05 1.1 0.998
0.1 1.1 0.998

By crystallizing at the fast rate to 33°C, the 4.6 A signal
appeared earlier than crystallizing at the fast rate to 30°C
when the control was stored, whereas the delay was the same
for all concentrations of added sucrose ester at both tempera-
tures. For the control and with 0.01 and 0.05% of sucrose
ester, one-half of the transition was faster than when crystal-
lizing to 30°C. The transition was complete. at longer times,
both for the control and 0.01% sucrose ester.

Crystals obtained when crystallizing to 33°C had slightly
different composition than those obtained when crystallizing
to 30°C. For the control and added sucrose ester, the transi-
tion required a longer time to reach completion at 33°C than
at 30°C for both cooling rates. The effect was variable at low
sucrose ester concentrations, as a result of the different com-
positions of the crystals.

Kinetic model. The kinetic model chosen to describe the
transition process was based on the theory of Avrami (18-20).
Avrami’s equation (1-X = e—*""), where X = B fraction, de-
scribes the kinetics of the global transformation—nucleation,
growth, and coalescence of nuclei. The value n corresponds
to the mode of nucleation and growth of B nuclei; the value k
to the shape of B nuclei and nucleation and growth rates. Ex-
perimental n values were obtained by fitting the kinetic curves
obtained by measuring the intensity of the short-spacing line
of the B form (19.2° 26) vs. time. The height of the signal
when the transformation was complete was considered to be
100%; the other heights are expressed as fractions.

Avrami exponent. Table 7 shows the n values obtained for
both crystallization temperatures and both rates, for the con-
trol and for the addition of 0.01, 0.05, and 0.1% sucrose ester,
after fitting of the transformation curves ( fraction vs. time)
with Avrami’s equation. The n value, on which the shape of
the kinetic curves depends, was approximately 1 in all cases.
According to Avrami (20-22), this could correspond to the
apparition, with a constant probability into space and time, of
weakly-growing nuclei. The high values of n observed for
some pure TAG were related to the existence of two B’ forms
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(23). The B, to B, transition, associated with the existence
of these two polymorphic forms, could precede the growth of
the B nuclei. The n value found for hydrogenated sunflow-
erseed oil was in agreement with the fact that only one B’
form was found when the polymorphic form was studied by
XRD. The fact that the B form could not be obtained directly
from the melt suggests that the B’ to P transition is not liquid-
mediated, it probably occurs in the solid state. As previously
reported (24), any polymorphic transition through the solid
phase, associated with slight movement of fat molecules, will
be hindered by the rigidity of the emulsifier structure.

Sucrose ester lengthens induction times for crystallization,
i.e., it delays nucleation. The effect was very noticeable at low
concentrations. Sucrose esters influence critical nuclei forma-
tion and polymorphic transition. X-ray patterns, obtained im-
mediately after filtering of the crystals, corresponded to the
B’ form for the control and with the addition of up to 0.1% su-
crose ester. Four signals at 3.9, 4.1,4.3, and 4.4 A could be
seen, whereas only one B’ pattern was found. The emulsifier
should produce a rigid structure, which stabilizes the B’ form,
so that transition is delayed
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