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ABSTRACT: Direct B-crystallization of different samples of
cocoa butter has been investigated. The influence of the ther-
mal history of cocoa butter on its phase behavior is defined as a
memory effect. The chemical composition of cocoa butter has
been related to the occurrence of the short-term B-memory ef-
fect via statistical analysis of the results. We explain how this
effect can be attributed mainly to stearic acid and its related tri-
acylglycerols. The total phase behavior of cocoa butter is dis-
cussed on the basis of the results obtained from the series of
three papers of which this is the last.
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In industrial confectionary processes, tempering is used to
improve the quality of chocolate products. The tempering
process involves a complicated scheme of heating, cooling,
stirring, and scrapping the liquid mass to promote crystalliza-
tion of a particular polymorphic state, the 3-phase. It has been
pointed out in the literature that nuclei of triacylglycerols
(TAG), either present in molten cocoa butter or added as seed-
ing kernels, may influence the solidification speed of cocoa
butter. Hernqvist and Larsson (1) state that a fat should be
heated at least 30°C above its melting point to avoid any in-
fluence of structural “memories” on crystallization. They at-
tribute these memories to partly ordered laminar structures in
the fluid that originate from the solid before melting. In ac-
cordance with this opinion, it has been common practice to
heat cocoa butter to rather high temperatures to melt all crys-
tallites (2,3). However, seeding experiments of Hachiya et al.
(4) showed that the seeding effect of nuclei on dynamic crys-
tallization depends strongly on the similarity in polymorphic
behavior between seeding crystallites and liquid mass (cocoa
butter). The seeding effectiveness of high-melting nuclei of
trisaturated TAG turned out to be much less than that of SOS,
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BOB, or B-cocoa butter. Therefore, it can be expected that, to
eliminate memory effects, the temperature has to be raised
only slightly above the melting point.

Because the B-phase cannot be formed directly from mem-
ory-free liquid cocoa butter, and the B’-phase crystallizes
from the melt at 25°C (5), direct B-crystallization from the
melt at 25°C must be attributed to a f-memory effect. There-
fore, the conditions under which the B-phase may (re)crystal-
lize from the melt have been investigated by a series of ex-
periments. Two different (re)crystallization stages may occur,
referred to as short-term and long-term memory effects, re-
spectively. By means of a statistical analysis, the former has
been related to the chemical composition of the cocoa butters.
Finally, knowledge of the polymorphic behavior of cocoa but-
ter, obtained with these experiments and those described in
the previous papers (5,6), will be used for a discussion con-
cerning phase characteristics, nomenclature, and the phase
transition scheme of cocoa butter.

MATERIALS AND METHODS

Samples, sample preparation, and experimental set-up. Sam-
ples were taken from the same stocks of twelve cocoa butters,
provided by Cacao De Zaan (Koog aan de Zaan, The Nether-
lands) and used earlier for determination of melting charac-
teristics (6). The stocks of cocoa butter were completely in
the B-phase due to storage for more than 12 y at temperatures
just above 0°C. Samples were prepared by pressing cocoa
butter into the sample holder, resulting in a sample size of
10 x 15 x 1 mm, with a flat surface.

All diffraction experiments were conducted with a real-
time X-ray powder diffractometer, which allows the record-
ing of the d-spacings from 3.0 to 6.1 A simultaneously. Tem-
perature control keeps the temperature within 0.1°C of preset
values. The experimental settings are identical to those de-
scribed in Part I (5). The diffraction characteristics of the
samples used in the experiments are independent of the way
of filling the sample holder and egalizing the surface, as as-
certained by using various preparation techniques.

Fast recrystallization experiments. To establish any fast
B-recrystallization from melted cocoa butter, the following
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protocol was devised. A cocoa butter sample in the B-phase
was heated in 10 min from 25.0°C to a preset temperature
T, .. and was subsequently kept isothermally at that tempera-
ture for 10 min. Then, the sample was cooled in 10 min to
25.0°C and kept isothermally for 45 min. { Additional experi-
ments carried out with the protocol time parameter (10 min)
reset to a different value in the range 1-20 min did not lead to
significantly different results.] The total process has been di-
vided into equally spaced intervals of 5 min, and a diffraction
pattern was recorded during the first 30 s of each interval. For
each of the 12 cocoa butters, this experimental protocol was
carried out with T, = 30.0-39.0°C in steps of 0.5°C. Re-
crystallization to the B-phase that takes place within 45 min
is referred to as a short-term (B-)memory effect. The B-mem-
ory point temperature (B-MPT) of a cocoa butter is defined as
the lowest T, that is not followed by B-solidification within
45 min.

Experiments on slow recrystallization. To establish
whether B-memory remains present after heating cocoa butter
to T .. or higher temperatures, some preliminary experi-
ments were carried out for the cocoa butters from Equatorial
Guinea and Malaysia. During the first 75 min, the protocol
was identical to that of the fast recrystallization experiments
described above, with T, = 33.0-39.0°C in steps of 0.5°C.
After 75 min, however, monitoring of the (re)crystallization
process continued with a diffraction pattern being recorded
during 30 s at the start of every 5 min. This process lasted
until the sample solidified, either into the -phase or into the
[’-phase. The moment at which the first sign of B-crystalliza-
tion can be observed was taken as the starting point of the
crystallization while its end point was arrived at when the in-
crease of integrated diffraction intensity between two subse-
quent patterns became less than 5%. Recrystallization to the
[B-phase that takes place after 45 min is referred to as a long-
term (B)-memory effect.

Relationship between B-MPT and composition. A statisti-
cal analysis of the cocoa butter composition and 3-MPT re-
veals the capability of cocoa butter components to be used for
the prediction of B-MPT. Specific B-MPT values can be cal-
culated as a function of the concentration of an individual
component or a binary combination of two components. The
quality of this calculation is expressed by the following pa-
rameters (6): QP (quality of prediction), which is an expres-
sion of the differences between calculated and observed val-
ues. A low QP corresponds with a low average error of pre-
diction; RPR (relative predictive ratio), which represents the
ratio of QP of the average B-MPT as predictor and QP of the
corresponding component. A high RPR corresponds with a
(relative) good prediction performance; PrEx (prediction ex-
treme error), which expresses the largest absolute difference
between observed and calculated B-MPT.

Melting characteristics of B-phase samples with different
thermal histories. In our experiments four B-phase samples
with different thermal histories have been observed: (i) The
initial B-phase from the bulk, which has been stored at tem-
peratures below 5°C for more than 12 y; (ii) the B-phase ob-
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tained via transformation of 8" in 2 d at 25°C after being
heated to 60°C; (iii) the P-phase solidified from the melt
as the result of a short-term memory effect; and (iv) the -
phase solidified from the melt after a long-term memory
effect. The melting points of these are determined as de-
scribed in Part II (6).

RESULTS

Short-term memory effect and B-MPT. For all twelve cocoa
butter samples, the B-MPT values were established and are
listed in Table 1. The B-memory effect is illustrated in
Figure 1 with cocoa butter from Equatorial Guinea; it has a
Tmax of 35.0°C. It is clear that the sample is fluid at T o but
the quick formation of B-cocoa butter is evidently the result
of a short-term memory effect. On close observation, the dif-
fraction intensities after resolidification appear to be in-
creased when compared with the intensities before heating.
However, an X-ray diffraction measurement, taken after re-
newed preparation of the cocoa butter sample, showed the in-
crease in intensity to be a result of a change in preferred ori-
entation of the crystallites.

Relationship between B-MPT and composition. The short-
term B-memory effect clearly differs for cocoa butters from
different origins: B-MPT varies from 32.5°C for the Brazilian
cocoa butter to 38.0°C for the Malaysian cocoa butter. The ca-
pability of cocoa butter components to predict B-MPT values
has been analyzed. The most interesting results are listed in
Table 2. In Figure 2, f-MPT is shown as a function of the
stearic acid content minus 2.5 times the arachidic acid content.
The straight line is the least-squares result based on the com-
plete data set. The dotted line is the least-squares result based
on the data set from which data from Malaysia and Brazil,
with the highest and the lowest B-MPT, respectively, are left
out. It is clear that, even in this “worst” case, B-MPT of the
Malaysian and Brazilian butters are predicted quite well.

All parameter combinations, best capable of predicting
B-MPT, have either stearic acid or the SOS content as one of
the two components. Obviously, these are not independent pa-
rameters, as can be seen from the marginal increase of RPR
when they are combined (RPR increases only from 2.3 to 2.4)
and in view of the similarity in the parameter combinations
with the highest RPR values. Because POS and POP together
with SOS are the three major TAG of cocoa butter (total +
73%), and because they are structurally closely related, the

TABLE 1
-Memory Point Temperatures (3-MPT)
Country B-MPT Country B-MPT
of origin °C +0.25° of origin °C +0.25°
1 Peru 34.5 7 Ghana 35.5
2 Babhia, Brazil 325 8 Lome, Togo 35.5
3 Equatorial Guinea 36.0 9 Lagos, Nigeria 355
4 Sierra Leone 355 10 Cameroon 34.5
5 Liberia 35.0 11 Congo 35.5
6 Ivory Coast 36.0 12 Malaysia 38.0
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FIG. 1. B-Cocoa butter from Equatorial Guinea is melted by heating from 25.0 to 35.5°C in 10
min, kept for 10 min at 35.5°C, and cooled to 25.0°C in 10 min, at which temperature it is

maintained.

results of POS, POP and palmitic acid are also included in
Table 2.

Long-term memory effect and comparison of f-phases.
The results of the slow recrystallization experiments are sum-

TABLE 2
B-MPT Predicting Parameter Combinations®?

Main single components

X QP RPR PrEx
Average B-MPT (=35.3°C) 13 1 3.2
POP 2.0 0.7 6.1
POS 1.2 1.1 39
SOS 0.7 1.8 2.1
Cieo 2.0 0.7 5.6
Cis0 0.6 2.3 17
Best B-memory point prediction combinations
X Ratio X, QP RPR PrEx
SOS -1.05 SOL 0.52 2.5 1.6
SOS 0.95 PLS 0.51 2.6 1.5
SOS 2.5 PLP 0.49 2.7 1.4
Cigo  —043 SOL 0.51 2.6 1.5
Ciso 0.9 PLP 0.50 2.6 1.4
Cigo 125 SOA 0.49 27 1.3
Cigo  —222 POA 0.47 2.8 1.1
Cigo 25 Croo 0.43 3.1 0.9

“Cocoa butter components x,,x, used to predict B-MPT. B-MPT predicted by
single components as: B-MPT = b + a x,. B-MPT predicted by combined
components as: B-MPT = b + a (x, + ratio - x,). a,b are calculated by means
of a least-squares fit.

bAbbreviations: B-MPT, B-memory point temperatures; QP, quality of pre-
diction; RPR, relative predictive ratio; PrEx, predictive extreme error.

marized in Table 3. The crystallization speed of the -phase
decreased dramatically when cocoa butter from Equatorial
Guinea was heated to its B-MPT (36.0°C) or higher. It took
several hours before the first sign of B-crystallization could
be observed, and solidification required several hours to com-
plete. Nevertheless, the 3-phase still developed directly from
the melt, as the result of a long-term memory effect.
Malaysian cocoa butter kept a short-term memory effect to
much higher temperatures, and it disappeared only above
37.5°C.

TABLE 3
Long-Term B-memory Effect?

Resolidification time

Eq. Guinea Malaysia
Trnax"C Start End Start End
33.0 0 min 5 min 0 min 5 min
34.0 0 min 5 min 0 min 5 min
35.0 10 min 20 min 0 min 10 min
355 20 min 35 min
36.0 4h 8h 5 min 20 min
36.5 5h 8h
37.0 6h 9h 5 min 20 min
37.5 25 min 45 min
38.0 7h 11h
38.5 1.5h 4.5h
39.0 X X

2Time required for resolidification into B-phase. Start and end of B-crystal-
lization are measured from the moment the sample is brought to 25.0°C after

being heated to T, ; x stands for formation of B".
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FIG. 2. B-Memory point temperature (3-MPT) as function of the stearic acid content (2.5 times
arachidic acid content). The straight line is the least-squares result based upon the complete
data set; the dotted line is the least-squares result based upon the data set from which the high-
est and lowest B-MPT have been eliminated. {J = observed 8-MPT; + = B-MPT calculated from
the complete data set; ¢ = B-MPT calculated from the reduced data set.

Even though the short-term memory effect is different for
both cocoa butters, the long-term memory effect disappears
in both cases when the cocoa butter is heated above 39.0°C.
The melting characteristics of the B-phase, obtained via a
long-term memory effect, are, within experimental error,
identical to those of the B-phases obtained via a short-term
memory effect, via transformation of the f’-phase at 25.0°C,
or after long storage at temperatures below 5.0°C.

Explanation of memory effect. The results listed in Table 2
indicate SOS to be the most important TAG in relation to the
memory effect. According to Sato et al.(7), SOS has melting
points of 43°C for B, and 41.2°C for §3,. Probably, B-crystal-
lites with a rather high SOS content stay present in the melt
at temperatures below 39.0°C. However, in view of the ab-
sence of a B-memory effect when cocoa butter was heated up
to or above 39°C, it is not likely that pure SOS crystallites are
responsible for this effect. The results of the seeding experi-
ments of Hachiya ef al. (4) for dynamic crystallization sup-
port such a conclusion. Indeed, they found that seeding, even
at 0.01 weight%, increased the crystallization rate remark-
ably. Such an amount of crystallites cannot be observed in X-
ray powder diffraction measurements.

The results of the above experiments are in contradiction
with the results of Chapman er al. (8). They reported that,
when B-phase V is present, in partially liquid cocoa butter, ’
(IV) can be formed upon cooling at 0.5°/min. The results of
our experiments lead to a different conclusion: even a very
small percentage of -components in cocoa butter is suffi-
cient to result in a complete B-solidification of the cocoa but-
ter sample.
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DISCUSSION

In this series of papers, a number of results have been pre-
sented, making possible a renewed discussion on the poly-
morphic behavior of cocoa butter and the nature of the poly-
morphic states. In our experiments, only four significantly
different solid states of cocoa butter have been observed, each
characterized by an essentially different combination of melt-
ing trajectory and short-spacing X-ray pattern: (i) y: Two
strong diffraction peaks at 3.7 and 4.2 A, obtained only by
means of cooling liquid cocoa butter over 2°C/min and with
a melting trajectory from =5 to 5°C. In all observed cases, ¥
was accompanied by some o (ii) o: One strong diffraction
peak at 4.2 A, obtained by cooling liquid cocoa butter at more
than 1°C/min, or after transformation of the solid y-phase.
The melting trajectory of o is from 17 to 22°C. (iii) " Strong
diffraction peaks at 4.2 A and near 4.3 A and a medium peak
at 3.7 A. This phase is obtained by cooling liquid cocoa but-
ter at 1°/min or less, or after transformation of the solid
o-phase. The melting trajectory is from 20 to 27°C. (iv) B:
One strong diffraction peak at 4.6 A and a group of diffrac-
tion peaks between 3.5 and 4.0 A. It is obtained only via a
solid state transformation from " or seeding with B. It has a
melting trajectory from 29 to 34 °C.

Although many different B’-patterns as well as a large va-
riety of melting points have been reported in the literature,
our experimental results (long melting trajectory but constant
diffraction pattern) point towards only a single B’-phase in the
cocoa butter phase scheme. Indeed, the p’-patterns reported
can be easily classified together according to the criteria given



MEMORY EFFECT OF B-COCOA BUTTER

29-34°C

1229

<

cooling less than 0.25

—>
Erz>

transition temperatures

%

°C/min

f
5-27°C
°C

-3to +5°C

direct solidification upon sufficient cooling
melting, indicated melting range

solid-state transition, most ambient

FIG. 3. Phase transition scheme for cocoa butter. Phase transitions are possible between the
liquid phase and the four solid phases v, o, §’, and B. Black arrows indicate direct solidifica-
tion from liquid to a particufar phase. White arrows indicate melting. Gray arrows indicate
solid-to-solid phase transitions, with or without liquid intermediate state. Fach arrow is ac-
companied by the relevant temperature range or cooling rate that applies to a cocoa butter of

an average chemical composition.

above. This point of view is supported by the results of
Schlichter Aronhime et al. (9). In the literature, two different
B-cocoa butter states (V and VI) have been reported fre-
quently, with clearly different melting points but almost iden-
tical diffraction patterns, at least in the short-spacing diffrac-
tion range (8,10). The four B-samples with very different ther-
mal histories are of the same type, as can be concluded from
the identical melting characteristics. Compared with the re-

sults of Wille and Lutton (10), our 3-phase diffraction pat-
terns look most like those of VI, while the melting points cor-
respond better with those of V. The melting points reported
for VI by Chapman et al. (8), however, do correspond with
our results. The observation of the wide range of melting val-
ues for different cocoa butters and the small differences be-
tween the diffraction patterns lead us to the conclusion that
phases V and VI should be regarded as two subphases of . A
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classification of V and VI as independent phases, instead of
subphases only, cannot be made without additional evidence,
e.g., the observation that in one of the two phases, oleic acid
at the central position is stretched in the crystal packing, while
it is bent in the other phase (11). The observed temperature-
dependent phase behavior of cocoa butter has been summa-
rized in Figure 3.

For each of the solid states, it has been observed that, dur-
ing the melting process (a trajectory of 5 to 10°C or more),
only the peak intensities change in the diffraction pattern. The
peak widths, peak positions and intensity ratios, however, do
not change significantly. This leads to the following two im-
portant conclusions: (i) the average crystallite size does not
change during melting; and (ii) the average short-spacing
chain packing does not change during melting. These conclu-
sions suggest that each polymorphic state can be consideYed
to consist of a conglomerate of individual crystallites, each
having a sharp melting point that depends on the individual
TAG composition. The melting trajectory of the solid state is
then the integral representation of all of these individuai meit-
ing points. Other observations support this picture, namely,
(i) the initial a-diffraction intensity is higher at a solidifica-
tion temperature of 18 instead of 22°C; and (ii) the occurrence
of a B-memory effect whose strength is clearly a function of
the composition of the cocoa butter.

The above restrictions apply especially when the precise
composition and thermal history are not known. To describe
apparant variations in - or B-phases, a simple division in III
and IV (for B") or V and VI (for B) is not sufficient because
the number of possible variations is much greater. Ranking
different phases by melting point is not appropriate because,
as discussed above, the influence of the chemical composi-
tion is too large.

Phase identification. A possible solution to the problem of
distinction between subphases might be found in the angle of
tilt T between the fatty acid hydrocarbon chain and the mety!-
end group plane, if proof can be found that it varies with the
phases. If it is possible to determine T accurately, by combin-
ing the information obtained from the long spacings, the
chainlength multiplicity and the chainlength, or, for mixtures,
the average chainlength, then various subphases can be iden-
tified by a subscript indicating 7, for example: B, ,. Such a no-
tation might improve the consistency between reported
phases because it is independent of the number of phases ob-
tained. It provides the possibility of comparing B- or p’-
phases of cocoa butter of different composition with each
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other or with B- and B’-phases of a pure TAG, fatty acids or
mixtures. We are aware of the fact that, in our experimental
set-up, T could not be established and that further research in
this direction is necessary. Additional research is also neces-
sary to complete the phase transition scheme in Figure 3.
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