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ABSTRACT: This study focused on the analysis of the effects
of thermal history and presence of additives on fat bloom in
chocolate. Magnetic resonance data obtained on specific
chocolate samples were useful in evaluating the effect of ther-
mal history on the appearance of fat bloom and also in under-
standing the underlying mechanism. Fat bloom was induced by
thermal history such as storage for 3 d at 32 or 28°C. Increasing
storage time at 21°C after each thermal treatment also promoted
fat bloom. Differential scanning calorimetry experiments con-
firmed the appearance of polymorphic form VI in the bloomed
samples. Also, three different components were added sepa-
rately to the initial composition of dark chocolate and the
appearance of fat bloom was monitored. 1,3-Dibehenoyl, 2-
oleoylglycerol (BOB) did prevent fat bloom. However, magnetic
resonance and differential scanning calorimetry data collected
on chocolate samples did not confirm that either added sucrose
or milk powder prevented fat bloom. Indeed, fat bloom oc-
curred for these samples, but its characteristics were different
from those with pure chocolate.
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Fat bloom is the major issue affecting chocolate products, es-
pecially confectionery containing fatty filling (1). During
storage, a dusty white layer appears on the chocolate surface,
caused by the formation of fat crystals (1). This physical de-
fect makes the chocolate undesirable for consumers who
expect to buy a product with the required glossy surface and
desired brown shade (2). Although the mechanism of its for-
mation is not completely understood, the causes seem to be
multiple, such as improper tempering, use of incompatible
fats, and large temperature fluctuations during storage (2).
Because chocolate contains more than 30% fat, its success-
ful use depends on the proper manipulation of cocoa butter (2)
and cocoa butter properties such as thermal behavior (1). Cocoa
butter is a natural fat composed of a mixture of three classes of
triglycerides (unsaturated, monounsaturated, and polyunsatu-
rated) where the monounsaturated fats represent more than 80%
of the total fat content (3). Moreover, only three triacylglycerols
(1,3-dipalmitoyl, 2-oleoylglycerol, or POP; 1,3-palmitoyl-
stearoyl, 2-oleoylglycerol or POSt; and 1,3-distearoyl, 2-oleoyl-
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glycerol or StOSt) account for more than 95% of this fraction
(3). However, the thermal behavior of cocoa butter is compli-
cated because of the polymorphism of these triacylglycerols (3).
Cocoa butter is generally described by six different polymor-
phic forms, I to VI in order of increasing melting point (4).
However, I, III, and VI are now considered to be a mixture or a
phase separation from the other forms (5,6).

It is now accepted that fat bloom is linked to the separa-
tion of the liquid fraction of cocoa butter from the chocolate
matrix, followed by migration of this fat toward the surface
where it recrystallizes, inducing the appearance of a white
layer and loss of the glossy aspect (1,7). Moreover, the ap-
pearance of fat bloom is generally characterized by a poly-
morphic transition of the fat crystal from form V to the most
stable form VI (also denoted [) (4,8—10). The relationship be-
tween blooming and polymorphic transition is still unclear,
and this study presents data to clarify this relationship.

Nuclear magnetic resonance (NMR) spectroscopy and
imaging (MRI) are noninvasive and nondestructive techniques
based on the magnetic properties of particular nuclei, like pro-
tons (11). NMR can be used to study the chemical environ-
ments, physical domains, and molecular dynamics of food
components present in a product. Published data are often
based on the changes of the spin-spin (T,) and spin-lattice (7))
relaxation times, which give information about the mobility of
the nuclei inside a sample and about the physical structure of
the environment of the spins, respectively. MRI allows the
same NMR information to be spatially resolved (11). This
technique takes a slice through the sample and draws a spatial
map derived from the NMR responses of the mobile spins,
mostly protons of lipids in the case of chocolate (12). MRI has
already been used to study the crystallization of cocoa butter,
its polymorphic state (12,13), and the migration of liquid tri-
acylglycerol in chocolate (14). However, MRI and NMR have
never been used in the evaluation of fat bloom as related to its
mechanism of formation and the effect of additives.

The main objectives of the study were (i) to analyze the ap-
pearance of fat bloom on dark chocolate as a function of ther-
mal history and (ii) to characterize the appearance of fat bloom
in the presence of a particular triacylglycerol (e.g., 1,3-
dibehenoyl, 2-oleoylglycerol, BOB), sucrose, or milk powder.

EXPERIMENTAL PROCEDURES

Effect of thermal history on fat bloom. (i) Samples. Dark
unsweetened chocolate was purchased at a local store. To prepare
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for NMR experiments, several 18-mm o.d. NMR tubes (samples
1 to 10), each containing about 5 g of chocolate, were heated at
50°C for 1 h to melt all fat crystals. These samples were then
placed at 21°C to allow slow cooling of the chocolate and crys-
tallization of the fat in the stable V form (12). This process erased
the former thermal history of all the samples. After a few days at
21°C, each sample tube was put through a specific thermal his-
tory (Table 1) in a water bath and then transferred back to 21°C
for times indicated in Table 1. Each sample was then analyzed
by NMR and differential scanning calorimetry (DSC).

Pure (approx. 99%) triglycerides (i.e., POP, POSt, StOSt)
were purchased from Sigma Chemical Co. (St. Louis, MO).
Stored at —18°C, about 10 mg of each triglyceride was used
to determine the melting point of the cocoa butter’s main
components, which were in accordance with the literature
(4,15). The melting points were 40.8, 34.7, and 36.2°C for
StOSt, POSt, and POP, respectively.

(ii) NMR relaxometry experiments. The '"H NMR experi-
ments were carried out at 20°C on a 15 MHz Maran benchtop
spectrometer (Resonance Instruments Ltd., Whitney, United
Kingdom) while the magnet temperature was held at 35°C.
The pulse lengths were 23.4 and 46.8 us, respectively, for the
90 and 180° pulses. The dwell time was 0.5 us, and the re-
ceiver gain was set to obtain a maximum signal. The other
NMR parameters were set up to collect data related to the lipid
protons. The inversion-recovery pulse sequence was used to
determine the 7', relaxation times. The relaxation delay was
fixed to 1 s. Four scans were used for signal averaging. Ten
pulse spacing values, between 1 ms and 1 s, were used to sam-
ple the whole recovery curve. For each sample, T times were
collected twice. T, relaxation times were determined with a
Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence using
2,048 points and an echo time of 0.3 ms. Four scans were ac-
cumulated with a relaxation delay of 1 s between each scan.
The NMR relaxation data were fitted to a single exponential
decay (for T'|) and a multiexponential decay (for T,) using
software provided by the vendor.

TABLE 1
Effect of Thermal History: Experimental Conditions
and Melting Point of Samples 1 to 10

Sample Thermal history Storage Melting point (°C)
Control 1 — 21°C, 2 d 33.6+0.4
2 32°C,3d 21°C, 2d 38.6+0.9
3 32°C,3d 21°C, 4d 38.6+0.9
4 32°C,3d 21°C, 7d 38.6+0.9
5 28°C, 3 d 21°C, 2d 40.3 £0.7
6 28°C,3d 21°C, 4d 40.3 +0.7
7 28°C,3d 21°C, 7d 40.3 +£0.7
8 32°C, 1d; 21°C, 2d 39.4+0.7
20°C, 1d;
28°C,1d
9 32°C, 1d; 21°C, 4d 39.4+0.7
20°C, 1d;
28°C,1d
10 32°C, 1d; 21°C, 7 d 39.4+0.7
20°C, 1d;
28°C,1d
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(iii) MRI experiments. All images were acquired at 20°C
using the same Maran benchtop spectrometer as for the relax-
ometry measurements. The linear magnetic field gradient was
generated using gradient coils made by the vendor. A stan-
dard spin-echo imaging pulse sequence was used with an
echo time (TE) of 8 ms and a relaxation delay (RD) of 200
ms. The number of scans was 32, and the 64 X 64 data matrix
images were acquired in about 7 min. Images were analyzed
with an image display macro written in the IDL programming
language (Research Systems Inc., Boulder, CO). The field
of view was 3.9 cm. Further image processing was also car-
ried out with the freely distributed software Scion PC
(http://www.scioncorp.com).

(iv) DSC analysis. Melting points of chocolate were deter-
mined by using a MDSC™ 2920 calorimeter (TA Instruments,
New Castle, NJ). About 10 mg of chocolate was placed in a
hermetic aluminum pan while an empty pan served as refer-
ence. Two samples were collected from each chocolate sam-
ple used for the NMR experiments. Two measurements were
made for each so that the reported melting point is an average
of four values. After stabilization for 2 min, between —5 and
5°C, the samples were heated to 60°C at 10°C-min!. For each
thermogram, the melting point of the samples was determined
using software provided by the vendor.

Effect of additives on fat bloom. (i) Samples. Fourteen
NMR tubes were filled to a height of 2 cm with chocolate
samples with different additives (Table 2). The commercial
triglyceride BOB contained 50% sucrose and 50% pure
triglyceride. The concentration indicated in Table 2 relates to
the percentage of pure triglyceride. NMR tubes, each contain-
ing about 10 g of chocolate, were heated at 50°C for 1 d then
stored at 21°C for a few days, heated at 28°C for 1 d, and fi-
nally stored at 21°C for 3 d. All 15-, 16-, and 17-sample se-
ries did not melt completely at 50°C because of the high
amount of sucrose and milk powder present in them.

(ii) NMR relaxometry experiments. In these experiments,
the pulse lengths were 20.1 and 40.1 ps for the 90 and 180°
pulses, respectively. The dwell time was 0.5 ps, and the re-
ceiver gain was set to obtain the highest possible signal from
the sample. The values of T and T, were determined by using
the same sequences and parameters as described previously.

(iii) MRI experiments. With the same benchtop spectrome-
ter, 64 X 64 data matrix images were acquired. The echo time
was 7 ms, and the relaxation delay was 200 ms. The number
of scans was set to 32, and the images were acquired in about
7 min. The field of view was 3.9 cm.

(iv) DSC analysis. The melting point of one chocolate
species was determined on two samples using the same instru-
ment and method described previously. Three measurements
were made for each sample, so that the average melting point
reported for a specific sample was the average of six values.

RESULTS AND DISCUSSION

Effect of thermal history on fat bloom. Every sample presented
fat bloom but not in the same proportion. Sample 1 (e.g.,
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TABLE 2
Effect of Additives: Composition?, Qualitative Evaluation of Defects, and Magnetic Resonance Imagery (MRI)
and Differential Scanning Calorimetry Data of Samples 11 to 17
T Maximum
Fat Other 2 (ms) intensity in Melting
Samples Additives bloom Hardness Brittleness  crystals T, (ms) Long Short MRI image point (°C)
Control — + 4+ + — ++ + — 76.1 = 1.1 52.4+3.7 12.7+1.0 21 369+1.7
11 0.5 % (wt)
of BOB ++ + — ++ + — 85.8+1.6 54.5+45 13.7+£0.8 20 37.2+0.7
12 1.25% (wt) + + — ++ + — 82.2+1.5 46.4 + 6.3 12.7 £1.7 23 37.1+£0.5
of BOB
13 2.5% (wt) + + ++ — 79.3+0.3 452 +1.2 11.5+1.3 32 37.1+£0.5
of BOB
14 40% (wt) ++ + ++ + + Sucrose 107.1 +3.7 59.5+1.8 145 +0.5 19 36.4+1.0
of sucrose
15 60% (wt) ++ + + 4+ + + Sucrose 114.6 = 1.6 62.6 +7.2 155+ 1.7 26 36.1+0.8
of sucrose
16 10% (wt) ++ + ++ + + + + 63.4 +1.1 53.2+4.3 126 +1.2 25 38.2+0.7
of milk powder
17 30% (wt) ++ + ++ + + ++ 75.3+0.2 70.5+6.9 16.4 +£1.8 22 36.8+0.7

of milk powder

9Basic composition of control sample is 40% cocoa butter and 60% ground mass of cocoa. BOB, 1,3-dibehenoyl, 2-oleoyl; +++, very high; ++, high; +, av-
erage; —, not noticeable; T,, spin-lattice relaxation time; T,, spin-spin relaxation time.

control) showed bloom on about 45% of the surface, whereas
the other samples had bloom on more than 80% of their sur-
face. Samples stored for 3 d at 32°C had the most dramatic
bloom. T, and T, relaxation times are presented in Figure 1.
Since the standard deviations were between 0 and 20 ms, T
values were not significantly different between samples.
Hence, the effect of thermal history could not be analyzed with
this parameter. Solid protons in the cocoa mass have very short
T, that do not contribute to the signal (12). A bi-exponential
curve was used to obtain T, values of the relaxation decay
curves and to indicate a two-component population of spins.
Previous studies showed that 7', could be useful to differenti-

90

ate liquid from crystalline fat (11,12). Indeed, the lowest 7',
component (around 10-20 ms) is from lipids in solid-
crystalline environments, whereas the highest T, (around
40-80 ms) is due to the relaxation of fat protons in liquid en-
vironments. The standard deviations (between 1 and 12%)
fluctuate more for high values of T, than for low values be-
cause high T, values reflect only 30% of the total signal. So,
approximately 30% of the lipids are in a liquid-like state. An
increase of T, was observed for all samples after temperature
variations (Fig. 1), suggesting an increase in the mobility of
the liquid-like protons. Hence, when chocolate experiences a
rise in temperature, lipids tend to become more liquid and
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28°Cfor3d Cycle
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40 -
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5 6 7 / 8 9 10
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FIG. 1. Spin-lattice (T;) and spin-spin (T,) relaxation times of chocolate samples as a function of thermal history.
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melt. The 32-20-28°C temperature cycle had the most dra-
matic effect on the increase of T,. At 32°C, lipids are almost
melted. Then, during storage at 21°C, they tend to recrystal-
lize but there is not enough time for them to reach the most
stable form. Thus, if a sample containing less stable fat crys-
tals were stored at 32°C, the amount of liquid lipids would be
higher than for another sample stored for 3 d at 32°C. Storage
at room temperature after the specific thermal history also af-
fected the proton mobility. In general, with the increase of
storage time, lipids tend to be in a more liquid-like state.

The intensity of a pixel in an NMR image is defined by the
following equation:

M =M, - exp(-TE/T,) - [1 — exp(-RD/T)] (1]

where M is the observed pixel intensity, M, the total liquid
proton density of the pixel, TE the echo time, and RD the re-
laxation delay between each acquisition scan. Since RD was
greater than 57, in this study, the term exp(-RD/T) becomes
negligible and the distribution of 7', in the sample has little
influence on the image intensity. This confirms the results of
previous research where images were influenced only by M,
and T, rather than by 7', (11).

In Figure 2, two-dimensional images of samples 1, 3, 5, and
8 are presented. High- and low-intensity values for sample 3
are indicated since the distribution of lipids in the sample is not
homogeneous. This feature has been previously observed (14).
For the control sample having less bloom as compared to the
other samples, the mean intensity was 181 with a 256 maxi-
mum intensity possible. The image of sample 3, like that of the
other samples stored at 32°C, showed a nonhomogeneous in-
tensity suggesting an important modification of the lipid com-
position and structure into the chocolate. However, samples 5
and 8 had less variation in the intensity distribution of pixels.

Figure 3 presents the intensity (i.e., mean for samples 1,
5-10; or maximum and minimum for samples 2—4) in all im-

Sample 1: Control
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ages. The standard deviation was between 0 and 10% for sam-
ples 1 and 5-10. However, in heterogeneous images obtained
for samples 2—4, the standard deviation was 25% maximum.
Three days at 32°C induced a decrease of about 29% of the
mean intensity, whereas the thermal history of 3 d at 28°C or
of 32-20-28°C temperature cycle induced a decrease of the
image intensity of 1% and an increase of 7%, respectively.

As previously indicated, the intensity of an image in-
creases if the density of mobile protons (e.g., M) and/or T,
increases. T, increases with the increase in proton mobility,
and M,, is higher when the density of mobile protons in-
creases. Since every sample was bloomed, fat crystals were
preferentially in form VI rather than in form V (1,7). Even
though crystals of forms VI are more stable, they have a more
compact structure and they reject triglycerides during their
formation, which explains the increase in lipid mobility.

After 3 d at 32°C, a phase separation in the samples was
observed and the intensity of the images dramatically de-
creased in some areas. Since on average T, increased (Fig. 1),
this suggested that the density of mobile protons M, decreased
in these specific regions, indicating that more lipids were in a
solid-like form. After 3 d at 28°C, the intensity was almost
equal to the intensity of the control sample even if 7, was
greater. Hence, the proton density decreased, possibly due to
crystallization of lipids. However, after the 32-20-28°C tem-
perature cycle, the image intensity slightly increased as com-
pared to the control sample. Since T, increased as well, the
evolution of the proton density could not be easily character-
ized because it varied from sample to sample.

Stored at 21°C, lipids seemed to recrystallize in the most
stable form (e.g., form VI). It is known that crystallization
from form V to form VI is a solid-state transformation (6) and
that if some liquid lipid fraction was removed from chocolate
samples, then crystal formation of form VI from form V would
be induced. This suggests that heating chocolate with the

Sample 3: 32°C.3d

929
45% 90% 166
bloomed bloomed
Mean intensity: 181 Mean intensity: N/A
Sample 5: 28°C,3d Sample 8: Cycle
75% 70%
bloomed bloomed

Mean intensity: 178

Mean intensity: 185

FIG. 2. Two-dimensional nuclear magnetic resonance images of samples 1, 3, 5, and 8. N/A:
not calculated because of nonhomogeneity in images.
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FIG. 3. Mean intensity in images for samples 1, 5-10. Maximal (open bars) and minimal (solid bars) intensities for nonhomogenous samples 2—4.

tested thermal histories increased the liquid lipid fraction mov-
ing toward the surface of the sample. The solid—crystalline
state would then be more concentrated in the center of the
sample and the polymorphic transformation would occur.

DSC measurements were used to determine the relationship
between melting point, triglycerides composition, and crystal
composition of the bloomed regions in the samples. Melting
points of different allomorphs of cocoa butter were reported
elsewhere (4). Form V had a melting point of 33.8°C, whereas
form VI had a melting point of 36.3°C. The endothermic curves
obtained for all samples were similar to that presented in Fig-
ure 4 for samples 1 and 4. The average melting point and stan-
dard deviation are presented in Table 1. As it is well known,
thermal history has a strong influence on the increase in the
melting point of chocolate. For the bloomed regions, a larger
amount of very stable crystals (e.g., form VI) was found, as ex-
pected. The value of the melting point also suggested that these
areas were composed of an important fraction of a specific
triglyceride (e.g., StOSt). It is even more enhanced for samples
5, 6, and 7, which were stored for 3 d at 28°C. Moreover, DSC
measurements suggest that specific thermal history conditions
increased the transformation of lipid crystals from crystal V to
VI. Indeed, there also was a composition change of these crys-
tals by an increase in the proportion of StOSt in the bloomed
regions. This last observation is not in accordance with previ-
ous studies where no changes in chemical composition be-
tween bloomed and nonbloomed areas were found (10).

Effect of additives on fat bloom. Before heating to 50°C,
samples gave rise to fat bloom due to previously noncon-

trolled thermal conditions (Table 2). Blooming only occurred
inside the samples and not on their surface because the sam-
ples were wrapped in aluminum foil, which is known to pre-
vent fat bloom in chocolate (1). This suggests that BOB
mixed at 2.5% was an excellent additive to prevent fat bloom
appearance. After heating to 50°C and storage at 21°C, all
samples were placed at 28°C for 1 d and then stored at 21°C
for a few days.

Table 2 also indicates NMR and MRI data for all samples
11-17. Results for samples 11-13 with BOB were in accor-
dance with the fact that BOB was a good additive to prevent
fat bloom (17). It is suggested that BOB increased the inter-
actions between lipid molecules by controlling their mobility,
thus stabilizing the lipid crystals of cocoa butter. However, it
is unclear why the melting point of these samples was similar
to that of the control sample. For samples 14 and 15 with su-
crose, the higher values of 7| and T, indicate more interac-
tions between the populations of protons. Because of this en-
hanced molecular mobility, the melting point decreased.
Since sucrose did not influence the stability of lipid crystals,
migration of lipids toward the surface was still occurring, pro-
ducing fat bloom. For samples 16 and 17 with milk powder,
interactions between protons were lower than in dark choco-
late (control), and their molecular mobility was enhanced. In
addition, the melting point of these samples was higher than
for dark chocolate, suggesting that the transformation of the
lipid crystals into a more stable form was not preventing fat
bloom. These results confirm that fat bloom can occur even if
the lipid molecules are in the most stable form (10).
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FIG. 4. Differential scanning calorimetry thermograms for samples 1 and 4. Heating rate: 10°C/min.

All samples, even those with BOB, bloomed after comple-
tion of the experiment, indicating that heating chocolate sam-
ples to 50°C and allowing them to slowly cool down afterward
was not the best method to achieve a good tempering. As long
as the lipid crystals were not in their stable forms, fat bloom
could occur. The physical characteristics of fat bloom differ,
depending on the nature of the additive being used when mixed
in chocolate. Fat bloom in pure chocolate appears like rounded
circles and rings. With BOB, it is composed of little stars, and
with milk powder and sucrose, it has more medium-size dots,
which are larger than those observed for pure chocolate.
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