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Abstract
Cocoa butter (CB), a natural lipid, is widely used in the food and pharmaceutical industries. However, it is characterized by 
a polymorphism which significantly affects its physicochemical properties under varying temperatures. Because synthesis, 
storage and transportation may occur under varying temperatures conditions, understanding its thermal behavior is a cru-
cial step for its characterization and final product quality. In this study, the crystalline structure of CB was analyzed using 
differential scanning calorimetry (DSC) and small-angle X-ray scattering (SAXS), focusing on developed procedures to 
isolate form II using variations in heating/cooling rates. DSC curves were deconvoluted using Gaussian curve shapes and 
the results revealed clear coexistence of polymorphs in the raw material. However, different heating/cooling rates showed 
different behavior. Recording DSC data with cooling at 10 K min−1 affected the crystallization since the crystal memory was 
not completely erased, while slower rates of 2–5 K min−1 allowed more time for crystallization and organization. At these 
heating rates, it was possible to isolate form II at 14–15 °C. To deconvolute the peaks and trace the polymorphic transitions 
during the cooling step, the SAXS data were evaluated using independent components analysis (ICA). In-situ SAXS provided 
detailed insight into the crystallization process, demonstrating that the cooling/heating rate and the isotherm time at 0 °C 
were critical factors. At the same time, ICA helped to isolate signals of the different forms and allowed a direct comparison 
of different temperature conditions, highlighting the potential of this methodology for characterizing CB and its products.

Keywords  Polymorphism · DSC · SAXS · ICA

Introduction

Cocoa butter (CB) is a commodity with increasing impor-
tance in recent years. It is best known for its use in the choc-
olate industry, where it is the main source of triglycerides 
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(TAG) [1]. It is also used in the pharmaceutical and cos-
metic industries as a natural excipient. It serves as the main 
component in the core of lipid-based nanoparticles, where 
active pharmaceutical ingredients are dissolved to enhance 
drug delivery efficiency [2–4]. Another function of CB is to 
mask unpleasant taste and flavor defects, making the phar-
maceutical products more palatable to patients. Soddu et al. 
developed solid lipid nanoparticles using CB as the solid 
lipid and obtained particle sizes around 390–600 nm which 
were stable for one month [5]. Our group also developed a 
CB-based nanostructured lipid carrier to encapsulate lido-
caine which was stable for over one year [6]. Nevertheless, 
dealing with CB is not easy due to its polymorphism, the 
effect of temperature on this property, and the variations of 
its market value [7].

CB, derived from the Theobroma cacao plant, consists 
predominantly of three TAGs, which constitute up to 80% of 
the total TAGs: 1,3-dipalmitoyl-2-oleoyl-sn-glycerol (POP), 
1-palmitoyl-2-oleoyl-3-stearoyl-sn-glycerol (POS), and 
1,3-distearoyl-2-oleoyl-sn-glycerol (SOS). Studies suggest 
that interactions between POS, POP, and SOS influence CB 
polymorphism [8–10], that is, its ability to exist in multiple 
crystalline phases. Controlling polymorphism is critical in 
the pharmaceutical industry, as different polymorphs exhibit 
distinct physical properties. Wille and Lutton found six dif-
ferent polymorphs of CB, with the melting points of forms 
I, II, III, IV, V, and VI being 17.3, 23.3, 25.5, 27.5, 33.8, and 
36.3 °C, respectively [11]. However, van Malssen et al. sug-
gested that forms V and VI are subphases of a triclinic form 
[11, 12]. According to them, some polymorphs are prob-
ably nonhomogeneous crystalline states—form VI being the 
result of a phase separation, not a real polymorphic form. 
The polymorphism of CB is highly affected by differences 
in temperature. Form II can be found below 18 ºC but not at 
room temperature, where it tends to change into forms III or 
IV. This means that form II can be formed if formulations 
are stored in a fridge or submitted to an ice bath or put in 
the luggage compartment of a plane. In this sense, under-
standing CB polymorphic transitions at different temperature 
variation rates is relevant for making more reproducible CB 
products and guaranteeing the quality during storage and 
transportation.

The most common techniques to characterize CB poly-
morphism are X-ray diffraction [8, 11–13] and differential 
scanning calorimetry (DSC) [4, 13, 14], but other meth-
ods have brought new insight. For instance, Bresson et al. 
used Raman spectroscopy to differentiate the polymorphic 
forms and liquid phase of CB [15]. The carbonyl region 
(1780–1700 cm−1) showed changes such as shifts in posi-
tion and new bands after cooling procedure. This happened 
also for other vibrations related to skeletal modes, C–H and 
unsaturated bonds. Additionally, Reinke et al. used small-
angle X-ray scattering (SAXS) to follow the migration of 

lipids during chocolate blooming, i.e., the formation of white 
defects on the chocolate surface [16], while MacMillan and 
Roberts studied the temperature effect using SAXS on poly-
morphic forms III and IV, simulating industrial tempering 
processes, where the effect of sheared samples is highlighted 
[17]. Furthermore, MacMillan et al. showed that polymorph 
III is the initial nucleating phase during the tempering pro-
cess using wide-angle X-ray scattering (WAXS) [18]. The 
effect of milk fat alternatives (MFA) in vegan chocolate was 
evaluated by Fiore et al. using SAXS and WAXS, where the 
addition of MFA changed the CB polymorph detected at 
room temperature, showing its influence on kinetic trans-
formations [1].

Considering all the difficulties in maintaining a single 
polymorphic form throughout the shelf-life time of cocoa 
butter, since temperatures variations and/or minor com-
pounds influence its crystallization behavior and polymor-
phic stability, a detailed understanding of its thermal and 
structural transitions is essential for ensuring reproducibil-
ity and product quality. Although DSC and X-ray scattering 
techniques have previously been used to characterize cocoa 
butter polymorphism, resolving overlapping polymorphic 
transitions during dynamic crystallization remains challeng-
ing due to the coexistence of multiple crystalline forms and 
partially ordered states. In the present study, DSC and SAXS 
combined to analyze cocoa butter crystallization under dif-
ferent heating and cooling rates. To deal with the complex-
ity of the data, independent components analysis (ICA) was 
used to deconvolute the SAXS datasets by extracting the 
underlying source signals and the related polymorphic tran-
sitions during the cooling step at slow, intermediate and fast 
rates. ICA was chosen because it can be used as a batch pro-
cess monitoring tool to deconvolve the source signals/pure 
signals from the data and has no problem dealing with rota-
tional ambiguity [19, 20]. Rotational ambiguity is a problem 
that is encountered during bilinear decomposition, where 
different linear combinations can give equivalent responses.

Materials and methods

Materials

Cocoa butter (CB), CAS number 8002–31–1, was purchased 
from Engetec Engenharia das Essências (São Paulo, Bra-
zil). This sample was heated and cooled at different tem-
perature variation rates, and with different initial and final 
temperatures.

Differential scanning calorimetry (DSC)

DSC measurements were carried out on CB using a DSC 
214 Polyma apparatus (Netzsch, Germany). The temperature 
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was calibrated using an Indium standard. Samples with simi-
lar masses of around 3 mg were sealed in aluminum cruci-
bles in a closed system and measured between approximately 
0–60 °C under a liquid N2 atmosphere. The sample chamber 
was purged with N2 gas at 40 mL min−1, while a protective 
gas flow of 60 mL min−1 N2 was used. Before the experi-
ment, the DSC signal was measured with empty reference 
and sample crucibles to correct the baseline.

Table 1 summarizes the CB heating and cooling pro-
cedures chosen, based on Bresson’s work to isolate form 
II [15], with slight modifications in the conditions. These 
temperatures are also common in the synthesis of nano-
particles, where the excipients are heated up to around 
10–15 ºC above their melting points and cooled using ice 
or water baths [21, 22]. The measurements were done in 
duplicate to verify reproducibility between runs. Because 
the melting and solidification temperatures of the different 
CB polymorphs are very close, the DSC curves typically 
show multiple overlapping peaks. These appear as broad 
peaks and/or peak shoulders instead of narrow peaks. There-
fore, curve deconvolution of the DSC datasets was used to 
identify hidden peaks. To do this deconvolution, the Fraser-
Suzuki function was applied to the DSC curves using Origin 
Pro 2020 and Peak Deconvolution v. 2.21. The number of 
peaks and their initial positions were estimated by applying 
second derivative on DSC curves. The maximum number of 
iterations was 200 and chi-tolerance of 10–6 was applied as 
a stopping criterion.

Small‑ and wide‑angle X‑ray scattering (SWAXS)

The SWAXS data were obtained using a Nano-inXider 
(Xenocs) equipped with a 30 W microfocus sealed Cu-
tube producing X-rays with a wavelength of 1.54 Å. The 
windowless beam path is under vacuum to the detectors 
for low-noise, high-signal measurements. The system is 
equipped with two detectors allowing simultaneous detec-
tion of the full momentum transfer, or q-range from 0.01 
to 4.24  Å−1. The two detectors are q-calibrated using 
silver behenate (SAXS) and NIST Certified Reference 
Material 660a (LaB6) (WAXS), respectively. A copper 
cell was employed to guarantee proper heat flow, and a 
Peltier stage for temperature control (HFSX350, Linkam 
scientific instruments Ltd., Surrey, United Kingdom). The 
sample was maintained at 60 ºC for one hour and after-
ward cooled at 2, 5 or 10 K min−1 until 0 ºC, simulating 
the procedure used in the DSC analysis with scattering 
data recorded continuously in 60s intervals. The sample 
is sealed between 5–7 µm thick mica windows, and an 
empty cell measurement was used for background correc-
tion. The mica mostly gives rise to a low flat background 
in the WAXS region but does present occasional isolated 
Bragg reflections which are manually masked out before 
radial averaging. These data were exported in ‘.dat’ for-
mat and analyzed using Matlab v. 24.2. The spectra were 
obtained in q (Å−1), and were then converted to d-spacing 
(Å) using Eq. 1 [23]:

Table 1   Temperature program used for DSC experiments on CB

Step Experiment 1 Experiment 2 Experiment 3

1 Memory erase
Heating 2 K min−1

Temperature range: 27–60 ºC
Hold temperature at 60 ºC for 10 min

Memory erase
Heating 5 K min−1

Temperature range: 27–60 ºC
Hold temperature at 60 ºC for 10 min

Memory erase
Heating 10 K min−1

Temperature range: 27–60 ºC
Hold temperature at 60 ºC for 10 min

2 Cooling 2 K min−1

Temperature range: 60–0 ºC
Hold temperature at 0 ºC for 60 min

Cooling 5 K min−1

Temperature range: 60–0 ºC
Hold temperature at 0 ºC for 60 min

Cooling 10 K min−1

Temperature range: 60–0 ºC
Hold temperature at 0 ºC for 60 min

3 Memory erase
Heating 2 K min−1

Temperature range: 0–60 ºC
Hold temperature at 60 ºC for 10 min

Memory erase
Heating 5 K min−1

Temperature range: 0–60 ºC
Hold temperature at 60 ºC for 10 min

Memory erase
Heating 10 K min−1

Temperature range: 0–60 ºC
Hold temperature at 60 ºC for 10 min

4 Cooling 2 K min−1

Temperature range: 60–0 ºC
Hold temperature at 0 ºC for 60 min

Cooling 5 K min−1

Temperature range: 60–0 ºC
Hold temperature at 0 ºC for 60 min

Cooling 10 K min−1

Temperature range: 60–0 ºC
Hold temperature at 0 ºC for 60 min

5 Memory erase
Heating 2 K min−1

Temperature range: 0–60 ºC
Hold temperature at 60 ºC for 10 min

Memory erase
Heating 5 K min−1

Temperature range: 0–60 ºC
Hold temperature at 60 ºC for 10 min

Memory erase
Heating 10 K min−1

Temperature range: 0–60 ºC
Hold temperature at 60 ºC for 10 min

6 Cooling 2 K min−1

Temperature range: 60–0 ºC
Hold temperature at 0 ºC for 60 min

Cooling 5 K min−1

Temperature range: 60–0 ºC
Hold temperature at 0 ºC for 60 min

Cooling 10 K min−1

Temperature range: 60–0 ºC
Hold temperature at 0 ºC for 60 min
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Fig. 1   DSC curves obtained 
during experiments performed 
at: a 2 K min−1, b 5 K min−1 
and c 10 K min−1
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The main peaks of CB are in the range of 30.0–78.0 Å 
and so our analysis focused on this region. The full q-range 
measurements confirm that no relevant peaks are present 
outside this range as shown in Fig. S1. Independent compo-
nents analysis (ICA) was used to extract the source signals 
(S) and their proportions (A) from the matrix (X) composed 
of the observed SAXS spectra obtained from all experi-
ments. The process is based on Eq. 2 [19, 24]:

where the superscript “T” indicates that S is transposed. 
The Joint Approximate Diagonalization of Eigenmatrices 
(JADE) algorithm was chosen for this application. It calcu-
lates linear transformations of the original observed signals 
to maximize the statistical independence of the source sig-
nals in S [24]. The number of components was determined 
using the ICA-by-Blocks function [25]. ICA was done using 
Matlab v. 24.2, after baseline correction using the rubber 
band method available in IRootLab [26].

Results and discussion

DSC results

Figure 1 shows the DSC curves obtained for the three experi-
ments. While 2–5 K min−1 have the same melting point in 
the original material (step erasing memory I), 10 K min−1 
showed a different behavior. It has an exothermic phenom-
enon at 28.0ºC, and the melting temperature was 37.0ºC. 
This can indicate that at higher heating rates there is a new 
rearrangement of CB crystals at 28.0ºC (the exothermic 
event) that generates more stable polymorphs, with melt-
ing point of 37.0ºC which was at around 33 ºC in the other 
conditions. Further discussion about these different kinetics 
will be given after presentation of the deconvolution of DSC 
curves.

Figure 2a shows the deconvolution of the DSC curve 
obtained during heating at 2 K min−1 rate in Experiment 
1 (Table 1) where more than one polymorph can be found. 
Curve deconvolution was applied and there are two poly-
morphs in the initial state: forms V and VI with melting 
points at 32.7–34.0 °C, respectively. Thus, it was possible 
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to verify that there are at least two different polymorphs 
in the raw material, confirming the importance of erasing 
the crystal memory [11, 12, 15]. Figure 1a shows the first 
and second cooling processes where it was possible to iso-
late the metastable form II following the protocol proposed 
by Bresson [15]. The procedure was reproducible, with a 
solidification point equal to 15.0 ºC. Also, the narrower 
peak confirmed the presence of only form II. Additionally, 
as expected, forms III and IV were also produced (Fig. 2c) 
during heating. However, this also implies that strict tem-
perature control is crucial to avoid polymorphic transitions 
and ensure reproducibility/quality.

The deconvolution of the DSC curve obtained during 
the memory erasing step at 5 K min−1 rate in Experiment 2 
(Table 1) indicated again the presence of two polymorphs 
(Fig. 3a). The melting point of the main structure was at 
31.2 ºC, corresponding to form V, while the second contribu-
tion originates from form VI with melting point at 33.5 ºC. 
During the cooling steps at 5 K min−1, only form II was 
formed with solidification point at 14.2 ºC (Fig. 1b) while 
forms II, III and IV are also produced during the heating 
process (Fig. 3c).

Figure 4a shows the DSC curve obtained during the 
memory erasing step at 10 K min−1 rate in Experiment 3 
(Table 1) which is different from that observed at the slower 
heating rates (Figs. 2a and 3a), where the main polymorph 
was form V; at this heating rate, the melting point was at 
37.0 ºC, corresponding to form VI. The first and second 
cooling at 10 K min−1 (Fig. 1c) gave a form I crystal where 
the main solidification point was at 12.7 ºC. However, the 
broader peak also suggested the presence of more than one 
polymorph. The Fraiser-Suzuki function from Peak Decon-
volution does not work for negative peaks, so the second 
derivative was applied on the first crystallization step. The 
first event was found at 34.2 ºC (Fig. 4b) and did not hap-
pen when using slower temperature variation rates (Figs. 2b 
and 3b) or the other crystallization steps at 10 K min−1. 
This indicated that some of the crystals had not completely 
melted, due to the high heating rate, and so the crystal 
memory was not fully erased. The second event happened 
at 17.0 ºC, which is the onset temperature of CB crystalliza-
tion. Due to the fast cooling rate, a less stable polymorph 
could be formed at 15.7 ºC while the main crystallization 
of Form I happens at 13.0 ºC. Ideally, the residuals are ran-
dom. However, the polymorphic transitions of CB during 
the heating and cooling produce overlapping peaks in the 
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deconvolution. This is indicative of more complex processes 
and did not give random residual in Figs. 2b, 2d, 3b and 3d.

To summarize, experiments 1 to 3 were based on the 
methodology proposed by Bresson to isolate form II [15]. 
Experiment 1 is very similar to the proposed design but 
includes a longer duration for the memory-erasing step. 
Experiments 2 and 3 included changes in the temperature 
rates. The high heat flow, 10 K min−1, favored form I instead 
of form II as the main polymorph and required more time 
at the isotherm of 60 ºC, or otherwise two heating cycles, 
to completely erase the crystal memory. On the other hand, 
using cooling rates of 2–5 K min−1 generated form II. From 
these results, it can be concluded that the heating rate is 
as crucial as the final temperature and isotherm time to 
erase CB crystal memory. However, this parameter is often 

overlooked in the literature [12, 14, 27]. Moreover, CB 
exhibits complex polymorphism at room temperature, where 
multiple crystalline forms often coexist due to slow poly-
morphic transitions; therefore, different polymorphs may 
already be present in the raw material, as demonstrated by 
the first step in all our experiments. This implies that, during 
the synthesis of CB-based nanoparticles, it is highly recom-
mended to use 60 ºC as the final temperature, instead of just 
10–15 ºC above of its melting point (around 33–36 ºC, if we 
consider form VI as the main one). Using this pre-step can 
also help make this process more reproducible, as demon-
strated by the heating steps during these experiments.

X‑Ray scattering results

While DSC provided information about thermal transitions 
and crystallization kinetics, SAXS enabled direct monitoring 
of lamellar structural evolution during cooling by revealing 
structural changes associated with the observed polymorphic 
transitions. Figure 5 shows SAXS patterns obtained during 
the three experiments carried out when cooling between 60 
and 0 ºC. As shown in DSC (Fig. 1), the fast-cooling rate 
(10 K min−1) did not produce Form II, but the metastable 
Form I and had problems during the crystallization since 
not enough time was given for the reorganization of CB tria-
cylglycerols. In SAXS, this was also observed by the lower 
intensities in these conditions.

Using a cooling rate of 2 K min−1, the first reflection was 
observed at 49.5 Å while a second at 54.2 Å was detected at 
temperatures below 10.4 ºC. These long-spaced values are 
similar to values found for the polymorphic form β’ fam-
ily [13]. The crystallization process is very different when 
the cooling rate is 5 K min−1 where the main reflection is 
at 50.9 Å, but with a broader shoulder. This is indicative 
of a more amorphous phase. Besides this, a new reflec-
tion is formed at 53.5 Å suggesting a new lamellar reor-
ganization during the cooling step. Using a fast-cooling 
rate, 10 K min−1, the reflection at 49.7 Å appeared around 
18 ºC. This is a higher temperature when compared with the 
2–5 K min−1 rates; both started the crystallization around 
12 ºC. However, at 0 ºC, different lamellar distances were 
found when a fast-cooling rate was employed. The sharper 
and more intense reflections formed at very slow cooling 
indicated that a more crystalline structure was obtained 
than in other cases. These results corroborate the DSC find-
ings indicating an issue with crystal memory. Specifically, 
when a cooling rate of 10 K min−1 is used, the presence of 
residual crystals in the first run and the broader DSC curves 
suggest incomplete erasure. The assignment of reflections 
to specific polymorphic forms was based on the combined 
interpretation of SAXS profiles, DSC transitions, and litera-
ture-reported d-spacing values. Table 2 shows the onset tem-
perature for each technique for the crystallization step. While 
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it is the same in the highest tested temperature rate–around 
18ºC, there is a difference of 6–8ºC comparing DSC and 
SAXS. Rigolle et al. suggested that before the formation of 
the lamellar structure there is a nucleation step [28]. The 
first phenomenon can be detected by DSC, whereas SAXS 
requires the formation of more organized lamellar structures. 
This also explains why at 10 K min−1 the onset temperatures 
in both techniques are the same: the two steps are happening 
at the same time; however, the crystals are not well formed 
when compared with the slower case, as 2 K min−1.

As mentioned in Sect. “Small- and Wide-angle X-ray 
Scattering (SWAXS)”., ICA-by-Blocks was used to deter-
mine that five ICs were required to describe the system 
(Figure S2). Figures 6a and 7a show the results for the 

first independent component (IC1) of the SAXS dataset. 
Although negative SAXS intensities are not physically pos-
sible, the JADE algorithm employed to do the ICA-based 
bilinear decomposition does not use non-negativity con-
straints. Consequently, small negative signals may appear. 
However, the negative values found here are low in intensity 
and likely related to baseline shifts or noise. Importantly, 
the positions identified in each IC correspond to reflections 
from the original SAXS profiles (Fig. 5). Figure 6 presents 
the source signals, extracted from the observed signals while 
the proportions in Fig. 7 show how these signals evolve dur-
ing cooling. For example, there are three reflections in IC2 
(Fig. 6b) at 49.4, 50.9 and 53.4 Å. This indicates that these 
reflections are statistically dependent and, the correspond-
ing proportions plot (Fig. 7b), shows no changes until about 
20 ºC, after which they increase together in intensity down 
to l0 ºC.

The reflection at 49.4 Å (Fig. 6a) is consistent with 
reported d-spacing values for form II, indicating that 
IC1 corresponds is predominantly associated with this 
polymorph [13]. Observing the proportions (Fig. 7a), at 
2 K min−1, this polymorph begins to form at 14.9 ºC and 
slowly increases until 0 ºC. At 5 K min−1, although this pro-
cess begins at similar temperature, the relative amount of 
form II is lower throughout cooling (Fig. 6a). However, the 
abundance of this form increases during the isotherm hold 
at 0 ºC. On the other hand, at 10 K min−1, this polymorphic 
form appears at a higher temperature (17.2 ºC) but disap-
pears below 10.0 ºC (Fig. 7a). The most important reflection 
for IC2 is the broad peak at 47.2 Å (Fig. 6b). It can be related 
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Variations in reflection intensity, width, and d-spacing reveal differ-

ences in lamellar organization and polymorphic evolution as a func-
tion of cooling rate

Table 2   Onset temperatures for crystallization obtained in DSC and 
SAXS for CB

Experiment Technique Onset temperature 
of crystallization 
/ºC

1 (2 K min−1) DSC–1st cooling
DSC–2nd cooling

20.24
21.24

SAXS 15
2 (5 K min−1) DSC–1st cooling

DSC–2nd cooling
20.00
19.00

SAXS 12
3 (10 K min−1) DSC–1st cooling

DSC–2nd cooling
18.25
17.75

SAXS 18
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to metastable forms, disordered regions or even liquid 
phases [12, 13]. The additional reflections at 50.9–53.4 Å 
(Fig. 6b) are consistent with reflections previously attributed 
to form II and form I [13, 17]. The behavior of IC2 is similar 
to that of IC1 (Fig. 7a), indicating coexistence of form II 
with another polymorph, together with amorphous phase 
or partially ordered phase (Fig. 7b). The amorphous phase 
differs from the remaining liquid phase since it retains some 
degree of structural organization and may therefore be con-
sidered a “liquid–crystal” state [13]. However, when com-
paring cooling rates, this component is the most prominent 
in Experiment 2 (5 K min−1). This suggests that intermedi-
ate cooling rates require longer isotherm holding at 0ºC for 
complete crystallization into form II. IC3 is very similar to 
IC2 (Fig. 7c), suggesting coexistence of related polymorphic 

contributions with similar kinetic behavior. Nevertheless, its 
most intense reflection occurs at 51.6 Å and which is consist-
ent with reported values for form III (Fig. 7c). Reflections 
consistent with the more stable forms V or VI appear below 
10 ºC, mainly at 5 K min−1, as indicated by IC4 (Figs. 6d and 
7d). However, the relative contributions of these reflections 
decrease during the isothermal step at 0 °C, while signals 
associated with forms I and II become more prominent. This 
phenomenon occurs only at low and intermediate heating 
rates (2–5 K min−1). Similar behavior is observed for IC5, 
whose dominant reflection is consistent with reported values 
for form VI (Fig. 6e and 7e). Even though forms V and VI 
are known to be stable, maintaining the sample for a longer 
time at 0 ºC can induce the formation of states such as form 
II and III.
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Multiple polymorphic forms coexist in CB, with Bragg 
reflections observed in the SAXS data that are often closely 
spaced or partially overlapping. In addition, peak broaden-
ing can arise from lamellar structural disorder and thermal 
fluctuations. These conditions do not satisfy the assump-
tions required for a reliable Scherrer analysis, which attrib-
utes peak broadening primarily to finite crystallite size [29, 
30]. Although ICA can help separate overlapping signals, it 
produces statistically independent components rather than 
true isolated single-phase reflections [31]. Consequently, 
applying the Scherrer equation to ICA-resolved peaks may 

still not yield meaningful crystallite-size estimates. For this 
reason, we focused instead on the evolution of d-spacing, 
which provides a more robust measure of lamellar structural 
changes. The ICs obtained in this model were not dominated 
by noise, and their peaks correspond to real reflections of 
CB polymorphic forms. The residual plot is shown in Fig. 
S3 further corroborates that these components are not math-
ematical artifacts or products of noise-fitting. Figure 8 sum-
marizes the experimental conditions and the main findings 
obtained in this work.

IC1 IC2
0.020.015

P
ro

po
rt

io
ns

P
ro

po
rt

io
ns 0.015

0.01
0.01

*#
**

**
 *

*x
 *

*

0.005 0.005

0 0
60 50 40 30 20 10 0 60 50 40 30 20 10 0

Temperature/°C Temperature/°C

Temperature/°C Temperature/°C

Temperature/°C

IC3  IC4
0.015 10

P
ro

po
rt

io
ns

P
ro

po
rt

io
ns

0.01

5

**

0.005

0 0
60 50 40 30 20 10 0 60 50 40 30 20 10 0

IC5× 10–3

× 10–3

10
2K min–1

P
ro

po
rt

io
ns 8

6
5K min–1

10K min–1

4

2

60 50 40 30 20 10 0

(a) (b)

(c) (d)

(e)

2K min–1

5K min–1

10K min–1

2K min–1

5K min–1

10K min–1

2K min–1

5K min–1

10K min–1

2K min–1

5K min–1

10K min–1

Fig. 7   Relative proportions of the independent components obtained 
from ICA during cooling experiments: a IC1, b IC2, c IC3, d IC4, 
and e IC5. The evolution of component intensities illustrates the tem-

perature-dependent competition among polymorphic forms and disor-
dered structural states under different cooling conditions



Probing crystallization of cocoa butter via thermal and X‑ray techniques: solving polymorphic…

Conclusions

The combined DSC and SAXS analyses provided for a detailed 
understanding of cocoa butter (CB) crystallization across vary-
ing cooling rates, revealing how polymorphic transformations 
progress from initial nucleation to final lamellar organization. 
DSC showed the coexistence of multiple polymorphic forms 
in the raw material and demonstrated that successful crystal 
memory erasure is highly dependent on heating rate. Rapid 
heating at 10 K min−1 failed to fully eliminate residual crys-
talline domains, which subsequently redirected crystallization 
pathways, whereas slower heating rates (2–5 K min−1) effec-
tively erased prior structural memory, enabling reproducible 
crystallization of the desirable form II polymorph.

SAXS provided direct structural evidence of how cool-
ing kinetics governs lamellar development. Slow cooling 
(2 K min−1) promoted the formation of sharp, intense reflec-
tions characteristic of highly organized β′-type lamellae, 
indicative of superior structural order. Intermediate cool-
ing (5 K min−1) favored a more complex microstructure, 
where ordered crystalline domains coexisted with partially 
disordered or transitional phases. In contrast, fast cooling 
(10 K min−1) produced weak, diffuse reflections associated 
with poorly developed lamellae, corroborating DSC find-
ings that rapid cooling encourages incomplete melting and 
stabilization of metastable structures.

ICA further added to the SAXS interpretation by resolv-
ing complex overlapping reflections into five statistically 

Fig. 8   Schematic summary of 
the experimental conditions and 
the main polymorphic behaviors 
observed during cocoa butter 
crystallization at different 
heating and cooling rates. Slow 
thermal rates promoted forma-
tion of more ordered form II 
structures, whereas fast rates 
favored metastable and partially 
ordered phases
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independent structural components, each representing 
distinct polymorphic states and kinetic pathways. IC1 fol-
lowed the progressive emergence of form II, while IC2 
and IC3 exposed the dynamic competition among disor-
dered domains and metastable forms I–III. IC4 and IC5 
captured the transient formation of more stable β-family 
polymorphs (V/VI), highlighting their temporary role 
before conversion under low-temperature holding condi-
tions. The ICA proportion profiles clearly demonstrated 
that slow cooling steadily favors form II, intermediate 
cooling intensifies polymorphic competition, and fast 
cooling largely suppresses stable lamellar development. 
The observed agreement between ICA-resolved reflections 
and experimental SAXS profiles, combined with minimal 
residuals, confirms that ICA successfully extracted physi-
cally meaningful structural information.

Collectively, these findings establish that CB crystalli-
zation is controlled by a highly sensitive interplay among 
thermal history, kinetic barriers, and polymorphic com-
petition. Controlled slow cooling optimizes the formation 
of structurally ordered form II, while accelerated cool-
ing shifts the system toward metastable, disordered, or 
kinetically trapped states. By integrating DSC, SAXS, 
and ICA, this work provides a powerful multidimensional 
framework for decoding complex polymorphic behavior 
in lipid systems. Beyond cocoa butter, this methodology 
offers broad industrial relevance for designing process-
ing strategies that precisely control crystalline structure, 
thereby improving product stability, texture, and storage 
performance in CB-based and related materials.
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