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This work investigated the effect of temperature control on crystallization and centrifugation of the crude palm
oil aiming to fractionate it into crude palm stearin (CPS) and crude palm olein (CPO), and to explore the potential
use of CPS as a structuring agent for soybean oil.Fractionation was carried out using a slightly modified oil-
binding capacity method, where the temperatures of 10, 15, 20, and 25 °C were applied at crystallization and
centrifugation. Purity of CPO was demonstrated through differential scanning calorimetry. Further, CPS fraction
was evaluated as structuring agent for soybean oil carrying out differential scanning calorimetry, small-angle
controlled stress dynamic rheology, polarized light microscopy, and X-ray diffraction analyses. A strong influ-
ence of temperature was observed on the CPS and CPO fractions yields. The 25 °C was considered the best
temperature for crystallization and centrifugation. The CPS in soybean oil at 50 % (w/w) developed a solid-like
behavior due to dispersion of needle-like crystal organized in cluster. Thermal and rheological behavior, and
crystal-like morphology and crystallinity observed are similar to the frequently repported on organogels, indi-
cating its potential as a natural and minimally processed ingredient or additive for food and pharmaceutical

formulations.

1. Introduction

Palm crops have played a significant role in the economic develop-
ment of Southeast Asia and West Africa over the past century, due to the
increasing demand for palm fruit oil in industry and commerce [1]. Palm
fruit is the source of crude palm oil and palm kernel oil. The FAO
database indicates that crude palm oil is the most produced vegetable oil
worldwide, surpassing soybean oil (SBO) production in 2006 (Fig. 1)
[2].

Indonesia, Malaysia, and Thailand are the three major producers of
crude palm oil [2]. Indonesia produced 256.6 million metric tonnes of
crude palm oil in 2020, which accounts for 61.2 % of the world’s pro-
duction. The second largest producer was Malaysia, with an annual
production of 91.4 million metric tonnes of crude palm oil in 2020,
followed by Thailand, which produced 16.2 million metric tonnes of
crude palm oil. These countries produced an average of 17.7 + 0.5
metric tonnes of crude palm oil per hectare (ha) harvested per year. In
turn, Nigeria, the fourth largest producer of crude palm oil, presents an
average production yield of only 2.6 metric tonnes per hectare (ha)
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harvested per year [2]. Other relevant crude palm oil producers from
Africa, such as Ivory Coast, Ghana, Guinea, and Congo, also presented a
low average production yield of 5.6 + 2 t of crude palm oil per hectare
(ha) in 2020, which is closer to the 4 to 6 metric tonnes expected per
hectare (ha) per year reported previously [3].

The drive behind this recent crude palm oil production growth is
related to its unique fatty acid and triacylglyceride composition [4,5],
allowing it to be applied in pharmaceutical formulations, as food in-
gredients, and as biodiesel [6]. The palm fruit pulp contains from 40 to
60 % of crude palm oil, which comprises approximately 50 % of satu-
rated fatty acids and 50 % of unsaturated fatty acids [4,5,7]. Various
authors observed that crude palm oil fatty acids are the lauric acid
(C12:0), myristic acid (C14:0), palmitic acid (C16:0), palmitoleic acid
(C16:1), stearic acid (C18:0), oleic acid (C18:1), linoleic acid (C18:2)
and a-linolenic (C18:3), araquidic acid (C20:0), gadoleic acid (C20:1),
bohenic acid (C22:0), lignoceric acid (C24:0) [5,7-9]. The same authors
observed that palmitic acid (42.5 + 1.8 %), oleic acid (40.8 £ 2.2 %)
and linoleic acid (9.6 + 0.8 %) constitute >90 % of the crude palm oil
fatty acids [5,7-9]. The presence of high melting point compounds, such
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as palmitic acid, and low melting point compounds, such as oleic and
linoleic acids, results in the separation of two distinct fractions. The last
step of palm oil refining process is the fractionation, where there is a
separation of saturated fat acids from unsaturated fat acids, producing
palm stearin and palm olein respectively [10,11].

Reddish color, strong flavor and its 1:1 saturated fat acids and un-
saturated fat acids composition generate resistance from traditional in-
dustries for crude palm oil. There is a preference for more neutral lipids
on their processes, protocols, methods, formulations and recipes.
Wherefore, there is a tendency on the business-to-business market for
demanding refined and modified palm oil, that can be used as frying
medium or as ingredients for margarine, soft tube margarine, shorten-
ings, ice creams, and blends [12-17]. Physical and chemical charac-
teristics of crude palm oil are modified during refining, which process
steps comprises degumming (physical refining process) or alkali
neutralization (chemical refining process), bleaching, deodorization and
fractionation [5,18]. Bleaching and deodorization are considered
mandatory for producing refined palm oil, resulting in products with a
wider range of applications in these previously mentioned traditional
industries [12-15,17,19].

The refining process not only discourages the application of crude
palm oil by minimally processed food industries but also may cause
severe quality degradation. Kim-Tiu et al. [20] observed that crude palm
oil is naturally trans fatty acid free, but after refining the derivatives may
present fractions of trans fatty acids. Health agencies throughout the
world, such as the World Health Organization (WHO), the United States
Department of Agriculture (USDA), the European Commission (Euro-
pean Union), Health Canada (Canada), and ANVISA (Brazil), have
intensified warnings about trans-fatty acid consumption because of its
high potential to increase low-density lipoprotein, LDL, and reduce
high-density lipoprotein, HDL [21-23]. Easy access to information and
growing concern about quality of life have changed people’s consump-
tion profiles, intensifying the demand for healthier products [24-26].
Consequently, greener, more natural, and less processed food products
have received increasing attention [24-26].

In many countries, unrefined crude palm oil is used in traditional
dishes. In Brazil, unrefined crude palm oil is popular in the northeast
region, where it is called Azeite de Dende and is incorporated into many
recipes, for example: acarajé, bobo, caruru, moqueca, and vatapd. Due to
temperature fluctuation, unrefined crude palm oil may be found or as a
bi-phase or as a solid-like product at market counters. This empiric
observation implies that temperature and density could be applied to
isolate saturated fat acids from unsaturated fat acids, and that the
saturated fat acids from crude palm oil could function as a structuring
agent. Henceforth, to avoid misunderstandings with the refined frac-
tions from palm oil, palm stearin and palm olein, the unrefined fractions
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will be referred to as crude palm stearin (CPS) and crude palm olein
(CPO).

Palm stearin is usually obtained by dry fractionation of bleached and
deodorized palm oil throughout crystallization of palm stearin fraction
at a controlled temperature followed by separation in filter presses or
vacuum filters [9,11,27-30]. Other authors have proposed solvent
fractionation methods, which is out of the scope of this work [31]. At
this point, two pertinent questions may be raised. The first one concerns
to the rationale behind the omission in evaluating centrifugation as an
industrial method for fractionating crude palm oil, given its accelerated
decantation process and its potential for operating under controlled
temperature. In recent study, the application of centrifugation in virgin
coconut oil production demonstrated significant potential, yielding
promising outcomes [32]. The second question lies in the missing in-
formation about possible application CPS to structure other oils.
Margarine industry, for instance, could take great advantage of a natural
reddish structuring agent, since commercial margarines are enriched
with structuring agents (fully hydrogenated fats and modified palm and
palm kernel oils) and food coloring (curcuma, carotenes, yellow color n°
5 and yellow color n° 6) to reach the expected yellowish solid-like
product.

A continuous centrifuge can handle processing capacities of up to
300 m®/h [33]. A recent research project successfully reduced the power
consumption of large-volume rate centrifuges to <0.5 kWh/m®,
achieving a consumption of 0.25 kWh/m? in certain conditions [34]. In
comparison, a commercial rotary vacuum drum filter with 25 m? can
filter up to 112.5 m3/h, achieving a theoretical consumption of 0.4
kWh/m? [35]. Nevertheless, the power requirements for the vacuum
and filtrate pumps are not included in this calculation. Filter presses are
cost-effective alternatives to centrifuges and vacuum filtration because
they are affordable, easy to operate, and energy-efficient [36,37].
However, the filtration of crude palm oil using filter presses is hindered
by two primary issues: the filtration rate is approximately 15 L/m?h,
which is considered low, and due to the high concentration of solids
there is a rapid cake formation, which reduces the filtration rate and
demands more frequent cake discharging procedures [38-40]. Filter
pressing, vacuum filters and centrifugation are all solvent free frac-
tionation methods. This is beneficial from a sustainability perspective,
because even a green solvent such as ethanol would require processing,
transportation, and waste disposal control.

Thus, the two primary objectives of this study were to propose an
alternative solvent-free fractionation process for crude palm oil, based
on temperature-controlled crystallization and centrifugation, and to
investigate the potential of CPS as structuring agent of soybean oil
(SBO).
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Fig. 1. World’s annual production of the most important vegetable oils from 1960 to 2020 [2].
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2. Materials and methods
2.1. Best condition for crude palm oil fractionation

The fractionation was carried out using a centrifugation method
slightly modified from the oil-binding capacity determination reported
by Canizares et al. [41,42]. Commercial crude palm oil (Opalma®, Oleos
de Palma S/A) was transferred to a glass beaker (250 mL) and heated at
90 °C for 30 min using a hot plate with magnetic stirring (Model 114,
Nova Etica®, Brazil). Samples of 1 g of crude palm oil were placed in
previously weighted Eppendorf tubes (1.5 mL). These tubes were stored
at 10, 15, 20, and 25 °C in a controlled temperature chamber (MA830/A,
Marconi®, Brazil) for 24 h. The samples were then centrifuged for 15
min with a relative centrifugal force of 12,000 x g (Z326K, Hermle®,
Germany) at constant temperatures of 10, 15, 20, and 25 °C. After
centrifugation, the supernatant oil phase was drained, and the remain-
ing sample was weighted to determine the oil-binding capacity. Ana-
lyses were carried out in triplicate.

2.2. Fractionation of CPS

The optimal temperature conditions for fractionation were deter-
mined previously and applied with minor modifications to obtain the
CPS fraction. Commercial crude palm oil was heated at 90 °C in a glass
beaker (500 mL) for 30 min on a hot plate with magnetic stirring (Model
114, Nova Etica®, Brazil). Samples of approximately 40 mL of crude
palm oil were then transferred to Falcon tubes (50 mL). Samples were
kept in a controlled temperature chamber (MA830/A, Marconi®, Brazil)
at the best storage temperature for 24 h and then centrifuged for 15 min
at a relative centrifugal force of 12,000 x g (Z326K, Hermle®, Germany)
at the optimal temperature. Supernatant oil (CPO) and sedimented fat
(CPS) were separated, placed in sealed plastic containers, and stored at 4
°C until required.

2.3. Critical concentration

The critical concentration is the minimal amount of solute needed to
structure a solvent to form an organogel [41-43]. The concentration of
CPS needed to structure the commercial SBO (Liza®, Cargill S/A) was
determined following the methodology previously presented by Cani-
zares et al. [41,42]. Dispersions of CPS in SBO were prepared in test
tubes with stearin mass fractions ranging from 2 % to 72 %. These dis-
persions were heated at 90 °C for 60 min using a dry block (MA4004,
Marconi®, Brazil) to ensure complete melting and solubilization of the
CPS crystals. The samples were then kept at 25 °C in a controlled
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temperature chamber (MA830/A, Marconi®, Brazil) for 24 h. The crit-
ical concentration of CPS in SBO was determined visually by turning the
test tubes to check the flow capability [41]. Analyses were carried out in
triplicate.

2.4. Differential scanning calorimetry

Samples (8-15 mg) of crude palm oil, CPS, CPO, SBO, and dispersion
of CPS in SBO at the critical concentration were placed in 20 pL
aluminum pans (Model 02,190,062, PerkinElmer). The analyses were
carried out in a differential scanning calorimeter Model 3+ with FRS 6+
sensor (Mettler Toledo, Switzerland) using the following temperature
protocol: heating from 25 °C to 90 °C at a rate of 20 °C.min "}, isothermal
at 90 °C for 30 min, cooling to —30 °C at a rate of 5 °C.min"’, followed by
isothermal at —30 °C for 30 min, and heating from —30 °C to 90 °C at a
rate of 5 °C.min"! [41,42]. The onset crystallization temperature and the
endset melting temperature were determined from the cooling and last
heating steps, respectively (Fig. 2), using STARe Evaluation software
(v.17.00, Mettler Toledo, Switzerland). All the analyses were performed
in duplicate for each treatment.

2.5. Small angle controlled stress dynamic rheology

The storage modulus (G’) and yield stress of the crude palm oil and
dispersion of CPS in SBO at the critical concentration were determined
via a stress sweep using a TA Instruments AR2000 Controlled Stress
Rheometer (New Castle, DE, USA) equipped with crosshatched parallel
plates (40 mm) and a Peltier system (+ 0.1 °C) acting under the lower
plate. The solutions were preheated at 90 °C for 30 min and transferred
to the rheometer lower plate. The gap between plates was adjusted to 0.9
+ 0.1 mm. Before analysis, the solutions underwent a temperature
protocol of three isothermal steps of 30 min each [41-44]. The protocol
began with a step at 90 °C, followed by a step at 0 °C, and a final step at
25 °C. Analyses were carried out at 25 °C to determine the G’ and yield
stress of the samples at a constant frequency of 1 Hz. The yield stress was
considered to be the stress at which G’ exited the linear viscoelastic
region. The results were obtained in duplicate.

2.6. Crystal-like structure morphology

The crystal-like structure morphology analysis was performed
following the procedure presented by Canizares et al. [42] with minor
alterations. The morphology of crystal-like structures presented in crude
palm oil and in the dispersion of CPS in SBO at the critical concentration
were evaluated using a polarized light microscope BX-51 (Olympus,
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Fig. 2. Example of DSC thermogram illustrating the procedure to determine the onset of crystallization temperature and the endset of melting temperature.
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Tokyo, Japan) with a camera DP-21 (Olympus). The samples were
preheated at 90 °C for 30 min, and one drop was placed on microscope
slides and kept at 25 °C in a controlled temperature chamber (MA830/A,
Marconi®, Brazil) for 24 h. The morphology analysis of crystal-like
structures was performed in triplicate, and pictures were taken at four
different positions on each slide at 10X and 40X magnification. Analyses
were carried out in triplicate.

2.7. Porosity

Porosity was determined following the methodology described by
Canizares et al. [41,42] using ImageJ® (1.52a, National Institute of
Health, Bethesda, Maryland, USA). The porosity was determined for all
images obtained in the morphology analysis of crystal-like structures at
10X magnification.

2.8. Crystalline structure and relative crystallinity

X-ray diffraction (XRD) of crude palm oil and the dispersion of CPS in
SBO at the critical concentration were conducted on a Rigaku MiniFlex
600 (Rigaku, USA). Sample holders with wells (0.5 mm depth) were
loaded with samples previously melted at 90 °C for 30 min and, then,
kept at room temperature for 24 h until analysis. Angular scans (26)
were performed from 4° to 40° at 1.2 min—1 using a Cu (A = 0.154 nm)
tube at 30 kV and 10 mA as the X-ray source. Bragg’s law was applied to
determine the d-spacing between lattices [41-43]. All the measurements
were performed at 25 °C.

Relative crystallinity can be estimated from the X-ray diffraction
graphs (Fig. 3, gray line) by the ratio of the total area of the crystalline
phase to the total area of both the crystalline and amorphous phases
[45]. The relative areas of the peaks were determined using a method-
ology adapted from the study by Polizzi et al. [46]. The background
scattering was obtained using the geometric moving average, consid-
ering a period of 41 points, from 20 points before to 20 points after the
desired point (Fig. 3, black line). Then, the total area and background
scattering area under the curves were determined, allowing the calcu-
lation of the relative crystallinity [45,46].

2.9. Statistical analysis

Analyses were performed at least in duplicate, and the results were
analyzed using ANOVA at a 5 % significance level. The Tukey—Kramer’s
test was applied to locate significant differences between samples at the
5 % significance level. All the analyses were performed using SAS (v.
9.4, SAS Institute Inc., Cary, NC, USA) [47].
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Fig. 3. Illustration of an expected X-ray diffraction pattern (Fig. 3, gray line)
with 4 peaks indicating the presence of crystals, a curve without peaks (Fig. 3,
black line) used as base to determine the area of the peaks by difference, and a
baseline (black dashed line).
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3. Results
3.1. Best condition for CPS fractionation

The results of the oil-biding capacity analysis of crude palm oil are
presented in Table 1. The objective of this analysis was to determine the
amount of lipids that could be attached to crystalline structures (fat
crystals) under certain temperature conditions [41,42,48]. Fat crystals
and attached lipids formed a solid deposit at the bottom of the Eppen-
dorf tubes after centrifugation. This solid has a paste-like appearance,
whereas the oil that is not bound to the crystals is present as a super-
natant. These fractions are referred to as CPS and CPO, respectively. The
mechanism explaining the oil-binding capacity of the crystals is still not
fully understood. Some authors have considered that oil may be stuck
between the crystalline structures [41,42]. The morphology, concen-
tration, and density of the crystals are frequently related to their
oil-binding capacity [41-43].

The results presented in Table 1 show the strong influence of tem-
perature on the oil-biding capacity of crude palm oil. Samples stored at
10 and 15 °C and centrifuged at 10 °C presented 100 % oil-binding ca-
pacity, precluding the separation of CPS and CPO. The oil-binding ca-
pacity decreased significantly with an increase in the storage and
centrifugation temperatures (Table 1), allowing the separation of CPS
and CPO. The best storage and centrifugation temperature for frac-
tionating crude palm oil was determined to be 25 °C. There are two main
reasons for this finding. First, this temperature is close to the possible
plant operating conditions in tropical countries, where crude palm oil is
usually processed. Second, this temperature yields a fraction of palm
stearin in palm oil close to 50 %, close to the value usually reported in
the literature [5,7].

The results of the applied centrifugation method can be compared to
those of other previously reported fractionation methods. The vacuum
filter fractionation of crude palm oil carried out by Kumar and Krishna
[28] presented a yield of 77 % for CPO and 23 % for CPS. This
discrepancy can be ascribed to the fact that high melting point com-
pounds may have passed through the filter, as the oil is expected to
contain about 43 % palmitic acid [5,8,7], which roughly corresponds to
the minimum value of the stearin fraction. Another hypothesis is that the
sample analyzed by the authors had a lower concentration of CPS. Zaliha
et al. [10] evaluated the effect of the crystallization temperature on the
chemical composition of CPO and CPS fractionated through vacuum
filtration. They observed that reducing the crystallization temperature
from 18 °C to 9 °C resulted in a lower concentration of saturated fatty
acids in CPO olein. Unfortunately, the authors did not report the yield of
each fraction after separation.

To evaluate the purity of the CPS and CPO obtained from the chosen
fractionation method at the optimal temperature conditions, DSC anal-
ysis of crude palm oil, CPS, and CPO was carried out (Fig. 4). As
described in Section 2.4, the samples were initially heated to 90 °C to

Table 1

Oil-binding capacity analysis optimization of CPO following storage tempera-
ture in a controlled temperature chamber (10 °C, 15 °C, 20 °C, and 25 °C) and
centrifugation temperature (10 °C, 15 °C, 20 °C, and 25 °C) at 12,000 x g force.

Centrifuge temperature ( °C)

10 15 20 25
Chamber 10 100.07 + 100.07 + 98.69 + 68.54 +
temperature (°C) 0.22°% 0.22°% 0.77° 1.554
15  100.01 + 96.12 + 84.58 + 58.99 +

0.06° 0.85° 1.99° 1.72¢
20 68.16 + 69.09 + 60.59 + 58.19 +

1.33¢ 1.32¢ 1.47¢ 1.09¢
25  46.02 + 48.5 + 45.52 + 46.19 +

1.20f 0.72f 0.74° 1.03f

Means followed by different lowercase letters are significantly different (p <
0.05) according to Tukey’s test.
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Fig. 4. Crystallization (A) and melting (B) behavior of Crude Palm Oil, CPS,
and CPO determined through DSC analysis.

ensure complete fat crystal melting. The samples were then cooled to
—30 °C (Fig. 4A) to evaluate the crystallization, followed by heating to
90 °C to evaluate the melting behavior (Fig. 4B).

The most relevant information in Fig. 4 is the difference between the
thermal behavior of crude palm oil and CPO. For CPO, only one peak
was observed at temperatures lower than 20 °C during the cooling
(Fig. 4A) and heating (Fig. 4B) curves. This indicates that the fraction of
lipids with a high melting point in crude palm oil is not present in CPO.
This behavior is similar to that observed by Zaliha et al [10] from
thermograms of olein and stearin fractions.

Fig. 4 also shows that the onset crystallization temperature (Fig. 4A)
and endset melting temperature (Fig. 4B) of CPS are higher than those of
crude palm oil. This indicates that the concentration of high-melting-
point compounds in CPS is higher than in crude palm oil. Similar ther-
mal behavior has been frequently reported for different wax concen-
trations in vegetable oil organogels [41,42]. Briefly, the absence of a
high melting point peak at the CPO and the shift of the high melting
point peak at the CPS can be considered as validations of the fraction-
ation method.

The average values of the onset crystallization temperature for crude
palm oil (19.7 £+ 0.3 °C), CPS (27.1 £+ 1.9 °C), and CPO (10 £ 1.4 °C)
were significantly different according to Tukey’s test (p < 0.05). Similar
observation was made for the average values of the endset melting
temperature of crude palm oil (41.1 + 0.1 °C), CPS (51.3 £+ 0.3 °C), and
CPO (19.8 + 0.7 °C), according to Tukey’s test (p < 0.05). Therefore,
CPS may be considered to have the highest concentration of high-
melting-point compounds, while CPO has the lowest temperatures of
crystallization and melting and does not present a peak at high
temperatures.

3.2. Critical concentration

The visual appearance of the CPS dispersed in SBO at concentrations
between 2 and 72 % (w/w) is shown in Fig. 5. No structuration was
observed at CPS concentrations lower than 48 % (w/w) (Fig. 5A, 5B, 5C,
and 5D). Figure (5E) shows that samples with concentrations ranging
from 52 to 72 % (w/w) presented structuration at 25 °C. To improve the
precision of the analysis, a second set of experiments was carried out for
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samples with 49, 50, and 51 % (w/w) of CPS in SBO (Fig. 5F). The
analysis of Fig. 5F shows that the critical concentration of CPS in SBO
was 50 % (w/w). The dispersion of CPS in SBO at a critical concentration
was chosen for further analysis and is referred to as CPS in SBO.

3.3. Small-angle controlled stress dynamic rheology

The apparent structuration of the samples was assessed using small-
angle controlled stress dynamic rheology (Fig. 6). For comparison pur-
poses, rheological analysis was carried out for samples of crude palm oil
and CPS in SBO at the critical concentration.

The storage modulus presented an average value of 3.0 x 10° Pa for
crude palm oil and 4.8 x 10* Pa for CPS in SBO at the critical concen-
tration (50 %, w/w). These values were at the same order of magnitude
as those reported by Blake et al. [43] for canola oil organogels at critical
concentrations prepared from rice bran wax (1 %), sunflower wax (1 %),
candelilla wax (2 %), and carnauba wax (4 %).

The linear viscous-elastic regions of the storage modulus (G’) are
higher than the loss modulus (G**) for both samples, which demonstrates
the crude palm oil and the SBO structuration. Furthermore, the higher G’
value and the absence of yield stress for crude palm oil within the
analyzed stress range indicate that it has more stable solid characteris-
tics compared to CPS in SBO at the critical concentration at 25 °C. A
possible explanation to this better solid behavior of crude palm oil may
be linked to the crystal-crystal and crystal-liquid interactions respon-
sible for the sample structuration, where CPS crystals present a higher
number or a more favorable interaction with CPO than with SBO [41,
42].

3.4. Differential scanning calorimetry

The thermal behavior during the cooling and heating of SBO, CPS,
and CPS in SBO at the critical concentration (50 % w/w) is presented in
Fig. 7. CPS in SBO presented a lower onset of crystallization and endset
of melting temperatures (Fig. 7A and 7B, respectively) than CPS. This
reduction is related to CPS solubilization in SBO, which lowers the
thermodynamic activity of CPS (here understood as a single pseudo-
component) and consequently lowers the melting temperature. The
CPS in SBO presented 21 + 0.4 °C as the onset of crystallization tem-
perature, which is statistically equivalent to the onset crystallization
temperature observed for crude palm oil (Fig. 4). The SBO onset of
crystallization temperature is —7.5 + 0.5 °C (Fig. 7), significantly lower
than that of all the other samples analyzed in this work (Figs. 4 and 7).
Since it is possible to assume that crude palm oil is a dispersion con-
taining approximately 50 % (w/w) of CPS in CPO (Table 1), this finding
indicates that CPO and SBO may have similar CPS saturation.

At Fig. 7B, the average melting point of CPS (51.3 + 0.3 °C) and CPS
in SBO at the critical concentration (48.5 + 0.4 °C) did not present
significant difference according to Tukey’s test (p < 0.05). Furthermore,
the melting points of CPS and CPS in SBO at the critical concentration
are close to the melting point of roll-in shortening, which is widely used
in puff and Danish pastry products which require lamination [49,50].
The onset crystallization temperatures of SBO (—7.6 + 0.3 °C) was
significantly lower than those of CPS (27.1 + 1.9 °C) and CPS in SBO at
the critical concentration (21 + 0.2 °C) according to Tukey’s test (p <
0.05).

3.5. Crystal morphology and relative crystallinity

To observe the crystal-like structural morphology, crude palm oil
and CPS in SBO were evaluated using optical microscopy with polarized
light (Fig. 8). The crude palm micrographs show spherical clusters of
needle-like structures of uneven sizes (Fig. 8A and 8B). Crystal-like
structures of CPS in SBO at critical concentration also present a
needle-like morphology organized in clusters (Fig. 8C and 8D), but they
are smaller than those observed in crude palm oil (Fig. 8A and 8B). The
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Fig. 5. Samples of CPS dispersed in SBO at different concentrations for critical concentration determination.

clusters formed in the crude palm oil solution are not organized,
resembling the formation of a 3D crystal network. Although crystal-like
structures organized in clusters are considered less effective than iso-
lated needle-like crystals in preventing oil migration, cluster structures
tend to be more palatable [41,42,48]. Authors have emphasized the
influence of crystal size on mouthfeel during sensory analysis, noting
that 50 pm is the threshold for crystal perception in the mouth [41,42,
47].

The porosities of crude palm oil and CPS in SBO were 46.1 + 3.9 %
and 36.8 £ 9.2 %, respectively. The average porosities obtained from
micrographs of crude palm and CPS in SBO were significantly different
(p < 0.05) according to Tukey’s test. This means that crude palm oil
presents significantly higher inter-crystalline spaces than CPS in SBO. It
is interesting to observe how the rheological characteristics analyzed for
crude palm oil and CPS in SBO are not directly related to the porosity, in
concordance with previous works for oleogel [41-43].

3.6. Crystal structure

The X-ray diffraction patterns of crude palm oil and CPS in SBO at the
critical concentration are shown in Fig. 9. Both patterns are character-
istic of crystalline structures. Peaks indicating interlaminar latices dis-
tance of 14 A, 4.32 A, 4.20 A, and 3.85 A are observed for crude palm oil.
For the system at the critical concentration, the interlaminar lattice
distances observed were 4.55 ;\, 4.43 A, 4.25 f\, 414 ;\, and 3.86 f\,
which are frequently associated with needle-like crystals [41,42]. Ac-
cording to various authors [41,51-53], a slight shift in the interlaminar
lattice distance may be observed from one sample to another. Two peaks
are often related to needle-like crystals, the first one is observed at the
range from 4.07 A to 4.21 A, and the second one is observed from 3.66 A
t03.82A [41-43,51-53]. This shift is probably due to the interference of
the medium, because the X-ray diffraction technique and Bragg’s law
were developed for powders.

The size of the peaks in Fig. 9 indicates the relative crystallinity of
the solution [45], which usually does not correlate with the size and
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Fig. 6. Means and standard deviation of storage modulus (G’, circles) and loss modulus (G”, squares) of Crude Palm Oil (black color) and of CPS in SBO at critical
concentration (blue color) during small-angle controlled stress dynamic rheology analysis.
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Fig. 7. Crystallization (A) and melting (B) behavior of CPS, CPS in SBO at
critical concentration and SBO determined through DSC analysis.

distribution of the crystals seen in the micrographs (Fig. 8). This fact
may be misleading because micrographs suggest the presence of a
fraction of crystal-like structures larger than the effective quantity of
crystalline structures present in the sample. The relative crystallinities of
crude palm oil and CPS in SBO estimated from the X-ray diffraction
pattern graphics were 2.1 + 0.9 % and 1.25 + 0.12 %, respectively. Both
X-ray diffraction patterns and calculated crystallinity values correspond
to the solid fat content determined for oleogels at critical concentration
[41-43,51-53]. Furthermore, the values for crystallinity are consider-
ably lower than the area occupied by the crystal-like structures in the
micrographs (Fig. 8). Similar behavior was observed by Blake et al. [43]
and Canizares et al. [42]. These authors observed significant discrep-
ancies between the crystallinity directly determined by NMR and the

area occupied by crystal-like structures in micrographs. This suggests
that the structures observed in Fig. 8 may also comprise amorphous
patches that are scarcely distinguishable from the crystalline structures
at these magnifications. Another factor that may account for this dif-
ference is the light refringence in amorphous phases. For instance,
Hartel [48] stated that the vicinity of the crystalline structure in
crystal-saturated solutions comprises a supersaturated layer where
equilibrium mass exchange between solid and liquid occurs. This su-
persaturated solution layer is stagnated because of the boundary effect
(no-slip condition) related to the corresponding transport phenomenon
[54]. This stagnation and supersaturation may give this layer the char-
acteristics of an amorphous phase and, consequently, refringence
properties like those of the amorphous polymers studied by Inoue [55].

4. Conclusion

The experimental procedure that comprises a crystallization period
of 24 h at 25 °C followed by centrifugation at the same temperature
constitutes a feasible alternative dry method to a fast fractionation of
crude palm oil into CPO and CPS. Although the procedure was investi-
gated only at the laboratory scale, it constitutes a promising alternative
to be considered for industrial-scale fractionation processes, as it com-
prises few unit operations with low environmental impact.

Analyses in DSC demonstrated that high-melting-point molecules
from crude palm oil were not present in the CPO fraction. Furthermore,
the increase of the onset of crystallization temperature and the endset of
melting temperature of CPS, relative to crude palm oil, indicates a
higher concentration of high-melting-point molecules in the CPS frac-
tion. These findings validate the fractionation. The CPS fraction pro-
moted the structuration of SBO, which indicates its high potential as a
minimally processed ingredient in food products. The low crystallinity is
advantageous for food products mouthfeel.

To conclude, a wide range of potential future research opportunities
has emerged from these results. For instance, the following questions
could be considered for study: the feasibility of scaling-up the frac-
tionation process by using industrial centrifuges; the synergy between
CPS and fats or waxes on the structuration of vegetable oils; the quality
of biodiesel produced from CPO; the shelf life stability of the CPO in
comparison to crude palm oil; the sensory acceptance of CPS added food
products; among others.
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Fig. 8. Micrographs showing crystalline structures on Crude Palm Oil (A, B) and on CPS in SBO at the critical concentration (C, D). Images (A) and (C) were obtained
with 10X magnification, and images (B) and (D) were obtained with 40X magnification.
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Fig. 9. X-ray diffraction patterns of Crude Palm Oil (A) and CPS in SBO at
critical concentration (B).
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