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Abstract: Currently, research on the bambangan-fruit seed has become interesting because of its
potential application as a cocoa butter alternative. This work aimed to determine the changes in
the quality of the extracted bambangan-seed fat (BSF) obtained using hexane, petroleum ether, and
ethanol. The extraction solvents affected the total fat content (TFC), physicochemical properties,
fatty-acid profile, triacylglycerol composition, and crystalline structure of the extracted BSF. The
results showed that BSF has a high content of 1,3-distreoyl-2-oleoyl-glycerol (SOS). The solvent-type
significantly (p < 0.05) impacts the stearic and oleic acids of the extracts, resulting in apparent changes
in the high-melting symmetrical triacylglycerols, such as SOS. Petroleum-ether-extracted BSF has
a high stearic acid of 33.40%, followed by that of hexane- and ethanol-extracted BSF at 29.29% and
27.84%, respectively. Moreover, the spherulitic microstructure with needle-like crystals of the extracts
also ranges from 30 to 70 um in diameter. Hexane-extracted BSF illustrated a less-dense, spherulitic,
crystalline microstructure with a less-granular centre than those extracted using the other solvents.
The results suggested that the quality of the extracted BSF obtained from the nonpolar solvents of
hexane and petroleum ether are better than that extracted using ethanol.

Keywords: bambangan; extraction solvents; fatty acid; triacylglycerol; crystalline microstructure

1. Introduction

Mangifera pajang is an indigenous fruit distributed around the Borneo Islands, such
as Kalimantan (Indonesia), Sabah and Sarawak (Malaysia), and Brunei [1]. This fruit
is locally known as bambangan and has become a prominent, underutilised fruit with
significant economic value. Bambangan trees can grow up to 30 m tall, with a cylindrical
bole with smooth, broadly fissured, grey bark [2]. It initially grows widely in the forest and
is currently cultivated by the local Kadazan-Dusun people, specifically in Sabah [3]. The
cultivation of bambangan fruit in Sabah was reported as having a constant growth of 121.6
to 133.03 metric tons from 2016 to 2020, as the trees are currently being planted in orchards
or in the backyards of homes, corresponding to the increasing demand for this fruit [4,5].
Bambangan fruit is larger in size, and it has a thick peel (of a brown colour, with rough
skin), fibrous flesh. Each fruit can weigh up to 1.5 kg [6].

The local community prefers mature bambangan fruit for consumption and utilises
this fruit in functional food-forms, including juice and processed fruit, and as a health
drink, and it can be added to food as a flavouring ingredient. However, the seed is not
consumed, but rather disposed of as a waste by-product. This waste by-product has been re-
ported to have significant health benefits, based on the considerable number of antioxidant
compounds found in the seed and in the peel [2,4,7]. The seed is made up of 9.8-11% fat,
3.08-4.1% protein, and 38.68-72.9% carbohydrate, indicating that the seed has nutritional
potential as a source of protein and carbohydrates [7-11]. Bambangan-seed fat (BSF) is
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mainly composed of palmitic (7.29-15.8%), stearic (32.37-40.39%), oleic (39.24-48.05%), and
linoleic (4.95-8.11%) fatty acids (FAs), which corresponds to the presence of three main
triacylglycerols (TG): SOS, SOO, and POS (8.7-40.70%, 11.20-26.87%, and 11.60-11.93%, re-
spectively) [1,9,12,13]. BSF has also become an interest for researchers due to its similarities
with cocoa-butter-like fats: illipe butter, mango-seed fat, kokum butter, sal fat, and shea
butter [4,8,10,12,14]. Moreover, BSF is SOS-rich, which makes it applicable as an SOS-rich
fat resource to increase the hardness of soft fats, which is desirable in a country with a
high climate.

The extraction of BSF can be performed in various ways, including using Soxhlet
extraction. Soxhlet extraction is economical, simple, and allows several extractions to be
carried out simultaneously with high oil-recovery as compared to the other method [15].
The operational cost is also lower because the solvent can be recovered after the extraction,
creating reusable solvents to be used for another extraction process [16]. Soxhlet extraction
is an economical method that lowers operational costs by using reusable solvents with
higher extraction efficiencies than the other method. Using different solvents in Soxhlet
extraction gives variation to the oil-quality parameter and thus could extend the applicabil-
ity of the oil based on its properties, and it offers the best option for extraction. Moreover,
fresh solvents are repeatedly brought into contact with the sample, thus supplanting the
equilibrium transfer [17]. The extraction’s efficacy depends on the temperature, oil nature,
particle size, sample pre-treatment conditions, time, and solvent type [18]. The choice
of solvents for the extraction is essential for determining the quality of the extracted fat.
Different studies have reported on the ways that extraction solvents influence oil quality,
specifically the yield and bioactive compound levels [17,19,20]. The process of the Soxhlet
extraction of oil can be performed using ethanol; the polar protic solvents or hexane and
petroleum ether; the nonpolar solvents [20].

Hexane is commonly preferred among solvents due to its low-melting properties, high
availability, and polarity, which lead to high solubility [21-23]. In comparison, petroleum ether
has been used for the extraction of lipophilic compounds, and ethanol has been used because
of its low-toxicity properties and high availability, as well as its being bio-based [24,25]. Hexane
has been classified as a toxic chemical by the US Environmental Protection Agency because
it can react with air pollutants to produce ozone and other environmental pollutants [26].
Hence, it is only permitted in maximum amounts of 5 ppm and 10 ppm in meal and oil,
respectively, under the PFA Act of 1954 [27]. Several replacement solvents have been found
to extract oil from oilseeds without utilising hexane due to safety, health, and environmental
concerns [28,29]. Thus, hexane substitutes, for instance, ethanol, water, petroleum ether,
and other potential solvents, have been developed and used for oil extraction [25].

However, the work of comparing the fatty acid (FA) composition, triacylglycerol (TG)
content, and crystalline microstructure of BSFE, as extracted using different solvents, is still
in the early stage. Thus, this study aimed to evaluate the changes in the physicochemical
properties (iodine value and Slip melting point), FA and TG compositions, and the crys-
talline microstructure of the extracted BSF using different solvents, as well as the efficiency
of the extraction solvents.

2. Materials and Methods
2.1. Materials

Ripe bambangan fruits were provided by a local farmer in Ranau, Sabah, Malaysia.
The following items were acquired from Sigma—Aldrich: acetone, acetonitrile, cyclohexane,
ethanol, hexane, n-hexane, methanol, potassium hydroxide, petroleum ether, potassium
iodide, sodium thiosulfate, starch indicator, Wijs solution, triacylglycerols, and fatty acid
methyl esters standard. The analytical chemicals, reagent-grade chemicals, and extraction
solvents used were of the highest possible quality.
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2.2. Extraction of Bambangan-Seed Fat (BSF) Using Hexane, Petroleum Ether, and Ethanol

Each bambangan seed was separated from the flesh and then cut into small pieces
(10 mm x 10 mm x 5 mm) for sample preparation. Next, it was stored in a drying cabinet
(48 h at 45 °C) for drying processes. Each dried seed was ground into a powdered form
using a grinding mill and kept at —20 °C before the analysis. The extraction was conducted
using the AOAC [30] official method of analysis for Soxhlet extraction (Method 945.16),
using petroleum ether with slight modifications. A total of 80.0 & 0.00 g of seed powder
was extracted for 8 h at 40 °C using 3 different solvents: hexane, petroleum ether, and
ethanol. Ethanol was used as a hexane substitute for oilseed-extraction because of health,
safety, and environmental concerns [28,31]. The remaining solvent in the extracted BSF was
removed using a rotary evaporator (40 °C) (HEIDOLPH LABORTA 4001) and then filtered
in an oven (at 45 °C) to remove any impurities. The total fat content (TFC) for the fat is
expressed as the following equation:

Extracted crude fat (g)

TFC (%) = Bambangan seed powder (g)

x 100 1)

2.3. Physicochemical Properties

The changes in the physicochemical properties, such as the iodine value (IV) and the
Slip melting point (SMP), of the extracted BSF were determined according to the AOCS [32]
official methods, Cc 3b-92 and Cd 1b-87, respectively. For IV analysis, 0.5 g of melted BSF
(at 60 °C) were homogenised with 20 mL of cyclohexane and 25 mL of Wijs solution (iodine
solution) and left in the dark for 1 h. Next, 20 mL of 15% KI and 100 mL of distilled water
were added to the mixture. A quantity of 0.1 N sodium thiosulfate solution was used to
titrate the mixture. After the yellow solution became colourless, 2 mL of the starch indicator
was added, and the mixture was titrated until the blue solution became colourless. The
following calculation was used to calculate the IVs of the fat samples:

(Vol of blank titrant — vol of sample titrant) x Normality of titrant x 12.69
mass (g)

@

The SMP of the hexane-, petroleum-ether-, and ethanol-extracted BSF was determined
using an open-ended capillary glass tube. Before analysis, the glass tube was dipped into
the fat samples to a depth of 10 mm, and the fat was chilled and solidified in an ice bath.
Using a rubber band, the BSF samples were attached to the bottom of the thermometer
and then immersed in the glass test tube before being placed in a water bath (10 °C) for
analysis. The hot-plate temperature (SP131320-33-V, Thermo Scientific, Shanghai, China)
was gradually increased by 1 °C to increase the water-bath temperature until the fat column
ascended. When the fat column reached a height of 30 mm, the SMP of the fat samples
was determined.

2.4. Profile of FA

The FA content of the extracted BSF was determined using a gas chromatography-
flame ionisation detector (6890 N, Agilent, Santa Clara, CA, USA) as described by
Norazlina et al. [9]. The FA methyl esters (FAMEs) for the extracted BSF were prepared
before being injected into the BPX70 column (30 m x 0.25 um x 1.D. 0.25). A quantity of
0.5 g of BSF was dissolved using 2.5 mL of n-hexane and 0.5 mL of potassium hydroxide
in methanol (2 N), vortexed (1 min at 1200 rpm), and left to stand at room temperature.
After 10 min, the translucent upper-layer was injected into the GC for analysis. The
following condition was used to identify the FAMESs: an initial temperature of 90 °C
(hold for 5 min), then raise by 8 °C at a time to 185 °C (hold for 1 min), then raise
by 2 °C to reach a final temperature of 250 °C (hold for 5 min). Using split-mode,
maintain a temperature of 250 °C for the injector and detector (1:20). The FA profile was
determined using the FAMEs standard. The results were presented in % concentrations
and compared with the FAME standard.
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2.5. TG Content

The TG composition of the extracted BSF was measured according to AOCS [32]
official method Ce 5¢-93, using high-performance liquid chromatography (HPLC; 1200,
Agilent, Mississauga, ON, Canada) equipped with a refractive index detector (RID) with
slight adjustments. For sample preparation, 0.1 g of the melted fat samples (at 60 °C) was
diluted to 10 mL of mobile-phase solution (acetone: acetonitrile, premixed) to make a 10%
solution. The mixture was then filtered through a 0.45 um PTFE syringe filter (47 mm
millipore diameter) and placed into the HPLC vial for analysis. A C18-HPLC column
(Kromasil C18, Merck, Germany) was used for the study. An injection volume of 5 puL, a
column temperature of 30 °C, a detector temperature of 40 °C, a pressure of 8-9 mPa, and
mobile-phase acetone: acetonitrile (70:30, v/v) were utilised in the studies. The results were
presented in % concentrations and compared with the TG standard

2.6. Crystalline Structure

The changes in the crystalline structure for the 3 extracted BSFs were observed using
polarised light microscopy (DM2500P, Leica, Wetzlar, Germany), a method developed by
Narine and Marangoni [33]. The crystalline structure of the fat crystals helps define the
texture of a product for use in confectionery because it is directly related to the polymorphic
behaviour of a fat [34]. A quantity of 15 pL of melted BSF was placed on the microscopic
slide (heated at 80 °C), covered with a coverslip, and then chilled at 4 °C for 1 h. The
samples were then incubated at 25 °C for 2 days for proper crystallisation before being
observed under a polarised light microscope at 40 x magnification.

2.7. Statistical Analysis

The total fat content (TFC) analysis and all other studies were conducted in triplicate,
and the results are expressed as means and standard deviations (+). The Tukey test and
one-way analysis of variance (ANOVA) were used to find any significant differences in the
treatment means. A p < 0.05 significance value was used to define the significance level.

3. Results
3.1. Extraction of BSF and Its IV and SMP Properties

Figure 1 shows the differences in the physical appearance of the extracted BSFs
obtained using hexane, petroleum ether, and ethanol. BSF extracted using a nonpolar
solvent is lighter in colour than is polar-solvent-extracted BSF. The hexane and petroleum-
ether extracts showed similar appearances, with a common yellow oil-colour, and they
solidified faster than did the ethanol extracts. A similar observation was reported in
the extraction of kariya seed oil: nonpolar solvents produced yellow oil extracts, and
the polar solvent produced a cloudy, dark-golden oil extract [35]. The variation in the
extracted BSF appearances was presumably associated with the acid value and free-fatty-
acid content, in which free fatty acid is more soluble in the polar solvent [36]. Therefore,
the ethanol-extracted BSF had a darker-golden appearance than the hexane and petroleum-
ether extracts.

The TFC, IV, and SMP properties of the extracted BSFs are shown in Table 1. The
solvents selected, such as hexane and petroleum ether for the current study, are typically
used to extract oil from plant kernels [17], while ethanol is considered a green solvent in
chemical extraction because of its low toxicity. Among the extraction solvents, hexane
produced a high TFC, followed by the petroleum-ether and ethanol extracts. It can be
seen that the hexane had a higher level of efficiency for extracting the BSE. The solutes
and solvent interactions, boiling temperature, and solvent polarity might be the prominent
factors that influenced the BSF’s yield, extraction efficacy, and composition [17]. The
hexane’s low-polarity properties caused rapid molecule-transfer between the solvents, thus
leading to a high TFC in the hexane-extracted BSF as compared to the petroleum-ether- and
ethanol-extracted BSFs [37]. The presence of the antioxidant compounds and other extract
compounds, soluble primarily in polar solvents, presumably led to the low yield of TFC
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in the ethanol-extracted BSF. The extraction yield for the 3 extracts was comparable to the
reported fat content of mango seed fat, with values of 5.73-7.74% in a previous study [38].
On the other hand, the extracted BSFs’ physicochemical properties, such as the IV and the
SMP, also showed variation in their values.

Figure 1. Physical appearance of the extracted BSFs using hexane, petroleum ether, and ethanol.

As seen in Table 1, petroleum-ether-extracted BSF has the lowest IV, followed by the
hexane- and ethanol-extracted BSFs. The IV is used to determine the unsaturation levels
and the stability of oil for industrial applications [39]. A low IV in the petroleum-extracted
BSF indicates that it is prone to better resist oxidation, and it has a higher quality and longer
shelf-life than the other two extracts. This behaviour is supported by the results of our
previous study, in which the petroleum-ether extracts with low IVs showed a low acidity,
with a value of 3.74 mg KOH/g, and had better thermal profiles than the ethanol extracts,
with a 7.41 mg KOH/g acid value [40]. The changes in the IV also are associated with
the FA composition. A low unsaturation value indicates a low presence of unsaturated
FA (UFA); thus, petroleum-ether extracts have more saturated FA (SFA) than hexane and
ethanol extracts. The extraction solvents also influence the SMP for the extracted BSFs.
The petroleum-ether-extracted BSF showed high SMP values followed by the hexane and
ethanol extracts. The low IVs in the petroleum-ether extracts indicate more SFAs and a
higher melting-point-TG content than the other solvents; thus, the SMP is higher. The trends
in the efficacy of the extraction solvents and the changes in the physicochemical properties
for the extracted BSF align with the results reported by Kittiphom and Sutasinee [17] and
Jedidi et al. [20].

Table 1. Physicochemical properties of BSFs extracted from hexane, petroleum ether and ethanol.

Physicochemical

Bambangan-Seed Mango-Seed Fat

Properties Hexane Petroleum Ether Ethanol Fat [9,12] [39-41]
Total fat content (%) 7.70 £0.002 6.40 +0.10P 221+£0.01°¢ - 5.73-7.74
Iodine value (g iodine/g) 56.40 + 0.00 52.96 + 0.00 € 59.84 £+ 0.002 50.3-53.5 40.9-44.36
Slip melting point (°C) 3157 +0.51°¢ 31.40 + 0.52° 2840+0512 32.0-32.2 30.03-35.7

Values are the mean =+ standard deviation of three replicates; means with a different letter (a, b, or ¢, with a
showing the highest value) within a column are significantly different (p < 0.05) as measured by the Tukey test.
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3.2. Characterisation of FA Profiles in BSF Extracts

Vegetable fats and oils are beneficial for industrial and food purposes, and their
quality is closely related to their FA composition [20]. As shown in Table 2, significant
(p < 0.05) changes in the FA profiles of the 3 extracts were influenced by the solvents used.
Obvious changes can be seen in the extracts’ stearic and oleic acid compositions. About
52.32-59.70% of the BSFs” FA composition was dominated by the UFA, primarily oleic
(43.9048.31%), with a significant presence of linoleic (8.04-9.72%) acid. This result explains
the high unsaturation value of all extracts, especially the ethanol-extracted BSE. The extracts
obtained in this study showed softer properties with high UFA compositions as compared
to the BSF reported in the previous study [1], in which 56.19% of the FA composition
was saturated. The variation obtained in this study was presumably correlated with the
geographical latitude, thus showing variation in their compositions. The composition
and quality of the fat may vary depending on the fruit’s growth condition. According to
Varnham [42], the type of a plant, the environment, and the degree to which the seeds ripen
determine the FA and the unsaponifiable components of oilseeds. The bambangan fruit
used in the study was ripening but over-softening due to transportation and storage, which
made the fruit spoil, resulting in variations in the quality parameter.

Table 2. Fatty-acid composition of BSF extracted from hexane, petroleum ether, and ethanol.

Bambangan-Seed Mango-Seed Fat

Composition (%) Hexane Petroleum Ether Ethanol Fat [1,9,12] [12-38]
Ci40 (Palmitic) 8.24 4+0.00° 9.32+0.002 8.67 +£0.00° 8.35-14.91 4.9-14.91
Ci6:1 (Palmitoleic) 0.32£0.00? 0.17 £0.00® 0.06 £ 0.00 € - -
Cis.0 (Stearic) 29.29 +0.00° 33.40 +£0.002 27.84 +0.00 ¢ 36.35-40.39 24.2-47.6
Cig:1 (Oleic) 46.94 +0.00 P 43.90 £0.00 ¢ 48.31 £0.002 39.24-44.5 37.0-58.6
Cig:2 (Linoleic) 8.51+0.00° 8.04 £ 0.00 ¢ 9.72+£0.00? 4.95-5.4 3.7-10.4
Cjg:3 (Linolenic) 0.37 4 0.00° 0.38 = 0.00 ¢ 0.48 +0.002 0.3-0.37 0.4-12
Cy (Arachidic) 1.87 £0.002 1.77 £0.00° 1.67 £0.00 € - -
Cpo.1 (Eicosenoic acid) 0.23 £0.002 0.18 £ 0.00 € 0.21+0.00° - -
Cy (Behenic acid) 0.36 £0.002 0.3140.00° 0.30 £0.00 ¢ - -

Values are the mean =+ standard deviation of 3 replicates; means with a different letter (a, b, or ¢, with a showing
the highest value) within a column are significantly different (p < 0.05) as measured by the Tukey test.

Additionally, the temperature also significantly impacts the content of FA, particularly
the UFA [43]. On the other hand, the results obtained in this study are in agreement with
the FA profiles of BSF extracted by Jahurul et al. [12] and Norazlina et al. [9] and the
mango-seed fat extracted by Jahurul et al. [44] and Munchiri, Mahungu, and Gituanja [45].
The SFA and UFA for the reported BSF and mango-seed fat ranged from 44.7 to 44.8% and
from 29.1 to 58.6%, from 49.2 to 50.2%, and from 41.1 to 70.2%, respectively. Petroleum-
ether-extracted BSF has higher quantities of palmitic and stearic acids, followed by the
hexane and ethanol extracts. This shows that petroleum-ether-extracted BSF is harder than
the other two extracts. In contrast, ethanol extracts have more oleic acid than do hexane
and petroleum-ether extracts. The changes in the FA composition for the 3 extracts can be
supported by Kittiphom & Sutasinee [17], who reported similar changes in the extraction of
mango-seed oil using hexane (palmitic: 8.97%, stearic: 37.37%, oleic: 43.77%, and linoleic:
6.78%), petroleum ether (palmitic: 8.73%, stearic: 37.70%, oleic: 44.75%, and linoleic: 5.67%)
and ethanol (palmitic: 8.50%, stearic: 38.50%, oleic: 43.45%, and linoleic: 6.48%).

Moreover, BSF produced by the Soxhlet extraction in this study exhibited an FA-type
similar to commercial cocoa butter (CB) (palmitic: 24.5-33.7%, stearic: 33.3—40.2%, oleic:
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26.3-36.5%, and linoleic: 1.7-3.56% acids) reported by Gunstone [46], Sonwai et al. [47],
Kadivar et al. [48], and Norazura, Sivaruby, and Noor Lida [49], indicating that the extracts
are applicable as potential CB alternatives.

3.3. TG Profiles

The TG fat composition is essential for determining the potential application of the
extracts, as well as providing information on the polymorphic behaviour. Table 3 sum-
marises the TG content for all extracts, where it can be seen that the TG content was
significantly (p < 0.05) affected by the extraction solvents. All extracts were dominated
by SOS (30.22-44.29%), SOO (20.19-24.18%), and POS (9.57-12.48%) with a significant
presence of OO0 (5.18-7.09%), POP (2.44-3.83 %), SSS (1.25-3.40%), OLO (2.90-4.56%), and
POL (3.16-3.65%). Based on these values, 39.79-56.77% of the composition is high-melting
TG (POS and SOS), thus explaining the solidification process of BSF at an ambient tem-
perature. Petroleum-ether-extracted BSF (56.77%) has a high content of high-melting TG,
followed by hexane (48.54%) and ethanol (39.79%). This behaviour results in the high SMP
value of petroleum-ether extracts, and it increases the hardness of the fat. The variation
in the high-melting composition of the extracts was associated with the solubility of the
low-melting TG; low-melting TG is more soluble in a polar solvent [50]. Therefore, the
ethanol extracts have more low-melting TG than the other extracts.

In addition, the high-melting TG in the hexane extracts is closer to 50% of the TG
composition, thus showing a comparable SMP with the petroleum-ether-extracted BSF.
The unsaturation value of the hexane extracts is comparable to the petroleum-ether
extracts due to the comparable FA and TG compositions. Therefore, this indicates that
the quality of the hexane extracts is comparable to that of the petroleum-ether extracts.
The relation between the high-melting TG and the SMP obtained in this study also agrees
with the melting point of the POS (23.50-43.0 °C) and SOS (19.50-35.50 °C), as reported
by a previous study [51-53]. The TG content in the study is also in line with the TG
profiles of the reported BSFs and mango-seed fats [8,12,13,34,54-58]. The BSF extracted
using different solvents also showed a noticeable amount of OLL, PLL, OLO, POL, PLP,
and SSS, as in a previous study [12].

Table 3. Triacyglycerol content of BSF extracted from hexane, petroleum ether, and ethanol.

Composition (%)

Hexane Petroleum Ether

Bambangan-Seed Mango-Seed Fat

Ethanol

Fat [8,12,13] [41,53-57]
OLL 1.80 & 0.00 P 1.34 +0.00 € 2.07 £0.002 Traceable Traceable
PLL 1.19 £ 0.00 0.71 £ 0.00 € 1.42 +0.002 Traceable Traceable
OLO 3.83+0.00b 2.90 £ 0.00 € 456 +0.002 Traceable Traceable
POL 3.02 +£0.00 ¢ 3.16 £ 0.00b 3.65 +£0.002 Traceable Traceable
PLP 1.27 £ 0.00° 0.98 £ 0.00 € 1.56 +=0.002 Traceable Traceable
000 6.57 £ 0.00b 5.18 + 0.00 ¢ 7.09 +0.00@ 3.6-5.89 2.5-5.7
POO 2.68 +0.002 230+ 0.00b 2.18 +0.00 € 3.8-4.57 2.4-10.8
POP 3.83 £0.002 295+ 0.00b 244 4+ 0.00 € 0.75-5.90 1.3-8.9
SO0 23.84 + 0.00° 20.19 £0.00 € 2418 4+ 0.002 11.20-26.88 5.7-30.8
POS 11.78 £ 0.00 P 12.48 +0.002 9.57 +0.00 € 11.35-11.94 5.7-14.8
SOS 36.79 + 0.00 P 4429 £0.002 30.22 +0.00 € 28.67-40.71 14.3-51.6
SSS 3.40 4+ 0.00b 3.52 4+0.002 1.25 +0.00 € Traceable Traceable

Values are the mean =+ standard deviation of three replicates; means with a different letter (a, b, or ¢, with a
showing the highest value) within a column are significantly different (p < 0.05) as measured by the Tukey test.
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3.4. Crystalline Microstructure

Figure 2 shows the crystalline microphotograph of BSFs extracted using hexane,
petroleum ether, and ethanol. All fat structures showed spherulite crystals, consisting
of needle-like crystals branching outwards with a diameter of 40-70 um. This structure
is commonly associated with the B polymorphic form of a CB [59]. Such a crystalline
structure is desirable for making chocolate and confectionery products. The crystalline
structure of the extracted BSFs was significantly changed after exposure to the extraction
solvents. Petroleum-ether- and ethanol-extracted BSFs showed a compact cluster of fat
crystal compared to the hexane-extracted BSF. The spherulite structure of the petroleum-
ether-extracted BSF was disrupted after exposure to the solvent, making the structure oval
and compact. The ethanol-extracted BSF showed a smaller crystal structure than the hexane-
extracted BSF. These findings are similar to the microphotograph reported by Norazlina
et al. [9] The changes in the crystalline microstructure (polymorphism, distribution size,
size, surface of a structure, and shape) occurred because of the variety in the textural
properties of fat and the TG composition [60]. The crystalline microstructure was also
potentially influenced by the different FA and TG contents [9], resulting in the difference in
the crystallisation state.

©

Figure 2. Crystalline microstructure of (A) hexane-, (B) petroleum-ether-, and (C) ethanol-extracted BSE.
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Moreover, the saturation-degree of the fat also affected the crystalline microstruc-
ture [52]. The unsaturated ethanol-extracted BSF has crystals with a small, densely packed
centre, a loose and scattered structure similar to the crystalline microstructure of the mango-
seed fat (Thai cultivar) reported by Sonwai and Ponprachanuvut [38]. On the other hand,
hexane-extracted BSF exhibited a loosely scattered, spherulite structure similar to that of
CB, as reported by Asep et al. [61], thus suggesting that hexane-extracted BSF is similar to
CB-like fats and may be applicable as CB alternative.

4. Discussion

This study analysed the FA profiles, TG compositions, and the crystalline microstruc-
tures of BSFs obtained using different extraction solvents. To achieve this goal, three
different organic solvents were used to obtain the best extraction solvents. Interestingly, the
findings showed the solvents affect the composition of the BSF, in which the BSFs extracted
using nonpolar solvents (hexane and petroleum ether) are of better quality than those
extracted using the polar solvent. Besides that, a previous study also reported that the seed
oils extracted using the nonpolar solvents have a high-quality parameter [17,19,20]. The re-
sults showed that the characteristics of the extracted BSFs in this study are also in agreement
with the reported properties of the BSF reported by Azrina et al. [1], Jahurul et al. [12], and
Norazlina et al. [9,13], but the TFC is very low. The unsaturation value (59.84 g iodine/g),
UFA (more than 50%) content, and the low-melting TG (33.45%) were high in the ethanol-
extracted BSF.

The oil’s lower solubility could explain the differences in the extracted BSF’s quality
parameters, such as the TFC, in the polar solvents compared to the nonpolar solvents. The
extracted BSF in the polar solvent was mainly disturbed by another component, such as
the antioxidant-extract compounds and free fatty acids, which were co-extracted during
the extraction process; thus, a low TFC was obtained in the ethanol oil-extracts. The final
results, such as the oil yield, FA profile, and the physicochemical qualities, were significantly
influenced by the solvents used for extraction, which have been previously reviewed [61,62].
In fact, hexane and petroleum ether, commonly used as the extraction solvents for lipid-
extraction in seed oils [22,25], are supposed to have similar properties. However, these
solvents showed significant differences in the properties of the extracted BSF.

Although petroleum-ether-extracted BSF shows high-quality parameters; it has a
low unsaturation value, a high SFA, and a high-melting TG composition, the extracts’
crystalline microstructure is dense and oval and has a low yield. Concerning the TFC,
FA, and TG compositions and the crystalline microstructure, hexane seems to be the most
efficient among the extraction solvents studied, with a TFC of 7.7%. Still, it has a low POP
(3.83%) and POS (11.78%) content and a high SOO (23.83%) level, which could result in the
softening effect. The toxicity of the hexane solvents could also become a concern, such that
the solvents’ traces should be analysed and not exceed the permitted maximum amount
in edible 0il, as mentioned above. Nevertheless, petroleum ether is an alternative solvent
choice known to have less toxicity than hexane, and it could also be used as an extraction
solvent as it has comparable properties with hexane-extracted BSF but with a significantly
lower yield.

5. Conclusions

This report is the first study to explore how different organic solvents affect the
composition of BSE. This work successfully performed BSF extraction using polar (ethanol)
and nonpolar (hexane and petroleum-ether) solvents. The changes in the physicochemical
properties, FA and TG compositions, and the crystalline structures of the BSFs extracted
from different solvents are presented in this report. The results suggest that the hexane-
extracted BSF had better overall fat quality, including a high TFC and IV and SMP values
comparable to the petroleum-ether extracts. Although petroleum-ether-extracted BSF has a
stearic-acid content similar to that of CB, the FA profiles are close to those of the hexane-
extracted BSF. Both extracts showed FA-types similar to those of CB, and only the hexane
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extracts exhibited a similarly less-dense crystalline structure. Therefore, hexane-extracted
BSEF is applicable as a CB alternative due to its similarities with CB. Therefore, hexane is
suitable for the extraction of BSE. This research is beneficial for providing the solvent’s
choice information for BSF extraction and speciality-fat production.
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