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NUTRITIONAL POTENTIAL OF SUPERCRITICAL

FLUID-EXTRACTED PALM FRUIT

SOEK SIN TEH'™; NATALIE VIVIEN GUNTER"? and HARRISON LIK NANG LAU'

ABSTRACT
Supercritical-fluid extraction (SFE) has been suggested to be highly suitable method for food processing
due to its greener approach and use of readily available and safe solvents. The palm fruit fibres (PFF) have
limited food applications and are often regarded as waste despite being a potential source of dietary fibre.
Therefore, the aims of the study were to analyse the nutritional attributes and chemical composition of SFE-
extracted palm oil (SFE-O) and fibre (SFE-F). Results showed that SFE-O has comparable phytonutrients
and oil quality with hexane-(HEX-O) and commercial mechanical pressing (MP-O)-extracted crude
palm oils. Although SFE-O contains lower concentrations of phytonutrients (total of carotenoids,
vitamin E, squalene and sterols) than the two oils, it exhibited higher antioxidant effects than MP-O
as showed in 2,2-diphenyl-1-picrylhdrazyl (DPPH) radical scavenging, hydrogen peroxide (H,0O,)
scavenging and ferric ion chelating assays, whereas SFE-O also exhibited higher ferric ion chelating
activity than HEX-O, postulating its protective health benefits. Meanwhile, both SFE-fibre and HEX-fibre
contain comparable dietary fibre with existing food products, suggesting the potential of PFF as a source
of dietary fibre and other food applications. The beneficial effects of SFE-O and PFF also suggested that

recovery of both would potentially generate additional revenue for palm oil mills.
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INTRODUCTION

Palm oil is commonly used in the food industry
and known for its balanced ratio of saturated and
unsaturated fatty acids, zero content of trans fatty
acids and a variety of beneficial active compounds
including phenolic compounds, phytosterols
and squalene. The presence of tocopherols,
tocotrienols and carotenoids in palm oil with
notable antioxidant activities which enhances
its nutritional value and dietary benefits when
incorporated in our daily diet (Kushairi ef al., 2019).
However, active compounds such as polyphenols
are commonly sensitive to processing conditions
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during the oil extraction and refining, rendering
it susceptible to degradation (Ruiz-Marcial et al.,
2007). This becomes one of the driving factors to
find alternative methods of oil extraction with
milder conditions in order to preserve these
antioxidants.

The conventional extraction of oil from palm
fruits using mechanical screw-press generally
involves sterilisation, digestion, clarification and
drying. Another common extraction method is by
using organic solvents, most commonly hexane,
which is widely implemented within the industry
of seed oil extraction and fractionations, owing
to its high oil recovery capacity. Nonetheless, the
extracted oil via this solvent extraction has been
criticised for its use in the food industry as the
resulting residual solvent could be harmful to both
human health and the environment (Galle et al.,
2003). While the simple process and generally lower
cost are attractive, however, the arising limitations
combined with the demand for high quality oil have
prompted the search for environmentally-friendly
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alternative extraction methods that pose minimal
risk to the human health (Ialenti et al., 1992). The
supercritical fluid extraction (SFE) now, emerges as
a potential alternative extraction process and has
since been received as a safe method. Carbon dioxide
(CO,), the most commonly used solvent for SFE, is
an inert, inexpensive solvent which has low critical
temperature and pressure. These characteristics
allow extraction using gentler conditions while
leaving no solvent residues and thermally degraded
active compounds in the extract. Thus, SFE-CO,
has been suggested to be highly suitable for the
extraction of thermally labile products. Furthermore,
SFE-CO, extracts have been accepted for the
processing of food products as they are generally
recognised as safe, attributed to its non-toxic and
non-flammable character of CO,. In fact, the use
of SFE-CO, for palm oil extraction has thus, been
previously studied and published in literature
(Ialenti et al., 1992; Lau et al., 2006).

In Malaysia, about 5.8 million hectares of land
has been used to cultivate oil palm (Kushairi et al.,
2019). Generally, oil palm produces approximately
10% of oil and the remaining 90% is oil palm
biomass (OPB) in the form of oil palm frond
(36.9%), palm oil mill effluent (27.1%), empty fruit
bunches (10.4%), palm fruit fibres (PFF) (5.4%), oil
palm trunk (4.5%) and palm kernel shell (3.1%)
(Loh, 2017; Yeo et al., 2020). The biomass can be
obtained from oil palm plantations and palm oil
milling activities. In general, pre-treatment of OPB
can be achieved by biological, physical, chemical,
or physiochemical methods. All these methods
resulted in either chemical or physical changes
of the biomass. Physical pre-treatment involves
grinding (Barakat et al., 2015), steaming and steam
extrusion (Duque et al., 2016; Hendriks and Zeeman,
2009; Lin et al., 2012), thermal-mechanical extrusion
(Lin et al., 2012) or ultrasonication (Subhedar and
Gogate, 2016), whereas chemical pre-treatment
involves the utilisation of acids (Noparat et al.,
2015), alkali (Chen et al., 2013), organic solvents
(Park et al., 2017) or ionic liquids (Elgharbawy et
al., 2016), as well as oxidation reaction (Li et al.,
2013). Physicochemical methods include steam
(Pielhop et al., 2016), supercritical CO, (SC-CO,)
explosion (Zheng et al., 1995) and ammonia fibre
explosion (AFEX) (Alizadeh et al.,, 2005). On
the other hand, biological method involves the
utilisation of microbial communities (Amin et al.,
2017). Nevertheless, there are challenges associated
with the pre-treatment methods, primarily due
to the energy intensive processes such as high
temperature and high pressure, along with
expensive chemical reagents involved. Therefore,
finding alternative methods that can prevail over
these limitations are crucial.

Meanwhile, the use of the remaining PFF, after
palm oil extraction is still limited. The fibres mixed
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with palm shells are most commonly recycled as
boiler fuel for steam and electricity production
(Kwong et al., 2017). Several studies highlighted the
main utilisation of the biomass for solid biofuel and
bio-composite production.

Nonetheless, the functional and economic
potential of the fibres have yet to be realised with
very little information on its nutritional value. In
its original form, the major fibre components of
palm fruit i.e., cellulose, hemicellulose and lignin
are determined as insoluble fibre (Abdul Aziz et
al., 2011). Numerous benefits of dietary fibre (DF)
on human metabolism and physiology have been
established in literature over the past years. For
example, the intake of DF has been associated
with the reduced risk of diabetes, cardiovascular
diseases, certain gastrointestinal disorders and
improve immune function (Anderson et al., 2009).
Thus, this preliminary characterisation of the
fibre content of PFF, including the total dietary
fibre (TDF), insoluble dietary fibre (IDF) and
soluble dietary fibre (SDF) should initially be
done which would subsequently shed light on its
potential for downstream applications in the food
industry.

In the present study, SFE-CO, and hexane
extractions were carried out to extract crude palm
oil (CPO) from palm fruits. The two extracted CPO
are termed SFE-extracted palm oil (SFE-O) and
hexane- (HEX-O), respectively. These two oils and
commercial mechanically pressed CPO termed
MP-O, were characterised and analysed for their oil
compositions and quality, including free fatty acid
(FFA) content, peroxide value (PV), phosphorus
content, fatty acid composition (FAC), total
carotenoid content, vitamin E content, squalene and
sterols contents, total phenolic content (TPC) and
total flavonoid content (TFC). This was followed by
evaluation of antioxidant activities using various
antioxidant assays, including 2,2-diphenyl-1-
picrylhdrazyl (DPPH) radical scavenging, hydrogen
peroxide (H,0,) scavenging, ferrous ion chelating
(FIC) and ferric reducing antioxidant power (FRAP)
assays. The chemical composition and DF content
of the extractive-free PFF were evaluated on its
potential nutritional applications.

MATERIALS AND METHODS
Materials

The sterilised palm fruits were collected from a
local palm oil mill (Labu, Negeri sembilan, Malaysia).
The fruits were separated into two batches for the
hexane and supercritical extraction methods.

The sterilised palm fruits were peeled and
dried in an oven, followed by grinding to break
up the fibres. The palm fruits were then subjected
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to Soxhlet extraction with hexane at 70°C for 8 hr.
Hexane was evaporated using a rotary evaporator
until a constant weight of oil was achieved.
PFF was collected from the extraction thimble
and was left to dry overnight in a fume hood at
room temperature. The hexane-extracted CPO is
denoted as HEX-O while the fibre is marked as
HEX-FE.

Meanwhile, the sterilised palm fruits were
subjected to SFE-CO, system as described by Lau
et al. (2006) with some modifications. In brief,
it was subjected into a 100-mL extraction vessel
and extracted with SC-CO, with the flow rate of
5 mL min™. SC-CO, was pumped continuously from
the top through the vertical extraction vessel. The
extraction condition was set at 60°C, 30 MPa and
8 hr. Next, the oil-laden stream was depressurised
by expanding through a heated needle valve to
atmospheric pressure, and the oil was collected in a
receiver. The flow diagram of SC-CO, system is as
shown in Figure 1. The extracted CPO and the PFF
after extraction were denoted as SFE-O and SFE-F,
respectively.

On the other hand, MP-O was collected from
Labu Palm Oil Mill. Generally, the palm fruits were
sterilised at 140°C for 70-90 min (Akhbari et al.,
2020) where the sterilised palm fruits above were
also obtained at this stage, subsequently subjected
to a steam-heated vessels, also known as digester.
Next, the oil mixture from the digester was heated
to 90°C for 20 min (Yosti et al., 2019) and allowed to
separate in the clarification tank, and subsequently
subjected to continuous vacuum dryer to remove
water (Akhbari et al., 2020). All the palm oil
samples were stored at 4°C and room temperature,
respectively prior to analyses.

Chiler |——»  Pump

_| Back pressure
"1 regulator

(Optional)

Extraction
vessel

CO, supply

Total DF assay kit was purchased from
Megazyme (Bray, Ireland). Potassium iodine
and sodium thiosulphate were purchased from
R&M Sdn. Bhd. (Selangor, Malaysia). CP-grade CO,
of 99.995% purity was purchased from Malaysia
Oxygen Berhad (Selangor, Malaysia). Myristic
acid (C14:0), palmitic acid (C16:0), stearic acid
(C18:0), oleic acid (C18:1), p-anisidine, DPPH,
hydrogen peroxide, ferrous (II) chloride, potassium
ferricyanide, ferric (III) chloride as well as all
solvents of chromatographic and analytical grades
were purchased from Merck (Darmstadt, Germany).

Methods

All the tests were carried out in triplicate for
each sample. Results were expressed as mean value
+ standard deviation.

Quality assessment of extracted oils

Determination of free fatty acid (FFA) content. FFA
content of oil samples was determined according
to Malaysian Palm Oil Board (MPOB) test method
p2.5:2004 (MPOB, 2004). Approximately 3 g of oil
sample was weighed in a conical flask and 50 mL
of isopropanol was added. About 10 drops of 1
g mL™" phenolphthalein in ethanol was dripped
into the flask and the solution was mixed. The
mixture was then titrated with 0.1 N sodium
hydroxide (NaOH) until the colour changed from
colourless to pink. The percentage content of FFA
[as weight (Wt)% of palmitic acid] was calculated as
(25.6 N V)/W, where N is the normality of NaOH
used, V is the volume of titrant and W is the weight
of the oil sample.

Collector

Oven

Figure 1. Flow diagram of the supercritical fluid-extracted CO, (SFE-CO,) system.



JOURNAL OF OIL PALM RESEARCH 34 (3) SEPTEMBER 2022

Peroxide wvalue (PV). PV of oil samples was
determined from titration of the sample with
sodium thiosulphate solution according to MPOB
Test Method p2.3:2004 (MPOB, 2004). A starch
indicator was freshly prepared by weighing 0.5 g
of starch, followed by sequential addition of 3 mL
of distilled water and then 100 mL of boiling
water. The starch indicator was left to stand for 3
min before use. Approximately 5 g of oil sample
was aliquoted into a conical flask. A blank was
run alongside the sample. Then, 30 mL of acetic
acid:chloroform (3:2 v/v) solution and 0.5 mL of
saturated potassium iodide, potassium iodide (KI)
solution were added into the conical flask. The
solution was slowly mixed for 1 min, followed
by the addition of 30 mL of distilled water. Starch
indicator was added until the solution turned to
a grey-blue colour. The mixture was then titrated
with 0.01 N sodium thiosulphate solution until
the grey-blue colour faded. PV (meq O, kg™) was
calculated as [(V, - V) N 1000] /W, where V. is the
volume of sodium thiosulphate solution used for
titration with the oil sample, V, is the volume of
titrant used for the blank, N is the normality of
sodium thiosulphate solution used and W is the
sample weight of oil.

Phosphorus content. Phosphorus content of oil
samples was determined according to MPOB Test
Method Part 1b, p2.8:2004 (MPOB, 2004). Firstly,
5 g of the oil was weighed in a crucible and then 0.1 g
of magnesium oxide (MgO) was added. The mixture
was charred until no more smoke was produced
and was burnt in the furnace at 900°C for 2 hr. Once
cooled to room temperature, the ash in the crucible
was dissolved in 5 mL of 6N nitric acid (HNO,),
followed by the addition of 10 mL of ammonium
vanadate solution and 10 mL of ammonium
molybdate solution into the crucible. The mixture
was left to stand at room temperature for 20 min. The
solution was then transferred into a quartz cuvette
and the absorbance of the cell was measured at 400
nm against a blank containing HNO,, ammonium
vanadate and ammonium molybdate in a ratio of
1:2:2. A calibration curve with potassium dihydrogen
phosphate (KH,PO,) was constructed by plotting a
graph of concentration against absorbance. Briefly,
the concentrations of 4, 8, 12 and 16 pg mL™ of the
standard and their corresponding absorbances
were determined by first reacting respectively
with 1, 2, 3 and 4 mL of 0.IN KH,PO, solution,
followed by 10 mL of ammonium vanadate and
10 mL of ammonium molybdate. The solution was
then marked up to 25 mL with 6N HNO, and the
absorbance was measured at 400 nm.

The phosphorus content, in ppm, was calculated
as (C 25 A)/W, where C is the slope of the KH,PO,
calibration curve, A is the absorbance of the sample
at 400 nm and W is the weight of the oil sample.
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Characterisation of Extracted Oils

Fatty acid composition (FAC). FAC of the oil
samples were analysed using gas chromatography
equipped with a flame ionisation detector (GC-FID;
Perkin Elmer, USA). Oil samples were prepared
by aliquoting three drops of oil into a 1.5-mL
autosampler vial. The same volume of 0.5 M of
sodium methoxide solution was added. The sample
was topped up to 1.5 mL with hexane and was then
shaken well. Samples were injected at a volume of
1 pl into the system, fitted with a BPX70 column
(25 m length (L), 0.22 mm internal diameter (D) and
0.25 um film thickness). The oven temperature
program was initially started at 140°C and then
ramped up to 220°C at a rate of 8.0°C min™ and held
for 2 min. The injector and detector temperatures
were both set to 250°C. Each sample was run for
12 min using purified compressed air, purified
hydrogen and purified helium as carrier gases.

Total carotenoid content. The total carotenoid
content of the oils was determined following
MPOB Test Method p2.6:2004 (MPOB, 2004).
Approximately 0.1 g of oil was dissolved in 250 mL
of n-hexane. The absorbance of the oil extract was
then measured at 446 nm using a UV spectrometer
(U-2001, Hitachi Instruments Inc., Tokyo, Japan).
The total carotenoid content was calculated as
(383 E)/(I ¢), where E is the observed difference in
absorption between the oil and hexane, I is the path
length of the cell (cm), and c is the concentration
used for the absorption measurement g (100 mL™).

Vitamin E composition. Tocopherol and tocotrienol
content of the oils were determined according
to the method of Che et al. (2015). The vitamin E
composition was analysed using HPLC (Agilent
1100 series, Agilent Technologies, USA), equipped
with a normal phase Supelco Ascentis® Si column
[(150 mm (L) x 4.6 mm (D) x 5 pm particle size)]. The
HPLC system was coupled to a fluorescence detector
with the detection wavelengths for excitation and
emission set at 270 nm and 315 nm, respectively.
A mixture of n-heptane and ethyl acetate at 97:3%
(v/v) was used as the mobile phase.

Sterol composition and squalene content. The
sterol composition and squalene content were
concurrently determined according to the method
by Lau et al. (2006). A gas chromatograph (GC,
7890B Agilent, Agilent Technologies, USA) with
a CP9078 — select biodiesel for glycerides, UM +
2 m RG column [15 m (L) x 320 um (D) x 0.1 um
(film)] coupled to a flame ionisation detector was
used. Helium was used as the carrier gas with a
flow rate of 5 mL min™. The temperatures of the
injector, detector and oven were set at 50°C, 380°C
and 370°C, respectively. Identification of sterol
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composition and squalene content in the oils was
done via comparison of their retention times with
commercial standards, cholesterol and squalene.

Antioxidant Assays

Extraction of polar compounds from oils. The
extraction of polar compounds from oil samples
was performed following the method described
by Radhia et al. (2017) with some modifications.
Approximately 1 g of oil sample was weighed in a
2 mL microcentrifuge tube, followed by addition of
1 mL of methanol:water (80:20 v/v) which was
used as the extraction solvent. Herewith, the
methanol:water (80:20 v/v) was referred to as
‘extraction solvent’.

The oil-solvent mixture was vortexed for 10 min
and was then left to stand until two layers separated
(~1 hr). The upper methanolic layer was collected
via careful pipetting. The extraction process was
repeated twice. The oil extracts were combined and
stored in a scintillation vial at 4°C for subsequent
assays. The concentration of the extracts was noted as
0.33 g mL™". For DPPH radical scavenging assay, the
extracts used were collected from a single extraction
(concentration of 1.0 g mL™") and was diluted
accordingly. The extracts were named according to
the oils (e.g. SFE-O extract, HEX-O extract or MP-O
extract), or otherwise referred to as ‘oil extracts’.

Total phenolic content (TPC). Determination of TPC
in the oil extracts was done using the Folin-Ciocalteau
(FC) method as described by Abdullah et al. (2018).

Total flavonoid content (TFC). TEC of the oil extracts
was determined following the aluminum chloride
(AICL,) colorimetric method described by Radhia
et al. (2017) where rutin hydrate was used as the
standard.

2,2-diphenyl-1-picrylhdrazyl =~ (DPPH)  radical
scavenging assay. DPPH radical scavenging assay
was conducted following the method described by
Teh et al. (2013) using ascorbic acid as the standard
drug.

Hydrogen peroxide (H,O,) scavenging assay. H,O,
scavenging activity of the phenolic extracts was
determined according to the method of Keser et al.
(2012).

Ferrous ion chelating (FIC) assay. FIC activity of the
extracts was determined according to the method
described by Mah et al. (2017).

Ferric reducing antioxidant power (FRAP) assay.
FRAP of the extracts was performed following the
protocol by Mah et al. (2017) using ascorbic acid as
the standard drug.

479

Fibre Compositional Analysis

Compositional analysis of holocellulose was
performed according to the method described by
Then et al. (2014). The a-cellulose content was then
determined following the ASTM D1103-60 (1978)
method. The hemicellulose content of the fibre was
calculated as the difference between the content of
holocellulose and a-cellulose. Lignin content of fibre
samples was determined according to ASTM D1106-
96 (2007).

Dietary Fibre (DF) Analysis

Determination of TDF, IDF and SDF contents
was performed according to AOAC Official Method
991.43.

Statistical Analysis

Statistical analyses were performed using
GraphPad Prism 7. Statistical tests such as Student’s
t test, one-way analysis of variance (ANOVA) and
Tukey post-hoc tests were performed to compare
data at 5% significance level (p<0.05).

RESULTS AND DISCUSSION

Evaluation of physical and chemical properties of
palm oil such as its FFA content, PV, phosphorus
content and FAC provides fundamental information
on the quality of the oil. These aspects are particularly
important to gauge market acceptability, usefulness
in downstream technological processes, shelf life,
and the overall value of palm oil (Ji et al., 2011). The
FFA, PV and phosphorus contents of the HEX-O,
SFE-O and MP-O are summarised in Table 1 while
the FAC of the oil samples is recorded in Table 2.
Among various quality parameters, FFA content
is an excellent indicator of oil deterioration, where
at high levels of FFA, sensory characteristics and
nutritional benefits of the edible oil are altered due
to oil rancidity. Triglycerides (TG) are composed
of a glycerol molecule bound to three fatty acids
molecules where TG has been reported to be prone
to hydrolyse in an autocatalytic oxidation reaction to
release the FFA and therefore, FFA content generally
increases with time and storage period of the oil
(Mizushima and Kobayashi, 1968). Consequently,
FFA are considered to be pro-oxidants and is
commonly correlated to the economic value of
edible oils, often representative of the quality index
for storage length, marketing and production of
palm oil (Akihisa et al., 2000). The FFA content of
SFE-O and HEX-O was below 1% at 0.59 + 0.09% and
0.56 + 0.04%, respectively, while the FFA content
of MP-O was significantly higher at 3.39 + 0.09%
(p<0.05) (Table 1). Experimental FFA values for SFE-O
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and HEX-O were also comparable to the published
literature where SFE-O and HEX-O were reported
to have an average of 0.61% and 0.37%, respectively
(Lau et al., 2006). The FFA content of MP-O, on the
other hand, was significantly higher than SFE-O
and HEX-O where the former was comparable to
reported values that range from 3.15% to 4.60% (Lau
et al., 2006). Hence, it is possible to infer that hexane
extraction or SFE produce better quality palm oil
compared to the conventional mechanical pressing.
The FFA content for all samples is satisfactory as they
are below the maximum acceptable FFA content of
5%, as specified by Palm Oil Refiners Association of
Malaysia (PORAM) Specification. When FFA levels
exceed 5%, the oil becomes unfit for applications
in the food industry and human consumption.
The FFA content range of 0.5%-0.8% is normally
encountered for edible oils especially for those used
in frying. The FFA content of SFE-O and HEX-O fall
within this common range, suggesting suitability of
the oils to be used directly without further refining
for edible purpose. CPO with low FFA content of
about 0.65% has also been reported to display good
physicochemical properties with high industrial
applicability (Akihisa et al., 2000).

PV is a quality parameter that provides
information on the oxidation state of the oil
based on the measurement of primary oxidation
products. The main primary oxidation products are
hydroperoxides which are highly unstable and will
subsequently break down into mixtures of secondary
oxidation products such as aldehydes, ketones, and
fatty acids. Classification of the oxidation level of
vegetable oils has been proposed based on PV, as
follows: 3-5 meq O, kg™ (low), 10-12 meq O, kg™
(moderate), and 16-18 meq O, kg™ (high) oxidation
levels, respectively (Zhou et al., 2008). PV of 10 meq
O, kg is specified to be the maximum acceptable
value where vegetable oils with PV below this value
is considered to be suitable for consumption whereas
oil will be considered rancid if PV is greater than 30
meq O, kg™. PV of HEX-O and MP-O are 1.67 + 0.30
and 1.67 + 0.31 meq O, kg™ oil, respectively (Tuble
1) while PV of SFE-O is higher at 3.24 + 1.07 meq
O, kg™ oil, which is higher than that previously
extracted via similar method with an average PV of
1.68 meq O, kg™ oil (Lau et al., 2006). Nevertheless,
statistical analyses showed no significant differences
(p>0.05) between the PV of SFE-O, HEX-O and
MP-O; thus, the difference in PV between samples
may be considered as negligible. The low PV may
be associated with the presence of antioxidants
in palm oils such as carotenoids and vitamin E
(Tuble 4). Based on classification by Zhou et al. (2008),
the three oil samples fall under the category of low
oxidation level (between 3-5 meq O, kg™), indicating
good oxidative stability.

Total phosphorus content in CPO represents
the total phosphatides content. Phosphatides, in
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turn, comprises of phospholipids or gums, and
inorganic phosphates. Numerous issues have
been attributed to the high content of phosphorus
in palm oil. Researchers have linked phosphorus
content to the oxidative stability of palm oil,
suggesting the contribution of oxidation of the oil
by either inorganic phosphates or phospholipids
and thus, negatively affecting oil quality. Goh et
al. (1984) reported that problems occur during
refining of palm oil such as reduced yield of oil and
the diminished bleaching power of bleaching earth.
Therefore, these undesired components are usually
removed by degumming process during refining
of palm oil in order to obtain oxidative stable
edible oils. SFE-O was found to have the lowest
phosphorus content of 22.09 + 1.55 ppm among the
samples, followed by MP-O (45.32 + 5.24 ppm) and
HEX-O (66.60 + 4.17 ppm), where the phosphorus
content of the three oil samples was significantly
different (p<0.05). The lowest phosphorus content
of SFE-O (26 ppm) might attribute to the insolubility
of polar phospholipids in the non-polar CO,
solvent. Meanwhile, phosphorus content of HEX-O
was significantly higher than MP-O, which may be
related to the affinity of phospholipids for hexane
used in solvent extraction, resulting in the higher
content when compared to extraction with physical
means as that did not disrupt the membrane
layer. A similar relationship was observed where
the hexane-extracted CPO from residual palm-
pressed fibre possessed higher phosphorus content
than that in the commercial CPO (Safari et al.,
2015).

The FAC of an oil is particularly important for
product development and subsequent product
marketing as the composition strongly influences
the oxidative stability of the oil. This is because
the structure of TG, in terms of the proportion and
arrangement of fatty acids on the glycerol backbone,
affects the physicochemical properties of the oil.
Oils containing fatty acids with higher degrees of
unsaturation are more prone to oxidation, resulting
in alterations in taste, aroma and colour of the
oil, subsequently reducing the shelf life of the oil
(Ji et al., 2011). One of the unique characteristics
of palm oil is having equal amounts of saturated
and unsaturated fatty acids as many vegetable
oils have higher content of unsaturated fatty acid.
SFE-O, HEX-O and MP-O have similar ratios of
saturated (SFA), monounsaturated (MUFA) and
polyunsaturated (PUFA) fatty acids content with
about 5:4:1. Statistical analyses showed significant
differences (p<0.05) for SFA and MUFA between
SFE-O and HEX-O with MP-O, while there were
no significant differences for PUFA. The outcome
indicates that the polarity of the extractive
solvents i.e., CO, and hexane had affected FAC of
the oils as more non-polar fatty acids (SFA) were
extracted.
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TABLE 1. QUALITY ASSESSMENT OF OIL SAMPLES

Oil sample FFA (%) PV (meq O, kg™ oil) Phosphorus (ppm)
SFE-O 0.59 £0.09* 3.24 +£1.07° 22.09 +£1.55*
HEX-O 0.56 £ 0.04* 1.67 £0.30° 66.60 £ 4.17°
MP-O 3.39 £0.09° 1.67 +0.31° 45.32 +5.24°

Note: Each data represents the mean + SD of three independent experiments where means with different letters
in the same column indicate significant differences (p<0.05) among the samples. SFE-O - supercritical fluid-
extracted crude palm oil; HEX-O - hexane-extracted crude palm oil; MP-O - mechanically pressed crude palm
oil; FFA - free fatty acid; PV - peroxide value.

TABLE 2. FATTY ACID COMPOSITION (FAC) OF OIL SAMPLES

Fatty acid Composition (wt. %)
Name SFE-O HEX-O MP-O
C10:0 Capric acid 0.29 £0.02 0.06 +0.04 0.40 £0.11
C12:0 Lauric acid 0.05+0.04 0.03 £ 0.00 0.07 £0.02
C14:0 Myristic acid 1.17+0.11 1.03 £ 0.00 0.82 +0.02
C16:0 Palmitic acid 45.34 + 0.56 45.77 +0.16 43.16+0.15
Cle:1 Palmitoleic acid 0.47 £0.12 0.53+£0.18 0.23 £0.04
C18:0 Stearic acid 3.25+0.12 3.32+0.05 3.98 £ 0.06
Ci181 Oleic acid 39.51+£0.21 39.56 +0.21 41.06+0.15
C18:2 Linoleic acid 9.12+0.13 9.07+0.13 9.57+0.13
C18:3 Linolenic acid 0.74 £ 0.46 0.60 £ 0.06 0.66 +£0.13
C20:0 Arachidic acid 0.06 +0.07 0.02 £0.07 0.03 £0.02

Note: Each data represents the mean + SD of three independent experiments. SFE-O - supercritical fluid-extracted
crude palm oil; HEX-O - hexane-extracted crude palm oil; MP-O - mechanically pressed crude palm oil.

Palm oil contains various important minor
components such as phenolic compounds,
flavonoids, vitamin E and carotene contents that
contribute to oil stability as well as health and
nutritional properties (Choo et al., 1996, Teh et
al., 2020). These compounds offer a wide range of
biological activities due to their potential activities
in free radical scavenging, chelation of divalent
cations and as antioxidants (Abdullah et al., 2018).

In the present study, TPC and TFC analyses
were carried out using the FC and AICl, colorimetric
methods, respectively. Both HEX-O and MP-O
were observed to have very similar TPC and TFC
profiles with about 75.5 ug GAE g™ oil and 10.7 pug
RE g™ oil, respectively, with no significant difference
(p>0.05) (Table 3). In contrast, the TPC and TEC of
SFE-O are comparably lower than both HEX-O and
MP-O. As flavonoids are phenolic compounds, it
can be inferred that 12.13%, 14.15% and 14.26% of
TPC of SFE-O, HEX-O and MP-O, respectively, are
flavonoids. There were no significant differences
between TFC of all samples, which suggest that oil
extraction methods did not substantially affect the
extraction of flavonoids. Meanwhile, the difference
of TPC between samples may be associated
with the ability of the oil extraction systems i.e.,
hexane extraction, SFE or mechanical pressing, to
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simultaneously extract different types of phenolic
components from the palm fruit. Furthermore, the
source of the palm oil may also affect the TPC as
described in a recent study which reported that CPO
contains 31.20-70.18 ppm of phenolics depending on
the palm oil mill where the oil sample was collected
from (Abdullah et al., 2018).

The content of minor components in palm oil,
namely vitamin E and carotenes, as well as squalene
and sterols content were also analysed and presented
in Table 4. The MP-O had the highest (1868.9 ppm)
minor components, followed by HEX-O (1360.2
ppm) and SFE-O (1299.0 ppm). The results are in line
with the literature reported that palm oil contains
an average of 500-700 ppm of carotenoids (Choo et
al., 1996). However, in term of vitamin E, squalene
and sterols, the concentrations were remarkably low
compared to the literature data which were 600-1000
ppm of vitamin E, 421-979 ppm of squalene and
250-650 ppm of sterols (Choo et al., 1996; Lau et al.,
2006). The differences in the concentrations might be
attributed to the growth conditions, maturity and
source of the palm fruits used (El Sayed, 2000).

The presence of the above phytonutrients in
the oil is crucial to maintain oil stability, prolong
shelf-life, and to provide health benefits from its
dietary consumption although its proportion in
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palm oil is less than 1%. The synergistic antioxidant
action of vitamin E and carotenoids has also been
documented in literature where the combination
of both compounds produce an improved overall
antioxidant effect by the inhibition of lipid oxidation
(Morel et al., 2002). Moreover, as the presence of
antioxidants can affect the oxidative stability of
the oil, the relatively lower average phytonutrient
concentration of SFE-O may also explain the higher
PV of the oil compared to HEX-O and MP-O (Ji et
al., 2011).

The DPPH radical scavenging activity of
the oil extracts increase in a dose-dependent
relationship. The standard compound, ascorbic
acid, demonstrated significant radical scavenging
activity with an EC_ of 0.02 mg mL™" which is much
lower compared to the EC,, of 242.67, 214.67 and
348.33 mg mL™ for the extracts of SFE-O, HEX-O
and MP-O, respectively (Table 5). Among the oil
samples, the HEX-O extract displayed the lowest
EC,, which means the highest DPPH radical
scavenging activity, followed by SFE-O and MP-O.
These results highlighted the hydrogen donating
ability of the phenolic compounds in the extracts.
Surprisingly, MP-O which had the highest content
of vitamin E among the three samples was found
to have the lowest DPPH radical scavenging
activity despite vitamin E exhibiting effective free
radical scavenging activity, while HEX-O with the
lowest vitamin E content displayed highest radical
scavenging activity. This contradicting finding
may be linked to the nature of vitamin E as lipid-
soluble compounds. Consequently, vitamin E is not
maximally extracted from the oil using the polar

extraction solvent which were methanol:water
(80:20 v/v), in this case and therefore had minimal
contribution to antioxidant activity. A similar
inference may be extended to the lipophilic
squalene which is extracted by the polar extraction
solvent. The outcome postulates that both SFE-O
and HEX-O contain similar profile of methanolic
extract of carotenoids, vitamin, squalene and
sterols but different from MP-O.

H,0,isclassified asanon-radicalreactive oxygen
species where scavenging activity is important to
curb the generation of reactive hydroxyl radicals
that occur via the Fenton reaction: Fe** + H,0,
— Fe** + OH + OHe (Balasundram et al., 2005).
The scavenging ability has been correlated to the
electron-donating capacity of phenolic compounds
which removes the odd number of electrons of
the hydroxyl radical (Balasundram et al., 2005).
The standard compound, a-tocopherol, had H,0,
scavenging activity of 52.42 + 3.45% at 1 mg mL™
(Table 5) which is comparable to the value reported
by Keser et al. (2012) of 44.58%. The H,0, scavenging
activity of the oil extracts can be ranked as follows:
HEX-O > SFE-O > MP-O at a concentration of
1 mg mL™, with no significant differences between
the scavenging activities of the three oil extracts
(p>0.05). In contrast to previous publications by
Mah et al. (2017) and Abdullah et al. (2018) that
highlighted positive correlations between TPC
and antioxidant activity, no direct relationship
can be observed between TPC and TFC with the
scavenging activity of the extracts. Different active
compounds may exhibit antioxidant activities via
various mechanisms of action. Thus, combination

TABLE 3. TOTAL PHENOLIC CONTENT (TPC) AND TOTAL FLAVONOID CONTENT (TFC) OF

OIL EXTRACTS
Oil extract TPC (ug GAE g™ oil) TFC (ug RE g™ oil)
SFE-O 64.97 +1.12° 7.88 £0.78"
HEX-O 75.98 +1.28" 10.75 + 3.80°
MP-O 75.11 + 4.08" 10.71 £ 0.31°

Note: Each data represents the mean + SD of three independent experiments where means with different
letters in the same column indicate significant differences (p<0.05) among the samples. SFE-O -
supercritical fluid-extracted crude palm oil; HEX-O - hexane-extracted crude palm oil; MP-O -
mechanically pressed crude palm oil; GAE - gallic acid equivalent; RE - rutin hydrate equivalent.

TABLE 4. CAROTENOID, VITAMIN E, SQUALENE AND STEROLS CONTENTS OF OIL SAMPLES

Oil samples Carotenoids (ppm) Vitamin E (ppm) Squalene (ppm) Sterols (ppm)
SFE-O 540.0 + 21.0° 495.0 +7.9° 129.3 £1.5° 134.7 £3.2°
HEX-O 583.3 +13.0° 4713 +8.1° 171.3 £15.8° 1343 +1.2°
MP-O 6333+7.2° 931.3 +£2.5° 130.0 £10.0° 174.3 £15.9

Note: Each data represents the mean + SD of three independent experiments where means with different
letters in the same column indicate significant differences (p<0.05) among the samples. SFE-O -
supercritical fluid-extracted crude palm oil; HEX-O - hexane-extracted crude palm oil; MP-O -

mechanically pressed crude palm oil.
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of antioxidant assays gives better insights on the
antioxidant reactions, especially when compounds
are present as a mixture.

Iron in its ferrous form, Fe* is capable of
initiating and propagating numerous radical
reactions, such as the generation of hydroxyl
radicals via the Fenton reaction as described
earlier. Iron may be released from storage and
iron-binding proteins during altered physiological
states which may contribute to the damage and
development of more serious disease states due
to the activity of radicals. Thus, iron chelators are
essential to prevent and halt radical and reactive
oxygen species generation and propagation. The
standard compound ethylenediaminetetraacetic
acid (EDTA), known for its chelating activity, was
found to have an EC, of 54.33 + 1.53 pg mL™" which
is higher than the literature data which was 10 pg
mL™" (Chai et al., 2014). SFE-O extracts displayed the
highest chelation activity of 47.96 + 1.24% at sample
concentration of 0.33 g mL™. In contrast, MP-O and
HEX-O showed lower activity of 32.35 + 1.80% and
17.48 + 2.43%, respectively, where the latter had
the lowest chelating power among the three oil
extracts. The FIC of SFE-O, HEX-O and MP-O are
significantly different from one another (p<0.05).
Previous research on carotenoids identify these
compounds to possess chelating capacities (Sen
Gupta and Ghosh, 2013), however, the outcome
is not in good agreement with the literature.
Vitamin E, squalene and sterols have not been
associated with significant chelating activity.
The distinct chelating activity of the oil extracts
could hence be correlated to the synergistic and
antagonistic effects on varying amount and types
of compounds present as the consequence of using
different oil extraction methods.

FRAP assay is based on the reducing power of
active compounds to reduce the Fe**-ferricyanide
complex to the ferrous state. This assay evaluates
the ability of compounds to maintain the redox
status in the physiological body (FDA Food Code,
2013). FRAP of the palm oil extracts was expressed
as ascorbic acid equivalents (AE), determined from
the plotted ascorbic acid calibration curve. The
highest antioxidant capacity was shown by HEX-O
extract (1072.66 + 1.58 pg AE g™ oil), followed
closely by MP-O (1043.33 + 9.06 pg AE g™ oil).
On the other hand, SFE-O exhibited the weakest
antioxidant capacity of 960.79 + 1.10 ug AE g oil.
The total antioxidant capacities of the oil extracts
are significantly different from each other (p<0.05).
A relationship between TPC-TFC and FRAP of the
oils can be observed, contrary to results from other
antioxidant assays. For example, HEX-O with the
highest TPC and TFC demonstrated the highest total
antioxidant capacity. This trend was also observed
for MP-O and SFE-O which is in accordance with
a previous study demonstrating the positive linear
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relationship of TPC-TFC and FRAP where a higher
TPC and TEC is associated with higher antioxidant
capacity (FDA Food Code, 2013).

Although SFE-O, HEX-O and MP-O extracts
had similar TPC and TFC, the differences in activity
from the various antioxidant assays conducted
suggest varying concentrations or the presence of
different types of phenolic compounds in the palm
oils which may be due to the different extraction
methods. The biological activities as antioxidants,
free radical scavengers and ion chelators of the
oils are the result of the combined action of all
phenolic compounds in the extracts; consequently,
distinct composition of compounds in the oil
extracts of SFE-O, HEX-O and MP-O had resulted
in the exhibition of different antioxidant activities
(Balasundram et al., 2005). This explanation could
also be extended to SFE-O, which was found
to possess different TPC, TFC and antioxidant
activities compared to HEX-O and MP-O. For
example, despite SFE-O having the lowest TPC
and TFC content compared to HEX-O and MP-O,
it demonstrated higher FIC ability (47.96 + 1.24%)
and had the second highest DPPH and H,O, radical
scavenging activity. Comparing the antioxidant
activities of the oil extracts across the various assays
performed, it may be hypothesised that extraction
method influences the type and composition of
phenolic compounds present in the oil. Regardless,
the palm oils evidently exhibit antioxidant activities
through different mechanisms. The generation of
free radicals may overwhelm the body’s natural
protective defense and cause oxidative stress
despite the human body being capable of producing
its own endogenous antioxidants where oxidative
stress has been implicated in the development of
various diseases including cancer, atherosclerosis
and diabetes (Gopalakrishnan et al., 1980). Thus,
incorporation of antioxidant-rich food products
such as palm oil into the daily diet offers nutritional
and health benefits such as the protection against
free radicals and oxidative stress (Soundararajan
and Sasidharan, 2012).

The fibre composition of SFE-F and HEX-F is
similar where the major components in both fibres
are hemicellulose (23.83%-24.10%), followed by
lignin (22.63%-24.52%) and a-cellulose (16.24%-
16.78%). This is not surprising as oil palm biomass
is often referred to as lignocellulosic material.
The lignin content of the fibres is similar to
published data for PFF with the range of 22.0%-
25.7% (Abdul Aziz et al., 2011; Yasim-Anuar et al.,
2016). On the other hand, literature data showed
that hemicellulose content in PFF ranged from
31.80% to 33.10% (Abdul Aziz et al., 2011; Nordin
et al., 2013; Yasim-Anuar et al., 2016) while cellulose
content in PFF ranged from 34.5% to 43.00% (Abdul
Aziz et al., 2011; Nordin et al., 2013; Yasim-Anuar
et al., 2016) which is two to three folds higher than
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in SFE-F and HEX-F. These published findings
were comparably higher compared to SFE-F and
HEX-F. Various publications highlighted the
discrepancies and contrasting findings of fibre
composition despite being from the same plant
source. Factors such as plant age, geography, soil
and other climate variations may alter the fibre
composition which may explain the lower cellulose
and hemicellulose content in SFE-F and HEX-F
compared to the reported data. In addition, the
sum of fibre constituents may not necessarily add
up to 100%, as observed in the present study, as
some components were not traced to a measurable
quantity (Komuraiah et al., 2014).

The high composition of lignocellulosic
components i.e., cellulose, hemicellulose and lignin
in PFF suggests a potential source of DF. Analysis
of DF content in PFF after oil extraction revealed
a relatively high TDF content of SFE-F and HEX-F
of 59.26 + 0.54% and 55.32 + 1.90%, respectively.
Results from this analysis is highly comparable
with the fibre compositional analyses which
identified SFE-F and HEX-F to contain 64.59% and
63.51% of IDF (cellulose, hemicellulose and lignin),
respectively (Table 6). Functional and sensorial

properties of food products are most commonly
described with the ratio of IDF to SDF (Shen et al.,
2005). The IDF:SDF ratio of HEX-F is 22.09 whereas
the ratio for SFE-F is significantly higher by at least
five-fold at 114.78 (Table 6) where the ratios imply
a higher content of IDF in the latter. The IDF:SDF
ratio of HEX-F is comparable to those of several
food items such as beans, vegetables and fruits
that are popular and established sources of DF. For
example, IDF:SDF ratio of mung beans, cooked
yellow corn, organically grown wheat cereal and
mooth Cayenne pineapple is in the range of 22.17
to 35.5 (Kanterman et al., 2012; Safari et al., 2015;
Shen et al., 2005). Meanwhile, the IDF:SDF ratio of
SFE-F is comparable to the ratio of split peas which
is 117.3 (Safari et al., 2015).

Overall, this characterisation study of PFF
highlighted the potential of PFF as a source of DF. As
the daily intake of DF is still below recommended
levels, incorporation of PFF into human diet combats
this problem while concurrently maximising the
functional and economic potential of OPB. Further
investigation is therefore recommended to continue
this effort for the comprehensive utilisation of the
PFF in the field of nutrition.

TABLE 5. ANTIOXIDANT PROPERTIES OF OIL EXTRACTS

Concentrations

1 mg mL™ 0.33 g mL™

EC,, towards DPPH

Oil extracts radicals (mg mL™)

H,0, scavenging

Total antioxidant

Ferrous ion .
capacity

activity (%) chelatir(;go )a ctivity (pghascorbici?ci.d
equivalent g™ oil)
SFE-O 242.67 + 6.81° 40.32 +2.49° 47.96 +1.24¢ 960.79 £1.10°
HEX-O 214.67 + 4.62° 40.55 + 1.46° 17.48 +2.43* 1072.66 + 1.58¢
MP-O 348.33 +2.89¢ 35.65 + 3.33° 32.35+1.80° 1043.33 +9.06°
Ascorbic acid 0.02 +£0.01° - - -
a-tocopherol - 52.42 + 345" - -
EDTA - - 100 -

Note: Each data represents the mean + SD of three independent experiments where means with different letters
in the same column indicate significant differences (p<0.05) among the samples. SFE-O - supercritical fluid-
extracted crude palm oil; HEX-O - hexane-extracted crude palm oil; MP-O - mechanically pressed crude palm

oil. EDTA - ethylenediaminetetraacetic acid.

TABLE 6. DIETARY FIBRE (DF) CONTENT OF OIL PALM FRUIT FIBRES (PFF)

Percentage content (wt%)

Component SFEF HEXF
TDF 59.26 £ 0.54 55.32+£1.90
IDF 56.24 +1.40 52.58 +2.25
SDF 0.49 +£0.12 2.38+£0.10
IDE:SDF ratio 114.78 22.09

Note: Values are expressed as mean =+ SD from three independent experiments. Values have been corrected for ash
and protein content. SFE-F - PFF after oil extraction using supercritical fluid; HEX-F - PFF after oil extraction
using hexane; TDF - total dietary fibre; IDF - insoluble dietary fibre; SDF - soluble dietary fibre.
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CONCLUSION

SFE-O has good oil quality and stability where all
tested quality parameters were within acceptance
limit and were highly comparable to HEX-O and
MP-O. SFE is thus, highly advantageous and is also
a greener extraction alternative for the extraction of
high-quality palm oil. Furthermore, the antioxidant
activity of SFE-O extracts was akin to HEX-O and
MP-O. Phenolic and flavonoid compounds, as
well as vitamin E, carotenoids and squalene exist
as minor components in oil with considerable
antioxidant activity which are beneficial to health
while also contributing to the oxidative stability of
the oil. The lignocellulosic PFF remaining after CPO
extraction is rich in IDF with small amounts of SDF,
suggesting the potential use of PFF in nutrition.
The complete utilisation of palm fruit as palm oil
and fibre source is promising; thus, further studies
for the incorporation of PFF in the daily diet is
recommended.
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