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Globally, the demand for functional foods is increasing because of their positive impact on health. In recent

times, Virgin Coconut Oil (VCO) has been gaining prominence as a healthy functional food, owing to its

bioactive compounds such as polyphenols and medium-chain fatty acids. As a result, it exhibits potential

health benefits such as cardioprotective, neuroprotective, hepatoprotective, antidiabetic, hypolipidemic, and

anti-inflammatory effects. These health benefits of VCO enhanced its role mainly in the food, nutraceutical,

and pharmaceutical industries. VCO is obtained from fresh coconut kernels without any heat, shear, or the

addition of chemicals. In this review, different methods such as centrifugation, fermentation, freezing–

thawing followed by centrifugation, and enzymatic treatment followed by centrifugation for the production

of VCO are discussed. This review also discusses the application of recent novel methods such as

supercritical fluid extraction, ultrasonication, mega-sonication, microwave treatment, etc., for the production

of VCO. The development of value-added convenience food products such as oleogels, emulsions, and

encapsulated powders incorporating VCO is discussed. The present review also discusses the use of VCO as

a natural solvent for extracting bioactive compounds, such as polyphenols, pigments, etc., from plants and

other natural sources.
Sustainability spotlight

Building sustainable food production and human diets is an urgent matter aer the COVID-19 pandemic outbreak. Coconut (Cocos nucifera L.) is the most widely
spread plantation crop, which provides numerous health benets. Among the various value-added products obtained from coconut, Virgin Coconut Oil (VCO) is
a unique product gaining more prominence in the food, nutraceutical, and pharmaceutical industries due to its several health benets. This manuscript
emphasizes wet processing (both conventional and novel) methods of VCO production and highlights the potential health benets of VCO. Through this review,
we contribute valuable insights into economically viable, natural, eco-friendly, and sustainable technologies for producing VCO at the industrial level. Owing to
consumers' awareness of natural, safe, and healthy products, the development of various VCO-based food formulations is also explored in the present review for
their use in sustainable food applications.
1. Introduction

Coconut (Cocos nucifera L.) belongs to the Arecaceae (palm)
family and is widespread in some tropical and subtropical
countries. Coconut trees are widely cultivated in the southern
regions of India. The coconut tree is respected as the “tree of
life” (Kalpa vriksha), since all parts of it have economic value
and nutritional benets.1,2 In 2022, the global production of
coconuts was recorded to be 62.41 million tonnes.3 The coconut
fruit mainly consists of kernel (51.7% w/w), water (9.8% w/w),
and shell (38.5% w/w).4 Edible parts of the coconut fruit
contain essential nutrients, minerals (iron, calcium, magne-
sium, phosphorus, and selenium) and vitamins (C, E, B1, B3,
B5, and B6),5 which provide a boost to the market for value-
Institute of Technology Tirupati, Tirupati
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the Royal Society of Chemistry
added products from coconut, thereby increasing the income
of farmers. Value-added products from coconut include virgin
coconut oil, coconut gratings, coconut milk, coconut water,
desiccated coconut, and coconut whey. These products possess
good nutritional, medicinal, and biological properties, thus
nding applications in the nutraceutical, cosmetic, and food
industries.4

Coconut oil is popular all over the world due to its nutritional
and health benets. Coconut oil is used for cooking purposes,
as a skin moisturizer, and in infant foods. Commercially avail-
able coconut oils are obtained from dried coconut kernels
(copra) through methods such as mechanical expelling and
solvent extraction. The obtained coconut oil is subjected to
rening (chemical or physical) processes. In the rening
process, coconut oil is treated with a mixture of citric and
phosphoric acids or aqueous phosphoric acids (0.05–0.1%) and
heated to remove phospholipids.6 The obtained oil is then
bleached with adsorbents such as bleaching earth, activated
Sustainable Food Technol., 2024, 2, 1391–1408 | 1391
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carbon, etc., and nally deacidied/steam deodorized. Due to
the high temperatures (about 204–245 °C) involved in the
deodorization step, the bioactive components such as poly-
phenols and tocopherols are lost in rened coconut oil (RCO).7

Because of these rening processes, RCO loses the typical
pleasant coconut odour and taste.6,7 On rening, RCO will have
higher levels of saturated fats (∼90%) and low levels of unsat-
urated fats (mainly oleic acid (6%) and linoleic acid (2%)).1 RCO
is used as a natural skin moisturizer,8 and its high smoke point
makes it a suitable medium for cooking methods such as
seasoning, shallow frying and deep-frying of food products.9,10
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Nowadays, virgin coconut oil (VCO) is gaining more promi-
nence in the food, nutraceutical, and pharmaceutical industries
due to its several health benets, as discussed in Section 2. The
production methods of VCO are classied into wet and dry
methods. In the dry method, fresh coconut kernel is grated and
quickly dehydrated at 40–50 °C to reduce the moisture content
to 2–5% (wet basis), followed by pressing or expelling to
produce VCO.1,7 VCO obtained through this method has a low
moisture content, thus arresting microbial contamination.
Though higher oil yields (∼46–49% w/w) are obtained in the dry
method,7 the bioactive compounds in VCO are diminished as
the temperature exceeds 40 °C during drying or expelling
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Fig. 1 Different wet methods for VCO production.
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operation, in turn reducing its oxidative stability.11 In the wet
method, coconut milk is expelled from fresh coconut kernels
and demulsied to obtain VCO.12,13 The wet methods for the
production of VCO are shown in Fig. 1. As the wet methods
operate at ambient temperature, the loss of bioactive compo-
nents such as polyphenols, tocotrienols, and tocopherols is
minimal.14 The colourless nature, original coconut avour and
taste, and excellent nutritional value of VCO produced through
wet processing methods enhanced its applications in salad
dressings, bakery items, confectionery products, infant foods,
and skin and hair care products, as well as a vehicle for drug
delivery. Although the fatty acid proles of VCO and RCO are
very similar, VCO is considered a healthy functional food oil
owing to its medium chain fatty acids (MCFAs) and health
benets. The global demand for VCO is expected to grow∼2.5%
over the next ve years.15 However, VCO production at an
industrial level faces challenges, particularly in terms of yield
and retention of bioactive compounds. In this review, more
focus was given to the VCO produced by wet processing
methods. Different forms of VCO, such as oleo-gels, emulsions,
encapsulated powders, etc., for convenience and functional
food applications are also discussed.
2. Health benefits of VCO

VCO is valued as a functional food due to its richMCFAs, mainly
lauric acid (C12:0, ∼48–53%),16 caprylic acid (C8:0, 5.22%),17

and capric acid (C10:0, 5.41%),17 and these MCFAs are easily
© 2024 The Author(s). Published by the Royal Society of Chemistry
digestible.18 VCO has a signicant fraction of phytochemicals
such as polyphenols, tocopherols, tocotrienols, avonoids,
phytosterols, and vitamin A.19–21 Lauric acid in VCO is converted
to monolaurin during digestion, which provides immunity to
the body and keeps humans (even infants) away from getting
viral or bacterial infections.22,23 VCO intake improved the
metabolic function in stunted children (under 5 years of age)
and also optimized their growth and development, thereby
contributing to the health of those children.24 Due to the pres-
ence of MCFAs and phenolic compounds, VCO combats
oxidative stress and inammation.25–27 VCO consumption by
adults with metabolic syndrome was reported to improve
neurodegenerative disorders, especially Alzheimer's and Par-
kinson's Disease.25,26,28 VCO consumption was reported to
increase high-density lipoprotein and lower low-density lipo-
protein signicantly in people with diabetes mellitus and dys-
lipidaemia, thus indicating its antidiabetic potential.29,30 VCO
offers other health benets such as cardioprotective,31,32 hypo-
lipidemic, hepatoprotective,29 anti-viral and immunomodula-
tory properties,19 etc. Current research is mainly focused on
animal studies, and human clinical studies on VCO, as
a supplement, are being carried out to identify those compo-
nents responsible for the health benets discussed above.
3. Wet production methods

VCO is produced from the kernels of fresh and matured coco-
nuts without the use of any heat, shear, or chemicals.13,18
Sustainable Food Technol., 2024, 2, 1391–1408 | 1393
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Fig. 2 Flowchart for wet processing of virgin coconut oil.
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Coconuts with a maturity level of 10–12 months are de-husked,
deshelled, pared (removal of brown testa), washed, and grated.
Coconut milk is expelled from the coconut gratings using
a screw press and demulsied to produce VCO.12 The owchart
of sequential processes involved in the wet processing of
coconut for VCO production is shown in Fig. 2.

Coconut milk is an O/W emulsion in which small spherical
droplets of oil are dispersed in a continuous (aqueous) phase. It
contains ∼55 wt% water,33 35 wt% fat,34 3.8 wt% protein,34 and
small contents of carbohydrates and ash. It is stabilized due to
naturally occurring proteins (such as globulins and albumins)
and phospholipids. These proteins in coconut milk are adsor-
bed at the interface between the oil and water, minimizing its
interfacial tension. The stability of coconut milk emulsion
depends on the quality and quantity of proteins. At the initial
stage, coconut milk appears homogeneous and stable. However,
aer a few hours, coconut milk becomes unstable and separates
1394 | Sustainable Food Technol., 2024, 2, 1391–1408
into a creamy oil phase and an aqueous phase.35 Generally, O/W
emulsions are thermodynamically unstable because of unfav-
ourable contact between dispersed and continuous phases.36

Thus, the physical structure of coconut milk emulsions will
change over time through various demulsication mechanisms
(creaming, occulation, and coalescence), resulting in complete
phase separation, as shown in Fig. 3. These demulsication
mechanisms are described briey below.

(a) Creaming and sedimentation occur due to buoyancy and
gravitational force, which break the emulsion into two phases.
Since the oil droplets have a lower density than the continuous
phase, they move to the top surface of the emulsion, forming
a creamy oil phase (creaming). While the continuous phase
(water) settles at the bottom, resulting in sedimentation.37

(b) When two or more oil droplets come closer to each other,
they form an aggregate. This is called occulation.37 Factors
such as the water fraction in emulsions, density and viscosity of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Demulsification mechanisms.
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the oil phase, temperature, and electrostatic eld inuence the
occulation mechanism.38

(c) When two or more dispersed oil droplets combine, they
form a larger droplet. This is called the coalescence mechanism,
which promotes the destabilization of an emulsion into two pha-
ses. Factors such as the interfacial velocity, interfacial tension,
occulation rate, and temperature can inuence this
mechanism.38

The conventional wet processing and novel processing
methods for VCO production are discussed in this section.
3.1. Centrifugation

By centrifugation of coconut milk, it is possible to break
emulsions into two phases, i.e., heavy (aqueous) phase and
lighter (oil) phase.39,40 Centrifugation can promote demulsi-
cation mechanisms such as creaming and coalescence. The
process parameters involved in this method and the oil yields
are shown in Table 1. The yields of VCO obtained from coconut
milk were reported as 29.5%39 and 13.53%.41 In this method, the
yield of VCO depends on the centrifugation speed (rpm), time,
and temperature. As the centrifugation time increases, the time
for the separation of oil droplets from coconut milk will be
longer, thus resulting in higher oil yields. The oil yields also
increased with the centrifugal speed.39 The coconut milk may
solidify at temperatures below 5 °C.42 Centrifugation tempera-
tures above 50 °C cause the denaturation of proteins in coconut
milk, which affects their applications when recovered. There-
fore, temperatures in the range of 25–40 °C are suitable to
produce VCO through the centrifugation method.41 Though the
equipment involved is simple, low yield and high operation
time are the major drawbacks of this method.
3.2. Chilling–thawing and centrifugation

The temperatures used for chilling were in the range of 4 to 10 °
C and −4 °C for freezing.7 In this method, coconut milk is
chilled in a refrigerator and thawed at 40–50 °C in a water bath
until it reaches ambient temperature, and later centrifuged to
obtain clear VCO.12,13,35,44 In chilling/freezing, the oil droplets in
coconut milk are separated due to the difference in the freezing
points of the components present in it. This method promotes
the coalescence of oil droplets in coconut milk, resulting in its
demulsication.12 VCO yields reported by various researchers
© 2024 The Author(s). Published by the Royal Society of Chemistry
are shown in Table 1. Raghavendra and Raghavarao (2010) re-
ported an oil yield of 92% (w/w),12 which is higher than that of
centrifugation alone. VCO obtained through this method has
good antioxidant potential with acceptable sensory quality.
However, freezing and thawing steps have xed and operating
costs, which signicantly increase on scaleup.61
3.3. Fermentation

The fermentation of coconut milk uses the acid-producing
metabolism of its endogenous microorganisms, which disrupts
the oil–water interface of coconut milk emulsion,11,48,62 facili-
tating the separation of VCO from aqueous whey.21 Microorgan-
isms such as lactic acid bacteria (Lactobacillus delbrueckii, L. casei,
L. fermentum and L. plantarum) at different inoculum levels are
widely used for the fermentation of coconut milk.47,48,50 Nguyen-
Son et al.50 fermented coconut milk using lactic acid bacteria at
37 °C for 48 h and reported an oil yield of 25% (v/v). Some yeasts
(such as tape yeast, tempeh yeast, and baker's yeast) are also used
in the fermentation of coconut milk to produce VCO.43,45,49,51 The
oil yields reported by various researchers are shown in Table 1.
VCO produced by this method has desirable characteristics such
as a distinct coconut aroma, low rancidity, and longer shelf
life.21,61 However, lactic acid bacteria used in this process release
lactic acid, affecting the sensory qualities (like sour aroma,
acidity, and rancidity) of the VCO produced.15,21 High levels of the
inoculum of microorganisms used in this process release lipase,
which hydrolyses VCO to form free fatty acids (FFAs). Also, the
presence of excess moisture augments the formation of FFAs in
VCO. These FFAs are partially degraded to form methyl ketones,
thereby resulting in an undesirable rancid odour of VCO.15 Vil-
larino et al.63 reported that the VCO samples produced from the
fermentation process showed a distinctly more rancid odour
than that from the centrifugation process (followed by vacuum
evaporation). Since this method involves the least nancial
investment, less energy input and labour, it is suitable for
microenterprises. However, this method produces VCO of low
quality (with a yellow tinge and fermentation odor), besides being
a time-consuming process.11,16,21,61
3.4. Enzymatic treatment and centrifugation method

In this method, enzymes are added to coconut milk and incu-
bated under optimum conditions of time and temperature,
Sustainable Food Technol., 2024, 2, 1391–1408 | 1395
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Table 1 Summary of oil yield obtained through various methods for VCO production

Method Coconut milk Process conditions Yield (%) Reference

Centrifugation Coconut milk 6000–12 000 rpm, 105 min, 30 °C 15.58–29.5 39
Centrifugation Coconut milk 12 000 rpm, 15–120 min, 40 °C 9.27–13.53 41
Centrifugation Grated coconut and

water (1 : 1)
4000 rpm, 30 min, room temperature 54.4 � 1.1 40

Chilling–thawing and
centrifugation

Coconut milk : water
(1 : 1)

3600 gyr for 10 min, 0 °C for 24 h, 50 °C 86.62 � 3.63 43

Chilling–thawing and
centrifugation

Coconut milk 5 °C for 6 h, 29 � 2 °C, 3585 gyr for
10 min, followed by 4880 gyr for 15 min

92 12

Chilling–thawing and
centrifugation

Coconut milk 4 °C for 4 h, ambient temperature for 2 h,
8000 gyr for 15 min

20.54 � 0.47 44

Chilling, thawing and
centrifugation

Grated coconut and
water (1 : 1)

0 °C for 6 h, room temperature 69.37 40

Chilling–thawing and
centrifugation

Coconut grating : water
(1 : 2)

4 °C; 50 °C; 6000 rpm for 45 min 20.44 18

Chilling–thawing and
centrifugation

Coconut milk : water
(1 : 1)

5 °C for 24 h; 50 °C; 3600 gyr for 10 min 70 � 0.80 45

Chilling–thawing and
centrifugation

Coconut milk 4 °C for 24 h; 50 °C; 5000 rpm for 10 min 38.8 46

Centrifugation followed
by freezing–thawing
and centrifugation

Grated coconut : water
(2 : 1)

4 °C for 4 h; 50 °C until coconut cream
reached room temperature; 6000 rpm for
15 min

86.28 � 0.023 35

Fermentation Coconut milk : water
(1 : 1)

Saccharomyces cerevisiae (2% W/V), 36 h
at room temperature

na 43

Fermentation Grated coconut : water
(1 : 1)

Lactic acid bacteria, yeast and mold,
incubated at 70–80 °C for 16–24 h

20 47

Fermentation Coconut milk Lactic acid bacteria, incubated at
35–40 °C for 20–24 h

na 48

Fermentation Coconut milk : water
(1 : 1)

S. cerevisiae (0.3% (w/v), incubated at
room temperature for 24 h

92.73 49

Fermentation Coconut grating : water
(1 : 2)

Incubated for 72 h, 6000 rpm for 45 min 9.43 18

Fermentation Grated coconut : water
(1 : 1)

Lactic acid bacteria (2.5%, 5%, 10%,
20%, and 50% inoculation ratios), 37 °C
for 48 h

25 50

Fermentation method Coconut milk : water
(1 : 1)

Baker's yeast (Saccharomyces cerevisiae)
incubated for 36 h

72 � 2.00 45

Fermentation and
enzymatic treatment

Grated coconut Crude papain from papaya latex (1 g)
fermented at 55 °C, incubated at 80 °C for
15 min

27.70 11

Fermentation Grated coconut : water
(1 : 1)

Tempeh yeast (2%), incubated at 37 °C
for 24 h

33.25 51

Bread yeast (2%), incubated at 37 °C for
24 h

28.88

Tape yeast (2%) incubated at 37 °C
for 24 h

24.41

Enzyme treatment Coconut milk 0.1% of aspartic protease (2500 tyrosine
units per g) incubated at 25 °C for 3 h

76 12

Enzyme treatment Coconut milk 0.1% of aspartic protease (2500 tyrosine
units per g) incubated at 37 °C for 3 h

83 12

Combined enzymatic
treatment and chilling,
thawing and
centrifugation

Coconut milk 0.1% of aspartic protease (2500 tyrosine
units per g) incubated at 37 °C for 3 h;
5 °C for 6 h; 29 � 2 °C, 4880 g for 15 min

94.50 12

Enzymatic treatment
and centrifugation

Coconut milk : water
(1 : 1)

Papain enzyme (0.1% (w/w); for 3 h
at 55 °C, 4900 g for 25 min

60.09 43

Enzymatic treatment
and centrifugation

Coconut milk Crude protease extract ((10 U g−1

protein), incubated at 28–30 °C for 6 h,
4900 g for 30 min, 4900 g at room
temperature for 30 min

92.39 � 2.11 52

Enzymatic treatment Grated coconut : water
(1 : 1)

Crude papain enzyme (0.5% (w/v),
incubated at 60 °C for 24 h

24 – 25 53

Enzymatic treatment
and centrifugation

Coconut gratings :
water (1 : 1)

� Papain (0.05%) enzyme, incubated for
2 h, 3585 g for 30 min

72.36 � 3.0 54

1396 | Sustainable Food Technol., 2024, 2, 1391–1408 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

Method Coconut milk Process conditions Yield (%) Reference

method followed by
freeze–thawing and
centrifugation

� Cellulase (0.05%) enzyme incubated for
2 h
� Freezing (5 h) and thawing and 4880 g
for 30 min

Enzymatic treatment
and centrifugation

Coconut milk Papain enzyme (0.1% (w/w)), incubated
for 3 h at 55 °C, 4900 rpm for 25 min

49.60 46

Chilling followed by
mega-sonic treatment
and centrifugation

Coconut pulp : water
(1 : 4)

Bath frequency (2 MHz), distance
between the transducer and vessel wall
(3 cm), energy density (32.5 kJ kg−1) and
time (5 min)

2.7 55

Ultrasonic treatment
followed by
centrifugation,
freezing–thawing and
centrifugation

Grated coconut : water
(2 : 1)

Horn-type probe, diameter (6 mm),
frequency (20–25 kHz), power (350 W),
temperature (55 °C) and time (10 min
with 30 s on–off)

93.0 35

Microwave assisted
extraction treatment
followed by
centrifugation

Grated coconut : water
(1 : 5)

Power (1000 W), frequency (2.5 GHz),
time (1 min), 4.31 kW kg−1, 45 °C

20 56

Microwave treatment
followed centrifugation,
freezing–thawing and
centrifugation

Grated coconut : water
(2 : 1)

Power (450 W), frequency (2450 MHz),
and time (2 min)

91.53 � 0.139 35

Pulsed electric eld
followed by
centrifugation,
freezing–thawing and
centrifugation

Grated coconut : water
(2 : 1)

Voltage (40 kV cm−1), distance between
the two electrodes (1.8 cm) and time
(12.32 min)

93.41 � 0.002 35

Ultrasound assisted
extraction followed by
centrifugation

Grated coconut : water
(1 : 5)

Horn-type probe, diameter (40 mm),
power (200 W), time (2.5 min), frequency
(24 kHz), and temperature (45 °C)

10–16 56

Ultrasound assisted
enzyme extraction
followed by
centrifugation

Coconut milk Soursop enzyme, ultrasound frequency
(42 kHz), extraction temperature (30 °C)
and time (60 min)

66.7 57

Supercritical uid
extraction

Fresh coconut CO2 ow rate (10 g min−1), temperature
(60 °C), time (60 min) and pressure (300
bar)

28.84 58

Freezing and thawing
followed by microwave
treatment

Coconut milk Freezing (−17 °C for 24 h), thawing
(room temperature)

23.83 � 0.76 59

Power (500 W), time (15.33 � 0.76 min)
Microwave treatment
followed by
centrifugation

Coconut milk Power (720 W), 12 000 rpm for 105 min 46.88 60
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followed by centrifugation to obtain VCO.13,46,52,54 The protease
enzyme used in this method breaks the peptide bonds of the
proteins present in coconut milk, forming shorter fragments of
peptides, which, in turn, decrease their emulsifying properties,
leading to the separation of coconut milk into two phases (VCO
and coconut whey).13 The rate of the enzyme reaction is regu-
lated by the enzyme concentration and incubation time and
temperature. An increase in enzyme concentration causes
a change in the oil colour, from colourless to a yellowish tinge.
Excessive incubation temperature and time accelerate the
oxidation and hydrolysis reactions, which in turn lower the oil
quality. On the other hand, low temperatures cause ineffective
functioning of enzymes, resulting in low oil yields.53
© 2024 The Author(s). Published by the Royal Society of Chemistry
Accordingly, incubation temperature and time and appropriate
enzyme concentration are found to be crucial parameters for
the enzymatic production of VCO.

Coconut milk treated with aspartic protease (0.1%) and
incubated at 37 °C for 3 h resulted in oil yields of 83% (w/w)13

and 92% (w/w).52 The oil yields reported by various researchers
are shown in Table 1. Recently, crude enzymes (papain,
protease, and bromelain) isolated from fruit wastes, such as
papaya peels, pineapple peels, unripe papaya latex, and
alginate-immobilized bromelain enzymes, have also shown
considerable potential to produce VCO from coconut
milk.11,64–66 Since severe heating is not involved in this method,
damage to bioactive components is minimal. VCO produced by
Sustainable Food Technol., 2024, 2, 1391–1408 | 1397
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this method showed a high retention of phenolic compounds,
which provides protection against rancidity.13,67 The high cost
and unavailability of specic enzymes are the major disadvan-
tages of this method.67
3.5. Novel processing technologies

Novel technologies such as ultrasonication, microwave treat-
ment, and supercritical uid extraction have gained wide
attention for various food processing applications. These
processes are being explored for the production of vegetable oils
and fats from the seeds of various plant crops, such as canola,
pumpkin, papaya, raspberry, sunower, safflower, etc. The
application of recent and advanced technologies to produce
VCO from fresh coconut is discussed in the following section.

3.5.1. Supercritical uid extraction. Supercritical uid
extraction (SCFE) is successively applied to produce natural food
ingredients and plays a pivotal role in the agricultural, pharma-
ceutical, and cosmetic industries.68 In this method, supercritical
uids are used as solvents to extract valuable compounds from
solid food materials. These supercritical uids have both liquid-
like and gas-like behaviour above critical pressure and tempera-
ture.69 This method is considered to be green and environmentally
friendly as it does not involve organic solvents. This method
operates at high pressures and temperatures, depending on the
critical point of the supercritical uids used.68

Supercritical carbon dioxide (SC-CO2) is a widely used
solvent due to its advantages, such as low cost, easy availability,
non-toxic nature, low viscosity, high selectivity, high diffusivity,
recyclability, etc.58,70 SC-CO2 is considered as a food-grade
solvent and labeled as Generally Recognized as Safe (GRAS).71

SC-CO2 has a critical pressure of 7.38 MPa and a critical
temperature of 31.1 °C, making it an ideal choice for thermally
labile food materials.72 By reducing the pressure aer the
completion of SCFE, SC-CO2 is easily separated from extracted
materials and recycled. Zuknik et al.72 investigated the solubility
of VCO in SC-CO2 over a range of temperatures (40 to 80 °C) and
pressures (20.7 to 34.5 MPa). He reported that the solubility of
VCO increased with an increase in temperature over the pres-
sure range between 31 and 34.5 MPa, while the solubility of VCO
decreased with an increase in temperature in the pressure range
between 20.7 and 24.1 MPa. Aytac et al.58 employed SCFE to
extract VCO from fresh coconut, and the process conditions are
mentioned in Table 1. The obtained VCO had a lauric acid
content as high as 53.19% of the total fatty acid content.58 Since
the extraction temperature involved here is above 40 °C, there
might be chances of degradation of bioactive compounds
present in VCO, which need to be investigated. The oil yield
from this method was reported to be low (28.84% w/w).58

3.5.2. Ultrasonication. In recent years, low-frequency (20–
100 kHz) and high-frequency (1–10 MHz) ultrasonication
processes have been used for food applications. Ultrasound (US)
works on the principle of the cavitation effect or oscillation/
phenomenon. VCO is produced from a homogenized fresh
coconut–water mixture by ultrasonication, and the oil yield
through this method was reported to be 10–16% (w/w).56 US-
assisted enzymatic extraction followed by centrifugation was
1398 | Sustainable Food Technol., 2024, 2, 1391–1408
employed to produce VCO from coconut milk and the oil yield was
reported to be 66.67% (w/w).57 The process conditions and oil
yields obtained by other researchers arementioned in Table 1. The
cavitation effect in ultrasound treatment forms microbubbles in
the coconut milk, and sudden bursts of these bubbles break down
lipoprotein bonds, thereby easily separating the oil phase. The
major parameters involved in this process are the power and
frequency of ultrasound, temperature, time of sonication, and
solvent-liquid ratio.69 This method uses a simple experimental
setup and requires a smaller amount of solvent, but involves
a temperature rise during the process.35,73,74

3.5.3. Mega-sonication. Currently, ultrasound treatment at
high frequency (0.4–4 MHz) is termed mega-sonic treatment in
food processing. This technique is being used for various food
processing operations, such as defoaming, emulsication,
homogenization, non-solvent separation in oil extraction
processes, etc.75 Mega-sonic separation is being explored as an
alternative to existing separation techniques (such as gravity
separation, centrifugation, and ltration) and can be used in
food industries to enhance process efficiencies.76 This method
has been employed for the destabilization of emulsions like
natural raw milk, which thus separates into two phases (fat and
whey).77 In this method, acoustic radiation (primary) forces
move continuous and dispersed phases in aqueous liquid
suspensions/emulsions towards pressure nodes and anti-nodes
of standing waves, respectively, thus resulting in two separate
phases (dispersed and continuous). Fat/oil globules in natural
emulsions, like milk, are moved towards pressure anti-nodes,
and at these nodal planes, Bjerknes (secondary acoustic)
forces act on the fat globules, promoting their rapid coalescence
into larger aggregates.78,79 The mega-sonication promotes
demulsication mechanisms such as creaming, otation or
sedimentation, and coalescence of the dispersed phase in
aqueous liquid suspensions/emulsions.55,78–80 The separation of
oil droplets through mega-sonic waves depends on the mega-
sonic frequency and power, temperature, the time of sonica-
tion, the distance between transducer plates, and the solid–
liquid ratio.77,81 The micro-streaming effects (caused by stable
cavitation bubbles) of mega-sonication facilitated the wall
breakage of oil cells, thus enhancing the oil yields. This method
has been successfully applied in aqueous-assisted oil extraction
from olives, palm nuts, and avocado fruits.82 Li et al.55 studied
the effect of mega-sonication (2 MHz and 32.5 kJ kg−1 for 5 min)
on chilled (5 °C for 20 h) aqueous mixtures (of coconut pulp),
followed by centrifugation to obtain VCO. They reported that
VCO recovery was enhanced by 2.7% compared with heating
(60 °C for 30 min) of coconut pulp–water mixtures. The impact
of this method on oil quality, retention of bioactive compounds,
and nutrition needs to be investigated for the large-scale
production of VCO.

3.5.4. Microwave treatments. Microwave irradiation has
gained attention both in industry and academia due to its effi-
ciency and potentiality for clean food processing.83 In this
method, demulsication occurs due to a combination of
thermal and non-thermal effects. The polar water molecules
twist (due to dipole polarization) at a high speed under a high-
frequency electromagnetic eld, which in turn reduces the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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stability/zeta potential of the oil–water interface lm. This
results in emulsied droplets being more likely to collide and
coalesce, thus leading to the separation of the O/W emulsion
into two phases (oil and water).84

Microwave (MW) irradiation is chosen for the demulsication
of coconut milk and has been shown to improve VCO yield
compared to conventional methods (heating and centrifugation).
MW irradiation breaks the hydrogen bonds between water and
protein molecules, thus reducing their emulsifying properties.35,60

The process conditions of MW treatment and respective VCO
yields are mentioned in Table 1. Martinez-Padilla et al.56 extracted
VCO from coconut endosperm–water mixtures using a microwave
technique followed by centrifugation and the oil yield is reported
as 20% (w/w). The physicochemical properties of VCO obtained
through microwave treatment showed no signicant difference
when compared with commercial VCO.59 The temperature rise
caused by MW treatment can degrade bioactive compounds such
as phenolic compounds present in VCO. This method takes
a shorter time than conventional methods. However, the temper-
ature rise can inuence the oxidative stability of VCO and can also
cause protein denaturation in coconut milk, hindering its frac-
tionation.59 Therefore, optimizing the temperature and time of
microwave irradiation is very crucial for obtaining high-quality
VCO. To date, VCO recovery has been studied using this method
at a laboratory scale. Further investigation is required for industrial
scale production.

3.5.5. Pulsed-electric eld method. A pulsed-electric eld
(PEF) uses electric waves for a short time (frommicroseconds to
milli-seconds) that are applied to the liquid food product, which
is kept in between two electrodes in the chamber. An electric
eld strength in the range of 0.5–3 kV cm−1 causes irreversible
permeabilization of plant and animal tissues.85 The application
of low-voltage PEF induces the aggregation of oil droplets in O/
W emulsions. A sudden decrease in the applied frequency
induces the coalescence of aggregated droplets, leading to
demulsication and separation of the emulsion into two pha-
ses.86 Dewi et al.87 attempted to demulsify coconut milk using
PEF (3.277 kV cm−1 and a frequency of 2.56 kHz) and produced
VCO with a total yield of 17.57% (w/w). Negi et al.35 employed
PEF followed by freezing–thawing and centrifugation to
produce VCO, and the process conditions are mentioned in
Table 1. In this study, the VCO yield reported was 93.41 ±

0.002% (w/w).35 This method of demulsication uses a simple
experimental setup and requires no harsh chemicals. However,
PEF application causes the unavoidable occurrence of electro-
chemical reactions at the electrode–food interface.88,89 The
impact of this method on the sensory quality and bioactive
compounds of VCO needs to be investigated in the future.
4. Physico-chemical properties
affecting VCO quality

The quality of VCO depends on factors such as the maturity
levels of fresh coconut, processing protocol, packaging, and
storage conditions. The ever-increasing demand for VCO high-
lights the need for maintaining quality standards including its
© 2024 The Author(s). Published by the Royal Society of Chemistry
sensory attributes and shelf-life. The quality standards of VCO
for human consumption are standardized by the Asian Pacic
Coconut Community (APCC), Jakarta. The quality and shelf-life
of VCO are assessed through several physicochemical proper-
ties, such as moisture, volatile matter, peroxide value, iodine
value, saponication value, refractive index, insoluble impuri-
ties, and free fatty acids. In general, the sensory quality (such as
colour, aroma, and taste) of oil deteriorates due to rancidity or
lipid oxidation, microbial action, and improper storage condi-
tions.90 Rancidity is the result of complex free radical reactions
of free fatty acids with oxygen, resulting in the oxidative
degradation of lipids (fats and oils). Rancidity is responsible for
the off-avour, off-odours, loss of colour and texture, and
overall quality of VCO during storage, further limiting its shelf
life.41

In oils, free fatty acids (FFAs) are inherently present at low
concentrations, which increase during storage over a long
period, eventually resulting in rancidity. The residual moisture
levels in VCO increase the FFA content. High levels of FFAs,
together with moisture content, reduce the oil stability, leading
to the formation of rancidity/off-avours.39 Since reducing FFA
levels is oen difficult, removing residual moisture can lower
FFA amounts in VCO.87 Lipoxygenase and lipase are the most
common enzymes in coconut kernels. These lipase enzymes in
coconut milk hydrolyze the ester bonds of triacyl glycerol and
increase FFAs,91 in turn, resulting in the rancidity of VCO. The
presence of residual moisture also elevates lipase activity,
affecting the sensory quality of VCO during the storage period.21

Hence, lipase activity should be effectively arrested in order to
control rancidity. Thus, the lipase activity, FFAs, and residual
moisture are the critical factors that determine the quality and
shelf-life of VCO.

The APCC recommendation for the moisture level in VCO is
#0.3% w/w. Adsorbents, such as activated charcoal, zeolites,
rice husk, bentonite, etc., are used for the removal of moisture
from VCO. These adsorbents are found to signicantly reduce
the FFA content and peroxide values, besides moisture. Aer
adsorption, VCO is reported to meet the quality standards as per
the APCC.92–96 However, the adsorption process needs to be
investigated further for upscaling and possible adoption by
VCO processing industries.

The quality of VCO produced by wet methods (discussed in
Section 3) depends on the presence of bioactive compounds,
such as phenolic compounds and tocopherols. These
compounds act as natural antioxidants, thereby improving the
oxidative stability of VCO. Phenolic compounds extracted from
beetroot, cinnamon, ginger, and strawberries are added to VCO
at a ratio of 1 : 1 : 1 : 1 and the 1500 ppm level.97 The mixture of
phenolics exhibited antioxidant potential and retarded lipid
oxidation even at very low concentrations.98 VCO is added to an
oleoresin mixture (ginger : garlic : cinnamon : nutmeg : cloves :
black pepper) in a ratio of 1 : 1 : 1 : 1 : 1 : 1.97 These antioxidants
are found to reduce the rancidity of this spice-avoured VCO by
neutralizing the free radicals. Spice-avoured VCO is found to
have high sensory quality in terms of colour, aroma, taste,
texture, and overall consumer acceptability.97
Sustainable Food Technol., 2024, 2, 1391–1408 | 1399
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5. Food applications of VCO

Currently, consumers' preference leans towards natural, safe,
and healthy products. Thus, the need for developing functional
foods is increasing to address the growing demand for healthier
food options. Owing to its MCFAs, VCO is emerging as a healthy
alternative as a therapeutic or functional food ingredient.
Attempts are being made to expand its food applications, which
are discussed here in this section.

5.1. VCO as a low-fat substitute

Due to growing health concerns among consumers, high-fat
ingredients in milk and dairy products such as cheese,99

mayonnaise,100 ice-cream,101 and cheese analogues102 are being
replaced by vegetable oils or fats, including VCO. Milk fat in ice
cream is replaced with VCO, which shows good appearance,
texture, and avor.101 Spice spreads are developed using VCO,
trans-free fat, spice blend, and coconut residue. These spice
spreads exhibited good spreadability, stability, and sensory
acceptability.103 A corn milk-based cheddar cheese analogue
was prepared with VCO (15–25% w/w) and an emulsier
(Tween80), which exhibited good colour, aroma, taste, and
texture.102 The replacement of soybean oil with VCO in mayon-
naise formulation improved its quality while retaining the
organoleptic properties.100 Mohammed et al. (2022) developed
an emulsion with VCO and observed that it mimicked the
properties of a low-fat replacer.104 In this study, emulsied VCO
functioned as an egg replacer in mayonnaise formulation with
improved viscosity, texture, and stability. The development of
egg-free mayonnaise is gaining high importance as a good
product for vegan and health-conscious consumers. Therefore,
the sensory and storage stability of the egg-free VCO mayon-
naise formulations need to be further investigated. Since VCO
was reported to alter favourably the ratio of low-density and
high-density lipoprotein cholesterols, besides reducing total
cholesterol, phospholipids, and triglycerides in the blood,102 it
can be employed as a low-fat substitute in dairy products.

5.2. VCO based oleogels

Oleogels are dened as liquid vegetable oils entrapped within
a thermo-reversible three-dimensional gel matrix using oleo-
gelators/structural agents to form semi-solid fats. The charac-
teristics of oleogelators, such as molecular weight and
concentration, hydrophobic/hydrophilic nature, crystallinity,
and glass transition temperature, inuence the nal properties
(such as opacity, texture, melting temperature, and oil binding
capacity) of tailored oleogels. The type of processing method
employed, process parameters involved, and degree of unsatu-
ration of the liquid oil phase also inuence the nal properties
of oleogels.105 Currently, research in oleogel formulations is
being carried out to encapsulate and deliver liposoluble bioac-
tive compounds for food, nutraceutical, and pharmaceutical
applications.105,106

Oleogels are being developed with VCO as an oil phase
through a fatty acid crystallization mechanism.107–111 In this
gelation mechanism, the oleo-gelators are dispersed in the oil
1400 | Sustainable Food Technol., 2024, 2, 1391–1408
phase (VCO) and then heated and cooled sequentially. These
oleo-gelators rearrange themselves during the cooling step to
form a crystalline/polymeric oleogel network.105,112 The struc-
tural components used in VCO-based oleogels and their food
applications are mentioned in Table 2. Oleogels developed
using VCO and stearic acid are reported to possess textural
properties such as rmness, stickiness, spreadability, and
adhesion.107 Such oleogels demonstrated the potency to replace
solid fats (i.e., saturated and trans fatty acids) in food formu-
lations, such as shortenings and spreads in confectionery,
bakery, dairy, meat products, and fried snack products.107

Edible oleogels developed using VCO and ethyl cellulose
showed good thermal stability and high oil-binding capability.
Edible VCO-beeswax oleogels were reported to improve the
stability of bioactive compounds of VCO against oxidation
during storage.111 Further, oleogels can also be utilised to
develop edible oleolms and oleogel-based 3D-printed foods.107
5.3. VCO based emulsions

Nowadays, emulsions are gaining importance as novel carriers
of food supplements, protecting and facilitating the delivery of
functional compounds, such as lipids, phenolics, vitamins,
avonoids, and alkaloids, which are derived from natural
sources.130 The development of VCO-based emulsions was
initiated recently, and the details are given in Table 2. Sweet-
eners such as sorbitol, honey, glucose, and stevia are added to
O/W emulsions, with VCO as the oil phase, to enhance stability
besides the sweetness.124 These sweeteners are found to
increase the viscosity of the emulsion, thereby preventing
demulsication mechanisms.121,123 Antimicrobial agents such
as citric acid and potassium sorbate are also being added to
VCO-based emulsions to enhance their shelf life.123 VCO-based
emulsions prepared with natural polysaccharides, such as gum
arabic, xanthan gum, modied starch, and stevia, are found to
exhibit good stability for 3 months, when stored at room
temperature (25 °C).121 VCO-based emulsions will indirectly
increase the ease of incorporation of VCO into food
products.120–122

Nano-emulsions with droplet sizes in the range of 10 to
1000 nm emerged as kinetically stabilized emulsions and have
received considerable attention for food applications due to
their high stability. Nano-emulsions developed with VCO as
a liquid phase and their food applications113–119 are briey
mentioned in Table 2. A nano-emulsion was prepared with
ethanolic Noni fruit extract (0.3% w/w) and VCO (4.5% w/w) and
showed stability for 5 days.131 Paramita et al. (2022) developed
a nano-emulsion using VCO, alpha-cyclodextrin, and Tween80
with a total solid content of 49.29% (w/w).132 Such a VCO-based
nano-emulsion showed no changes in the color, odour, and
phase separation even aer 3 weeks of storage at a temperature
of 4 °C.

Emulsions stabilized using solid (colloidal) particles instead
of low molecular weight surfactants are called Pickering emul-
sions. These solid particles are adsorbed at the oil–water
interface, thus increasing the emulsion stability against Ost-
wald ripening, occulation, and coalescence.133 A VCO-in-water
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of various VCO products and their food applications

System/product Structural components Method/Mechanism Food applications References

VCO based
oleogels

VCO (20% w/w), stearic acid (40% w/w,
lycopene (extracted from tomatoes)
(40% w/w)

Fatty acid crystallization
method

Encapsulation and
delivery of lycopene

109

VCO based
oleogels

VCO and steric acid (2–10%) Fatty acid crystallization
method

As a fat replacer in food
products

107

VCO based
oleogels

VCO (95, 90, and 85% w/w) and ethyl
cellulose (5, 10, and 15% w/w)

Fatty acid crystallization
method

Delivery of bioactive
compounds

108

VCO based
oleogels

VCO (94, 91, and 88% w/w) and beeswax
(6, 9, and 12% w/w)/candelilla wax
(6, 9, and 12% w/w)

Fatty acid crystallization
method

As a fat replacer in food
products

110

VCO based
oleogels

VCO (92.4, 90, 87.5, and 84.5% w/w), and
beeswax (7.7, 10, 12.5, and 15.5% w/w)

Fatty acid crystallization
method

As a shortening replacer
in cookies

111

VCO based
creamy
nanoemulsion

VCO (23.6% loaded with 2.5 w/w%
ketoprofen), Tween 80 (30.53%), water
(45.87%)

Homogenization
(10 000 rpm for 5 min)

Used for drug delivery 113

O/W nano-
emulsion

VCO (32%), Tween 80 (32%) and water
(36%)

Homogenization
(10 000 rpm for 5 min)

Drug delivery 114

VCO based
nanoemulsion

VCO (2% w/w), sodium caseinate
(3% w/w) and water (95% w/w)

Homogenization
(11 000 rpm for 15 min)
followed by ultrasonication
(60% amplitude with
a frequency of 20 kHz �
50 Hz and a power of 750W
for 5 min)

To ensure uniform
distribution of oil/fat in
croaker surimi gel

115

VCO based
nanoemulsion

b-glucan powder, a-tocopherol, VCO,
epigallocatechin gallate

Improved oxidative
stability and lowered
microbial loads in
croaker surimi paste

115

O/W
nanoemulsions

VCO and hydrogenated castor oil
(5 wt%), and water

Homogenization
(10 800 rpm for 5 min)

Food, pharmaceutical
and cosmetics
industries

116

W/O nano-
emulsion

VCO (10 wt%), emulsiers (green tea seed
oil, whey protein isolate, soy lecithin, and
tea saponin) (0.5–10 wt%)

Homogenization
(20 000 rpm for 2 min)
followed by the
ultrasonication method
(320 W and 15 min)

Food and beverages 117

VCO based nano-
emulsion

4% VCO, 1% lycopene, 93% water,
2% lecithin

Ultrasonication (600 W
cm2, 20 kHz for 30 min)

As a delivery system for
lycopene in yoghurt and
enhanced its anti-
oxidant properties

118

VCO based nano-
emulsion

Ethanolic black cumin oleoresin extract
(1%), VCO (3%), Tween 80 (17.3%), PEG
400 (8.7%), and 70% water (70%)

Homogenization
(30 000 rpm for 30 min)

Not available 119

O/W emulsion VCO (9.4%), gum arabic (1.3%), xanthan
gum (1%), modied starch (1.3%) stevia
(1%, w/v), potassium sorbate (0.1%, w/v)
and citric acid (0.08%, w/v)

Homogenization
(7000 rpm for 1.5 min)

As a food supplement 120

O/W emulsion VCO (7.5 wt%), gum arabic (1 wt%),
xanthan gum (0.8 wt%), modied starch
(1 wt%), stevia (1 wt%), potassium
sorbate (0.1 wt%), citric acid (0.08 wt%)

Homogenization
(7000 rpm for 1.5 min)

Not available 121

VCO (10 wt%), gum arabic (1 wt%),
xanthan gum (0.8 wt%), modied starch
(2 wt%), stevia (1 wt%), potassium
sorbate (0.1 wt%), citric acid (0.08 wt%)

O/W emulsion VCO (50% (v/v)), whey protein isolate,
retinyl acetate (0.70 mg)

Hand homogenizer mixer
(speed setting 5)

To encapsulate
vitamin A

122

O/W emulsion VCO (80%), water (18%), honey (2%),
emulsier (Tween 80 : span 80, 2 : 3)
(0.75%) and citric acid (0.02–0.06 g/
100 mL emulsion)

Homogenization method
(15 000 rpm for 4 min)

Not available 123

O/W emulsion VCO (80%), water (16%), sucrose (4%),
citric acid (0.02%), emulsier (Tween
80 : Span 80, 2 : 3) (0.75%)

Homogenization
(15 000 rpm for 4 min)

Not available 124

Encapsulated
VCO powder

VCO (40%), maltodextrin, sodium
caseinate, gum arabic, whey protein
concentrate, gelatin and soy lecithin

Spray drying (ow rate: 10
mL min−1, inlet
temperature:
180 � 5 °C and outlet
temperature: 85 � 5 °C)

Not available 125

© 2024 The Author(s). Published by the Royal Society of Chemistry Sustainable Food Technol., 2024, 2, 1391–1408 | 1401
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Table 2 (Contd. )

System/product Structural components Method/Mechanism Food applications References

Encapsulated
VCO powder

Maltodextrin (13.0%), sodium caseinate
(4.4%), soy lecithin (1.0%), VCO (11.6%)
and water (70%)

Supercritical CO2 – spray
drying (16 MPa, 40 °C and
3 mL min−1)

Not available 126

(O/W) Pickering
emulsion

VCO (30% w/w), maltodextrin,
microcrystalline cellulose

Homogenization
(14 000 rpm for 5 min)

As a non-dairy creamer 127

Encapsulation of
VCO powder

Spray drying (ow rate: 5
mL min−1, inlet
temperature:
150 � 3 °C and outlet
temperature: 70 � 3 °C)

Encapsulated
VCO powder

Gum arabic : maltodextrin
(75 : 25% w/w), VCO (25% w/w), Tween 80

Spray drying (ow rate: 6
mL min−1, inlet air
temperature:
160 °C and outlet air
temperature: 50–60 °C)

Not available 54

Emulsion
followed by
encapsulation of
VCO powder

VCO (10%), sodium caseinate,
maltodextrin, soy lecithin (30%) and
water (60%)

Homogenization
(8000 rpm, 180 MPa), spray
drying and freeze drying

Non-dairy cream
powder

128

VCO
microspheres

Hydrolyzed VCO (5%), sodium alginate
(2%), CaCl2 (2%), PEG (1%), aquadest

Extrusion through
a syringe

Not available 129
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Pickering emulsion is prepared using microcrystalline cellulose
and maltodextrin through the homogenization method.127,134

The emulsion is found to be stable for 3 months.127,134 Pickering
emulsions with VCO as an oil phase are found to have desirable
appearance, rheological properties, and stability and could
replace unhealthy fats (saturated fatty acids and trans-fats) in
food products.133 These Pickering emulsions, being surfactant-
free, are gaining increased importance in food applications.

In recent times, emulsions have also been used to develop
emulsied lms for packaging applications. VCO was incorpo-
rated into corn starch/sodium alginate/gum arabic emulsion,
and later a composite lm was fabricated from it. Such emul-
sied lms have shown improved water and oxygen barrier
properties.135 The addition of VCO to potato starch lms
improved their mechanical and water barrier properties. Such
VCO-incorporated lms are also reported to inhibit the growth
of Staphylococcus aureus, Listeria monocytogenes and Escherichia
coli, thus enhancing their application for food packaging.136
5.4. Encapsulated VCO powders

VCO has bioactive compounds such as phenolic compounds
(protocatechuic, vanillic, gallic, caffeic, syringic, ferulic, and p-
coumaric acids),137 which are susceptible to degradation by
exposure to moisture, temperature, oxygen, and light. The
encapsulation technique provides a protective barrier to
bioactive compounds and increases their dispersibility, oxida-
tive stability, and bioavailability.138 The most widely used
microencapsulation techniques include spray-drying,127,134

freeze-drying,128 uidized bed coating,139,140 and coacervation
phase separation, followed by freeze-drying.141 Spray-drying is
a commonly used encapsulation technique for converting
1402 | Sustainable Food Technol., 2024, 2, 1391–1408
liquid foods into powders, as it offers the advantages of drying
at wet bulb temperature, quick evaporation, low contact time
with hot air, and low cost.128 VCO as a core material is mixed
with wall materials to form an emulsion and later spray-dried to
form encapsulated powders. The wall materials for developing
encapsulated VCO powders are mentioned in Table 2. VCO
encapsulated with maltodextrin and sodium caseinate showed
high encapsulation efficiency (80.51%) with good antioxidant
activity and oxidative stability.125 Nurhadi et al.127 prepared
a Pickering emulsion and spray-dried it to produce encapsu-
lated VCO powders that can be used as a non-dairy creamer in
food formulations. In spray-drying, even though VCO powders
are obtained at wet bulb temperature with a shorter contact
time, the dried powders travel along with hot air to the cyclone
separator. Thus, heat-sensitive VCO is destroyed during this
travel period. Also, the produced encapsulated powders have
a wide particle size distribution.

Mohammed et al.128 developed a VCO non-dairy cream
powder through spray drying, followed by uidized bed coating/
drying. In the uidized bed coating, the emulsion is sprayed
over the uidized bed and dried using an air stream under
controlled conditions of temperature and humidity.140 Such
encapsulated VCO powders improved the reconstitution prop-
erties, oxidative stability, and owability.128 Encapsulation by
uidized bed coating has the advantages of low operating cost,
temperature control, and high thermal efficiency. However, the
process is time-consuming.140

The Supercritical Fluid Extraction of Emulsions (SFEE) is the
latest and emerging alternative process for encapsulating
bioactive compounds142 and can be easily scaled up.71 The
supercritical uids used in this method rapidly extract the
organic phase (containing wall material and bioactive
© 2024 The Author(s). Published by the Royal Society of Chemistry
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compounds) from emulsion143 and produce tailor-made
encapsulated microparticles/microcapsules that are free from
solvent traces.71,144 Such produced microspheres are reported to
have high encapsulation efficiencies and high bioactive ingre-
dient loading.126,144 In this method, a VCO-based emulsion is
sprayed into the precipitation chamber and gets solubilized in
SC-CO2 (which is continuously fed into the chamber). Reducing
the pressure in the precipitation chamber and releasing SC-CO2

until it reaches ambient pressure enable the formation of
encapsulated VCO powders.126 Hee et al. (2017) encapsulated
VCO from an O/W emulsion using SC-CO2 with mild operating
temperature (∼40 °C) and pressure (16 MPa) and reported an
encapsulation efficiency of 80.2%.126 This SFEE process offers
advantages such as precise control of the particle size and
morphology of encapsulated powders with greater homoge-
neity. Also, the reduced particle size results in an increased
surface area, consequently increasing the solubilization rate as
well as stability in aqueous systems.142

VCO produced by the fermentation process was reported to
have antifungal effects against Candida species and other
fungi.145 Hariyadi et al.129 hydrolysed VCO using Rhizomucor
miehei lipase and later encapsulated it using sodium alginate by
extruding through a syringe to obtain VCO microspheres. These
microspheres were reported to possess good antibacterial and
antifungal activity. Encapsulation eases the handling of VCO in
the form of free-owing powder, extending its shelf life during
storage. These encapsulated VCO powders increased the
convenience in functional food applications.
5.5. Virgin coconut oil extracts

Conventional solvent extraction is a common method used to
extract bioactive compounds from natural resources. Aer
extraction, organic solvent removal is needed. These organic
solvents are oen toxic and strictly regulated worldwide nowa-
days. As an alternative, vegetable oils are used as green solvents
for the extraction of natural compounds. These vegetable oils
are found to increase extraction yields, protect bioactive
compounds from degradation, and enhance their bio-accessi-
bility.146 Thus, the use of vegetable oils as solvents aligns with
the principles of green chemistry and also promotes safer and
more sustainable extraction methods in various food and
pharmaceutical industries.

VCO as a green solvent in extraction processes is being
explored, thus offering more environmentally friendly and
sustainable options. VCO has been used as a solvent to extract
propolis from Trigons sp.,147 avonoids from propolis,148

xanthone, a-mangosteen, g-mangosteen from mangosteen
pericarp,149,150 b-sitosterol from green coffee,151 etc. Such VCO-
extracted polyphenols enhanced the antibacterial activity
against E. coli when compared with conventional extracts
(water, ethanol, and propylene glycerol).147,152 The ndings
mentioned in Table 3 support that VCO can be used as a green
solvent to extract bioactive compounds from natural sources.
Wahyuni and Murdinah98 extracted carotenoids from seaweed
(Padina sp.) powder using VCO as solvent. Such enriched oils
could be directly applied in functional food formulations and as
© 2024 The Author(s). Published by the Royal Society of Chemistry
cosmetic ingredients. Sungpad et al.155 employed VCO as
a solvent medium to extract a-mangosteen from mangosteen
pericarp, and such extracted VCO was further used as
a dispersed phase for nano-emulsion and nano-emulgel
formulations. Such developed formulations are reported to
have greater antioxidant and antibacterial activities as
compared with bulk extracts. Also, the formulated nano-
emulgels showed higher mangosteen release (87–92%) than
their normal emulgels (74–78%).155 Such formulated VCO
emulsions/emulgels have the potential to deliver polyphenols in
food supplements, nutraceuticals, pharmaceuticals, and
cosmetic applications.

The recovery yields of polyphenols and other bioactive
compounds extracted through conventional extraction methods
with VCO as solvent are reported to be low. To overcome this
problem, non-conventional extraction methods, such as
supercritical uid extraction, microwave treatment, ultra-
sonication, etc., are simultaneously performed with VCO as
a green solvent to achieve maximum phenolic recovery rates
along with improved bioactivity. The extraction conditions and
recovery yields of bioactive compounds from various plant
sources through non-conventional extraction methods and VCO
used as a green solvent are mentioned in Table 3. Ultrasound-
assisted extraction (UAE) with VCO as solvent achieved a high
polyphenol yield (360.32 ± 13.92 mg GAE/100 g) from mango-
steen pericarp.149 Ultrasound exerts a cavitation effect, allowing
greater penetration of VCO into the solid matrix. As a result, the
targeted bioactive compounds quickly diffuse from the solid
feed to the solvent phase (VCO), thus achieving higher extrac-
tion yields. The low viscosity of VCO also contributes to high
extraction yields.149 Compared with olive, sesame, and grape
seed oils, VCO as a solvent in UAE achieved a high astaxanthin
concentration (100.62 mg g−1 dry mass) from cincalok. Also, the
fatty acid prole of VCO showed no signicant difference aer
extracting astaxanthin from cincalok.154

VCO is used as a co-solvent in SC-CO2 extraction to recover
phenolic compounds (a-mangosteen and xanthones) from
mangosteen pericarp146,153 and avonoids from propolis.148 In
SC-CO2 extraction, VCO increased the extraction efficiency of
desired compounds from solid feed. Besides the solvent/feed
ratio, temperature, and pressure maintained in SC-CO2 extrac-
tion, the degree of penetration of VCO into solid feed is inu-
enced largely by its viscosity and interfacial tension. In the SC-
CO2 extraction of mangosteen pericarp, higher bio-accessibility
(91%) of a-mangosteen was obtained with VCO as co-solvent
than conventional ethanolic (30%) and hexane (50%)
extractions.153
6. Conclusions and future
perspectives

The increasing popularity of VCO due to its bioactive
compounds and associated health benets has been portrayed.
Current wet methods and recent novel processing methods for
VCO production have been presented including their
advantages/disadvantages and challenges. However, novel
Sustainable Food Technol., 2024, 2, 1391–1408 | 1403
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Table 3 Summary of VCO used as extraction solvent for the recovery of bioactive compounds from different natural sources

Bioactive compounds Method of extraction Extraction conditions Yield References

Propolis from Trigons sp. Solvent extraction Incubated at 40 °C in
a shaker in a dark room for 7
days

Not available 147

a-Mangostin from
mangosteen pericarp

SC-CO2 extraction (VCO as
co-solvent)

Pressure (35 MPa),
temperature (60 °C), VCO
(20% w/w), and CO2 ow rate
(1.7 g min−1)

17.55 � 2.55% 146

a-Mangostin from
mangosteen pericarp

Solvent extraction Incubated at 40 °C for 24 h 252.95 � 14.72 mg/100 g 150

g-Mangostin from
mangosteen pericarp

117.37 � 16.99 mg/100 g

Polyphenols from
mangosteen pericarp

Ultrasound-assisted
extraction

Feed/solvent ratio (1 : 6.6),
time (7 min), intensity
(20 kHz)

360.32 � 13.92 mg
GAE/100 g

149

Xanthone from mangosteen
pericarp

SC-CO2 extraction Pressure (430 bar),
extraction (70 °C), VCO (40%
w/w), and CO2 ow rate (1.08
� 0.30 kg h−1)

31%; 28.2 mg g−1 extract 153

Flavonoids from propolis Solvent extraction Incubated in a water bath for
2.5 h at 50 °C

1.1% 148

Flavonoids from propolis SC-CO2 extraction Pressure (150 bar),
temperature (50 °C) and CO2

owrate (25 g min−1)

25.2% 148

Astaxanthin from cincalok Ultrasound-assisted
extraction

Intensity (20 kHz), probe (13
mm), time (3 min),
amplitude (30%)

100.62 mg g−1 of dry cincalok 154

Carotenoid Maceration Feed/solvent ratio (1 : 10
(w/w)),temperature (65 °C),
and time (1 h)

2.73 � 0.36 mg g−1 98

b-Sitosterol from green
coffee

Ultrasound-assisted
extraction

Feed/solvent ratio (8 : 5 w/w),
intensity (70 kHz),
temperature (50 °C), sand
time (5 min)

393.80 � 11.13 mg kg−1 151
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methods such as SCFE and microwave, ultrasound, and pulsed
electric eld treatments to produce VCO need further research
on the quality of oil and retention of phenolic and bioactive
compounds in order to establish their large-scale industrial
applications.

The yield and quality (i.e., avour and composition) of VCO
will differ depending on the process methods employed, age
and variety of coconuts, geographical location, and pre-
treatments of coconut milk. High yield, low moisture and free
fatty acid contents, acceptable colour and avour, and high
retention of bioactive compounds are essential characteristics
that inuence the choice of wet methods for VCO production.
Therefore, further research should focus on VCO production
methods with improved economics, i.e., high oil yield, while
meeting the quality standards.

Due to the growing awareness of the health benets of VCO,
the focus on the development of food products incorporating
VCO is gradually increasing. The stability of VCO incorporated
in the matrices of convenience foods needs to be studied in
detail. In the present review, VCO is highlighted as a functional
food as well as a functional food ingredient. In conclusion,
further research will be helpful in promoting the consumption
of VCO as such or in food formulations for health benets.
1404 | Sustainable Food Technol., 2024, 2, 1391–1408
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68 P. A. Uwineza and A. Waśkiewicz, Molecules, 2020, 25(17),
3847.

69 A. G. Pereira, M. Carpena, L. Cassani, F. Chamorro, J. Simal-
Gandara and M. A. Prieto, Food Biosci., 2023, 55, 102960,
DOI: 10.1016/j.io.2023.102960.

70 M. Azizi, C. Yunus, M. N. Rozak, L. Nian-Yian, M. Syaq,
H. Ruslan, H. Mohd-Setapar, M. Abbas and A. Zaini, J.
Teknol., 2014, 67(2), 11–15.

71 D. F. Tirado, A. Latini and L. Calvo, J. Food Eng., 2021, 290,
110215.

72 M. H. Zuknik, N. A. Nik Norulaini, W. S. Wan Nursyazreen
Dalila, N. R. Ali and A. K. M. Omar, J. Food Eng., 2016, 168,
240–244.

73 R. C. N. Thilakarathna, L. F. Siow, T. K. Tang and Y. Y. Lee, J.
Food Sci. Technol., 2023, 60, 1222–1236.

74 A. Syahir, S. Sulaiman, M. Mel and H. Veny, Biomass
Convers. Bioren., 2023, 1–11, DOI: 10.1007/s13399-023-
04400-9.

75 T. Leong, P. Juliano and K. Knoerzer, Food Eng. Rev., 2017,
9, 237–256.

76 P. Juliano, J. Nutri. Health Food Eng., 2015, 2, 228–231.
77 P. Juliano, A. Kutter, L. J. Cheng, P. Swiergon, R. Mawson

and M. A. Augustin, Ultrason. Sonochem., 2011, 18, 963–973.
78 T. Leong, P. Juliano, L. Johansson, R. Mawson, S. McArthur

and R. Manasseh, Ind. Eng. Chem. Res., 2015, 54, 12671–
12681.

79 T. Leong, L. Johansson, R. Mawson, S. L. McArthur,
R. Manasseh and P. Juliano, Ultrason. Sonochem., 2016,
28, 118–129.
1406 | Sustainable Food Technol., 2024, 2, 1391–1408
80 T. Leong, L. Johansson, P. Juliano, R. Mawson, S. McArthur
and R. Manasseh, Ultrason. Sonochem., 2014, 21, 1289–
1298.

81 M. A. F. M. Gaber, F. J. Trujillo, M. P. Mansour, C. Taylor
and P. Juliano, J. Food Eng., 2019, 252, 60–68.

82 P. Juliano, F. Bainczyk, P. Swiergon, M. I. M. Supriyatna,
C. Guillaume, L. Ravetti, P. Canamasas, G. Cravotto and
X. Q. Xu, Ultrason. Sonochem., 2017, 38, 104–114.

83 R. N. Pereira and A. A. Vicente, Food Res. Int., 2010, 43,
1936–1943.

84 X. Lv, Z. Song, J. Yu, Y. Su, X. Zhao, J. Sun, Y. Mao and
W. Wang, Fuel, 2020, 279, 118417, DOI: 10.1016/
j.fuel.2020.118417.

85 K. Nowosad, M. Sujka, U. Pankiewicz and R. Kowalski, J.
Food Sci. Technol., 2021, 58, 397–411.

86 H. Lu, Z. Pan, Z. Miao, X. Xu, S. Wu, Y. Liu, H. Wang and
Q. Yang, Chem. Eng. J. Adv., 2021, 100103, 1–17, DOI:
10.1016/j.ceja.2021.100103.

87 I. A. Dewi, A. F. Mulyadi, F. Aryvyanto and S. Sucipto, AIP
Conf. Proc., 2019, 050005, DOI: 10.1063/1.5115681.

88 G. Pataro and G. Ferrari, in Pulsed Electric Fields to Obtain
Healthier and Sustainable Food for Tomorrow, Academic
Press, 2020, pp. 283–310, DOI: 10.1016/B978-0-12-816402-
0.00013-6.

89 S. Liu, S. Yuan and H. Zhang, Molecules, 2022, 27, 1–15.
90 R. Mozuraityte, V. Kristinova and T. Rustad, in Encyclopedia

of Food and Health, ed. B. Caballero, P. M. Finglas and F.
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