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A B S T R A C T   

Subcritical water extraction is a green technology with interesting advantages in relation to the 
possibility of processing fresh raw materials to sustainably obtain natural valuable products. The 
potential of this technology for the aqueous extraction of lipophilic fractions from plant biomass 
is well known and has recently attracted renewed interest. 

This review presents an update of the advances on the extraction of two valuable types of 
lipophilic products, essential oils and vegetal lipids from various plant biomasses. It also em-
phasizes the effect of process variables as particle size, time, liquid to solid ratio, pressure and 
temperature as well as the operation tunability to select optimal conditions for different solutes. 
The optimal operation conditions play a key role to efficiently recover these natural products with 
potential applications in cosmetic, food, agricultural and pharmaceutical/medical industries.   

1. Introduction 

Subcritical water extraction (SWE) is a green technique based on the use of water at temperatures between 100 ◦C and 374.15 ◦C 
and pressure high enough to keep it in the liquid state (Basak and Annapure, 2022). The physical properties of water are significantly 
different in the subcritical state, because the lowered intermolecular hydrogen bond interactions among water molecules, result in 
decreased dielectric constant to values comparable to those of organic solvents, such as acetone, ethanol, dimethyl-sulphoxide, 
acetonitrile and methanol (Kim et al., 2022; Song and Ko, 2022) (Fig. 1). Under these conditions water is much less polar and 
organic compounds, such as lipid fractions and essential oils, are more soluble than at normal conditions. In addition, purification of 
products can be facilitated upon cooling (Filly et al., 2016; Li et al., 2018). Physical properties of water under subcritical conditions 
also improve mass transfer effects. In comparison to water at ambient conditions, subcritical water exhibits lower viscosity and higher 
diffusivity, thus favoring the transport in the plant matrix and the extraction of solutes, and the surface tension of water is decreased, 
facilitating contact between water and oil, and dislodging the oil globules within the matrix fibres. In addition, the ionic product 
increased a thousand-fold at 250 ◦C compared to the value at 25 ◦C, and both acid- and base-catalysed hydrolysis are enhanced (Chiou 
et al., 2019). The higher dissociation rate under subcritical conditions creates a mild acidic medium, promoting the hydrolysis of 
sugars, phenolic glycosides and protein or peptides (Halim et al., 2021), aiding in cell wall degradation. When considering the ad-
vantages and disadvantages of various green solvents, there is no perfect solvent for all applications, but water as a solvent is the 
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greenest (Zhou et al., 2019). Compared with organic solvents, subcritical water offers increased efficiency, higher quality of the extract 
in shorter times, and the solvent is highly available, non-toxic, non-flammable and easy to handle (Cheng et al., 2021; Fernández-Pérez 
et al., 2000; Khajenoori et al., 2015a; Luque De Castro et al., 1999) 

Decades ago (Luque De Castro et al., 1999) had already critically compared subcritical water extraction to conventional techniques, 
confirming the potential to extract essential oils with this technique, which deserved further study and development to be implemented 
at larger scale (Luque De Castro et al., 1999). More recently, Khoshnoudinia et al. (2017) reviewed its application to extraction of 
phytochemicals suggesting the need of further study and development of appropriate models to achieve the best operating conditions 
and development of industrial implementations. In addition to fundamentals and fractionation applications, Goto (2018) also surveyed 
hybrid pressurized processes. Cheng et al. (2021) have recently reviewed the SWE and its combination with other techniques as well as 
the use of co-solvents, such as ethanol, methanol, salts, and ionic liquids for the green extraction of natural products.  

In the last 30 years, studies on the isolation of essential oils from natural matrices have been adapted for analytical or bench scale 
processing purposes, saving energy and investment costs (Jiménez-Carmona et al., 1999; Eikani et al., 2006a). The interest for the 
extraction of vegetal oils is evident, since also other compounds, such as protein, carbohydrates or phenolic compounds can be 
simultaneously or sequentially extracted from the feedstock (Álvarez-Viñas et al., 2021). 

This review updates the last advances on the subcritical water extraction of lipophilic compounds from plant materials. Based in the 
most recent published works, the state of the art of SWE of essential and plant oils has been examined, with emphasis on the char-
acterization of the products as a function of the operational variables. In this context, this review will be helpful for researchers to find 
out the best operational conditions on SWE for a particular plant lipid or essential oil. The in-depth understanding of the effect of the 
involved variables (particle size, temperature, time, pressure, feedstock loading, and/or the addition of co-solvents …), additionally 
(or not) with the combination of intensification technologies, would make possible to guide the choice of the parameters for the 
improvement of process efficiency. New challenges, and also those that still need improvement on the SWE should be focused for the 
development and optimization of new strategies to efficiently produce plant and essential oils, which are natural products that have 
been used for long time in food, medicine and cosmetics. 

2. Extraction of essential oils 

Essential oils, refer to the aromatic products derived from plants, usually consisting on complex mixtures, a volatile fraction (90%– 
95%) containing monoterpenes and sesquiterpene hydrocarbons and their oxygenated derivatives, and also aliphatic aldehydes, al-
cohols and esters, and a non-volatile one (5%–10%), containing hydrocarbons, fatty acids, sterols, carotenoids, waxes, coumarins, 
psoralens and flavonoids (Bruna et al., 2022; Luque De Castro et al., 1999). The oxygenated fraction (up to 40% of the volatiles) confers 
the odor whereas the terpene fraction (60%–99% of the volatile fraction hardly contributes to it, and the unsaturated compounds are 
highly susceptible to decomposition induced by heat, light and oxygen producing undesirable compounds which can give off-flavours 
and off-aromas (Luque De Castro et al., 1999). 

Essential oils, mainly located in the flowers, leaves and fruits of plants (Azimova et al., 2012; Gámiz-Gracia and Luque de Castro, 
2000; Xu et al., 2021), are conventionally extracted using solvents, hydrodistillation and steam distillation (Lainez-Cerón et al., 2022; 
Périno-Issartier et al., 2013). Solvent extraction has disadvantages in relation to the low selectivity and co-extraction of other 
non-volatile components, such as fatty oils, resins, waxes and colouring matters, long extraction time, need of large solvent volumes 
and could generate toxic residues. Distillation techniques have disadvantages derived from the thermal/hydrolytic degradation and 
losses of some volatile and thermolabile compounds as well as the high energy consumption (Kant and Kumar, 2022; Lee and Ko, 
2021). In steam distillation, used for extracting oil from aromatic and medicinal plants (Kant and Kumar, 2022), free aroma ingredients 
are extracted by steam from the broken oil glands. The dielectric constant of steam is close to one, thus many compounds are better 
extracted with steam than with liquid water. 

The potential to extract lipophilic fractions using other novel solvents has been reported, i.e. terpenes and bio-based solvents 

Fig. 1. Phase diagram of subcritical water state and influence of temperatyre on the physical properties of subcritical water compared to liquid water under at-
mospheric conditions. 
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Table 1 
Examples of extraction technologies and main constituents of essential oils from various plants.  

Feedstock Technology and conditions Yields and main extracted compounds Reference 

Black pepper (Pipper nigrum) SWE: 110-200 ◦C,5–20 min (opt, 170 ◦C, 
10 min) 
SE: H, M, hot W: 60 ◦C, 2 h 

mg compound/g black pepper: 
SWE: 1.9 caryophyllene; 0.9 caryophyllene oxide 
SE_Hexane: 16.9 caryophyllene 
SE_Methanol: 13.6 caryophyllene 
SE_Hot water: 0.42 caryophyllene 

Lee and Ko (2021) 

Camellia (Camellia oleifera) seeds SWE: 60–160 ◦C water: material ratio: 
3:1–25:1 (v/wt), 5–60 min; 
(opt, 133.59 ◦C, 32.03 min, 10.79:1) 
SE: 65 ◦C (PE) 

SE: 48.5 g oil/100 g kernel seeds; 8.9 g saponin in 
kernel seeds (total). 
SWE: 94.1 g oil/100 g oil in kernel at 133 ◦C, 32 
min; 10.8 mL g−1; tea saponin: 74.2 g crude 
saponin/100 g total tea saponin in kernel at 
121 ◦C, 32 min, 8.33 mL g−1 

Oil SWE (mg/g): palmitic acid (112.78), 
steareate (26.36), oleic acid (727.14), linoleic 
acid (114.54), α-linoleic acid (10.16). 

Wu et al. (2018) 

Caraway (Carum carvi L.) SWE: 110-190 ◦C 5–15 min (opt, 170 ◦C, 
15 min) 
SE (H) 
HD 

SWE: 28.5 g of carvone/g caraway (170 ◦C,15 
min, <425 μm); 0.28 mg limonene g-1 caraway 
(110 ◦C, 10 min); 0.11 carveol (170 ◦C, 10 min). 
SE: 20.2 mg carvoneg-1 caraway 
HD: 19.8 mg carvoneg-1 caraway, 5 mg 
limoneneg-1 caraway, 0.2 mgg-1 caraway. 

Kim et al. (2022) 

Castor (Ricinus communis) seeds SE: 5 g seeds/200 mL M, 60 ◦C 12 h. 
SWE: 270 ◦C, 30 min, 5.5 MPa 

SE: 75.7 g ricinoleic acid/100 g seed oil; 7.4 g 
oleic acid/100 g seed oil, 2.4 g linoleic acid/100 
g seed oil. 
SWE: 89.4 g of seed oil/100 g seed; 83.6 g 
ricinoleic acid/100 g seed oil, 5.5 g oleic acid/ 
100 g seed oil, 2.3 g linoleic acid/100 g seed oil. 

Abdelmoez et al. 
(2016) 

Cedarwood (Cedrus sp) SFE (liquid carbon dioxide): 100 ◦C, 
10–40 MPa 
(opt, 100 ◦C, 40 MPa) 
SWE: 50–200 ◦C, 3–20 MPa psi (opt, 
200 ◦C 3 MPa) 

SFE: 3.88 g of oil/100 g of cedar; 187.8 mg of 
cedrene, 2140.7 mg of cedrol; cedrol/cedrene 
ratio = 11.40 
SWE: 4.0 g oil/100 g cedar; 4.0%, 18.3% 
cedrene, 2.7% cedrol. Cedrol/cedrene ratio = 0.1 

Eller and Taylor (2004) 

Cinnamon (Cinnamonum cassia 
Presl) barks 

USWE:120–140 ◦C, 20–30 min, 5 MPa; 
100–150 W, 18.5 kHz (opt, 120 ◦C, 25 
min, 145 W) 
SD: 100 ◦C, 240 min 
UAE: 40 ◦C, 40 min, 150 W, 20 kHz 
SWE: 132 ◦C, 38 min, 5 MPa 

USWE: Cinnamon oil: 1.8 g/100 g of cinnamon 
bark; 12.7 mg cinnamaldehydeg-1 cinnamon 
bark, camphor; benzenepropanal; borneol 
SD: Cinnamon oil: 1.56g/100 g of cinnamon 
bark; 8.9 mg cinnamaldehydeg-1 cinnamon bark, 
UAE: Cinnamon oil: 2.1 g/100 g of cinnamon 
bark; 9.5 mg cinnamaldehydeg-1 cinnamon bark, 
SWE: Cinnamon oil: 1.8 g/100 g of cinnamon 
bark; 11.5 mg cinnamaldehydeg-1 cinnamon bark 

Guo et al. (2021) 

Citrus hystrix DC leaves SWE: 140-180 ◦C, 20–40 min (opt, 
174 ◦C, 29 min) 
HD 

% relative content compounds essential oil: 
SWE, 140 ◦C: 22.87% 3,8-p-menthanediol/ 
isopulegol hydrate, 19.03% Citronellal, 11.2 
citronellol, 7.9% isopulegol, 5.71% Citronellyl 
acetate, 5.49% cis-farnesol 
SWE, 160 ◦C: 44.6% Isopulegol,18.5% 3,8-p- 
menthanediol/isopulegol hydrate, 6.1% 
citronellol 
SWE, 180 ◦C: 59.0% isopulegol,7.3% 3,8-p- 
menthanediol/Isopulegol, hydrate, 5.4% 
Citronellol 
HD: 68.7% citronellal, 7.3% citronellol 
Compounds classification % relative content: 
SWE, 140 ◦C: 91.6% OC, 91.6% 
terpenoids,80.1% monoterpenoids 
SWE, 160 ◦C: 92.2% OC, 91.8% terpenoids, 
82.6% monoterpenoids 
SWE, 180 ◦C: 87.6% OC, 87.3% terpenoids, 
78.2% monoterpenoids 
HD: 92.4% OC, 92.2% terpenoids, 90.4% 
monoterpenoids 

Halim et al. (2021) 

Coriander (Coriandrum sativum 
L.) extracts 

SWE: 100-200 ◦C, 3–9 MPa; 10–30 min 
(opt, 100.5 ◦C, 8.78 MPa) 

(3,4- dimethoxycinnamic acid (942 mg/100 g 
dry weight,100 ◦C, 60 bar, 10 min),sinapic acid, 
ferulic acid (16.32; 22.36; 17.22 mg/100 g DW) 
total volatile compounds (linalool, 91 mg/100 
dry weight, 100 ◦C, 60 bar, 10 min). 

Zeković et al. (2016) 

Coriander (Coriandrum sativum 
L.) seeds 

SWE: 170-200 ◦C 5–20 min (opt, 110 ◦C, 
5 min for linalool and camphor; 190 ◦C, 5 

SWE: 9.4 mg linalool/g seed, 0.3 mg camphorg-1 

seed, 1.2 mg geraniolg-1 seed, 0.3 g linalool 
Song and Ko (2022) 

(continued on next page) 
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Table 1 (continued ) 

Feedstock Technology and conditions Yields and main extracted compounds Reference 

min for geraniol; 200 ◦C, 10 min linalool 
oxide) 
SE: hexane, 60 ◦C, 2 h 
SE: methanol, 60 ◦C, 2 h 
Hot water: 60 ◦C, 2 h 
HD: 100 ◦C, 2 h 

oxideg-1 seed 
SE_hexane: 13.1 mg linaloolg-1 seed, 0.5 mg 
camphor/g seed, 0.4 mg geraniolg-1 seed 
SE_methanol:4.1 mg linaloolg-1 seed 
Hot water extraction: 6.5 mg linaloolg-1 seed 
HD: 8.7 mg linaloolg-1 seed, 0.4 mg camphorg-1 

seed, 0.2 mg geraniolg-1 seed 
Coriander seeds (Coriandrum 

sativum L.) 
SCWE: 100–175 ◦C, 2 MPa, 0.25–1 mm 
particle size, 1–4 mL min−1 (opt, 125 ◦C, 
0.5 mm, 2 L/min). 
HD: water steam, 3 h. 
SE: 12 h (H) 

SCWE: 82.9 g linalool/100 g essential oil,. 
HD: 77.9 g linalool/100 g essential oil. 
SE: 79.6 g linalool/100 g essential oil. 

Eikani et al. (2007) 

Coriander seeds (Coriandrum 
sativum L.) 

HD. 
SE: 40 ◦C. 
SFE: 40 ◦C, 10 and 30 MPa 
SWE: 100–150 and 200 ◦C, 20 min 

HD: 0.60 g oil/100 g coriander; 835.2 mg 
linaloolg-1 extract, 32.9 mg camphorg-1 extract, 
16 mg geraniolg-1 extract; 32.8 mg terpineneg-1 

extract, 6.2 mg limoneneg-1 extract. 
SE: 14.4 g oil/100 g coriander; 52.5 mg linaloog-1 

extract, 1.9 mg camphorg-1 extract, 1.5 mg 
geraniolg-1 extract; 1.8 mg terpineneg-1 extract, 
1.4 mg limoneneg-1 extract. 
SFE_100 bar: 1.5 g oil/100g coriander; 90 mg 
linaloolg-1 extract, 3.4 mg camphorg-1 extract, 
3.7 mg geraniolg-1 extract; 1.6 mg terpineneg-1 

extract, 1 mg limoneneg-1 extract. 
SFE_300 bar: 8.88 g oil/100 g coriander; 67.4 mg 
linaloolg-1 extract, 3 mg camphorg-1 extract, 2.2 
mg geraniolg-1 extract; 3.5 mg terpineneg-1 

extract, 2.7 mg limoneneg-1 extract. 
SWE_100 ◦C: 0.36 g oil/100 g coriander; 477.8 
mg linaloolg-1 extract, 17.9 mg camphorg-1 

extract, 15.9 mg geraniolg-1 extract; 2.1 mg 
terpineneg-1 extract, <1 mg limoneneg-1 extract. 
SWE_200 ◦C: 0.77 g oil/100 g coriander; 450.2 
mg linaloolg-1 extract, 13.4 mg camphorg-1 

extract, 18.5 mg geraniolg-1 extract; 2.9 mg 
terpineneg-1 extract, <1 mg limoneneg-1 extract. 
SWE_300 ◦C: 2.22 g oil/100 g coriander; 117.2 
mg linaloolg-1 extract, 5.1 mg camphorg-1 

extract, 4.3 mg geraniolg-1 extract; 2.1 mg 
terpineneg-1 extract, <1 mg limoneneg-1 extract 

Pavlić et al. (2015) 

Cottonseed (Gossypium arboreum 
L.) 

SWE: 180–280 ◦C, 5–60 min, 0.5–3 mm, 
0.5:1, 2:1 (wt/v) (opt, 270 ◦C, 30 min, 
0.5 mm, 2:1). 
SE: hexane, 45 ◦C 

SWE: extraction yield = 21.7%, Oil: linoleic 47%, 
palmitic 25%, Oleic 21%, Stearic 0.3%, Myristic 
0.9%. 
SE: 47%–50% Linoleic, 25%–28% Palmatic, 
22%–22.7% Oleic, 0%–0.4% Stearic, 0.8%–0.9% 
Myristic 

Abdelmoez et al. 
(2011) 

Fennel (Foeniculum vulgare) SWE: 50–200 ◦C, 2 MPa, 50 min (opt, 
150 ◦C). 
HD: 4 h. 
DCME: 24 h 

ratio peak area/standard by GC:. 
SWE: 68.0 anethol, 51.6 limonene, 18.7 
α-phelandrene. 
HD: 25.2 anethol, 5.9 limonene, 2.4 
α-phelandrene. 
DCME: 5.9 anethol, 5.6 limonene, 2.6 
α-phelandrene 

Gámiz-Gracia and 
Luque de Castro (2000) 

Japanese mint (Mentha arvensis 
L.), peppermint (Mentha 
piperita L.) 

SWE: 180–240 ◦C, 5–60 min Residual ratio of compound % (w/w). 
89.3 % 1-menthol (180 ◦C, 60 min), l-menthyl 
acetate (90%, 240 ◦C, 60 min), L-menthone 
(94.7% 180 ◦C,60 min), piperitone (89.9% 
180 ◦C, 60 min) 

Chiou et al. (2020) 

Sand ginger (Kaempferia galangal 
L.) 

SD: 100 ◦C, 240 min, 0 MPa. 
SWE: 120 ◦C, 10 MPa,30 min. 
USWE: 120 ◦C, 10 MPa,20 min, 250 W/L, 
18.5 kHz 

mg ethyl-p-methoxycinnamate/g essential oil):. 
SD: 2% essential oil yield; 8.0 mg ethyl-p- 
methoxycinnamateg-1 essential oil; % Peak area: 
64.2% ethyl trans-p-methoxycinnamate, 5.9% 
9,12-methyl octadecadienoate. 
SWE: 2.4% essential oil yield; 9.95 mg ethyl-p- 
methoxycinnamateg-1 essential oil; % peak 
area:74.7% ethyl trans-p-methoxycinnamate, 
6.1% ethyl cinnamate. 
USWE: 2.4% essential oil yield; 10.5 mg ethyl-p- 
methoxycinnamateg-1 essential oil; % Peak 

Ma et al. (2015) 

(continued on next page) 
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Table 1 (continued ) 

Feedstock Technology and conditions Yields and main extracted compounds Reference 

area:9.2% ethyl trans-p-methoxycinnamate, 8.0% 
ethyl cinnamate, 6.2% ethyl cis-p- 
methoxycinnamate 

Lavender (Lavandula hybribia L) HD: 2 h. 
SD 
THD: 2 h. 
Salt-HD: NaCl. 
Enzyme-HD: 40 ◦C; 60 min. 
Micelle-HD: 10% Tween 40. 
US-SD: 700 W, 25 ◦C. 
WS-HD: 125 ◦C, 30 min, 1000 W. 
SFME: 45 min, 500 W. 
MSD 

g compound/100 g lavender essential oil:. 
HD: 30% linalol, 13.7% linalylacetate, 7.2% 
camphor, 6.2% α-terpineol, 4.5% 4-terpineol, 
4.5% borneol. 
SD: 28.1% linalol, 21.8% linalylacetate, 7.5% 
camphor, 4.7% α-terpineol, 4.5% 4-terpineol, 
4.2% borneol. 
THD: 30.9% linalol, 19.4% linalylacetate, 7.3% 
camphor, 4.8% α-terpineol, 4.2% 4-terpineol, 
3.9% borneol. 
Salt-HD: 29.6% linalol, 15.3% linalylacetate, 
7.6% camphor, 5.3% α-terpineol, 4.5% 4- 
terpineol, 4% borneol. 
Enzyme-HD: 32.7% linalol, 12.3% 
linalylacetate, 8.3% camphor, 6.4% α-terpineol, 
4.8% 4-terpineol, 4.3% borneol. 
Micelle-HD: 31.5% linalol, 11.3% linalylacetate, 
8% camphor, 6.5% α-terpineol, 4.7% 4-terpineol, 
4.4% borneol. 
US-HD: 33.6% linalol, 16.1% linalylacetate, 
8.2% camphor, 6.2% α-terpineol, 4.7% 4- 
terpineol, 1.5% borneol. 
WS-SD: 27.5% linalol, 1.2% linalylacetate, 7.4% 
camphor, 10.2% α-terpineol, 5.2% 4-terpineol, 
4.5% borneol. 
SFME: 27.1% linalol, 30.1% linalylacetate, 7.8% 
camphor, 1.8% α-terpineol, 4.4% 4-terpineol, 
4.2% borneol. 
MSD: 24% linalol, 29.6% linalylacetate, 7% 
camphor, 1.8% α-terpineol, 4.2% 4-terpineol, 
4.1% borneol 

Filly et al. (2016) 

Marjoram (Thymus mastichina) SCWE: 100- 175 ◦C, 2–20 MPa, 0.5–3 mL 
min−1, 15 min (opt, 150, 5 MPa, 2 mL 
min−1). 
HD: 3 h 

Ratio peak area/internal standard:. 
SCWE: 18.9 eucalyptol, 2.9 α-terpineol. 
HD: 24.8 eucalyptol, 2.2 α-terpineol 

Jiménez-Carmona 
et al. (1999) 

Orange (Citrus sinensis) Peel SFE (CO2): 20-50 ◦C, 8–28 MPa lymonene: >99.5% of the essential oil (12.5 MPa 
and 308K), 
linalool: 0.6% of the esential oil (15 MPa and 
313K) 

Mira et al. (1996) 

Oregano (Lippia graveolens) 
leaves 

SWE: 100-175 ◦C,1–5.1 MPa, 1–4 mL 
min−1 (opt, 125 ◦C, 2 MPa, 1 mL min−1) 
HD 

Ratio peak area SWE/HD = 6.41 3-Cyclohexen- 
1-ol-4-methyl-1-(1-methylethyl); 5.83 thymol 

Soto Ayala and Luque 
de Castro (2001) 

Rosmary (Rosmarinus officinalis) 
leaf, Lavender (Lavandula 
angustifolia) flowers, 
Oregano (Origanum 
compactum) 

SHSD: 0–120 min, 100 ◦C 
SHSDACD: 0–120 min, 100 ◦C 

SHSD: %VO: rosmarin, 2% (120 min); lavandula, 
1.20% (100 min); origano,1.60% (60 min). 
SHSDACD: % VOs: rosmarine, 2.8% (30 min); 
lavandula, 1.50% (28 min); oregano, 1.7% (20 
min) 
Composition, %VO: 
SHSD: rosmarin: 50.2% 1,8-cineole, 15.3% 
camphor, 10.8% α-pinene); lavandula: 20.6% 
linalool, 16.5% camphor, 16.1% 1,8-cineole, 
13.1% linalyl acetate,10.4% borneol; oregano: 
37.8% thymol, 27.3% p-cymene 
SHSDACD: rosmarin: 48.2% 1,8-cineole, 11.7% 
camphor; lavandula: 25.5% linalyl acetate, 
15.1% camphor, 14.2% linalool, 13.1% 1,8- 
cineole; oregano: 25% p-cymene, 19.3% 
α-terpineol, 17.9% carvacrol, 10.5% thymol 

El-Kharraf et al. (2022) 

Satureja hortensis L. (summer 
savory). 

MAC (E). 
SE (E). 
UAE: 30 min, 40 kHz, 216 W. 
MAE: 30 min, 600 W. 
SWE: 140 ◦C, 4 MPa, 30 min 

mg equivalents/g of summer savory extracts:. 
SE: TPC, 119.3; RU, 5.2; CT, 41.7; GA, 12.3; TAC, 
103.0. Composition (μgg-1 extract): rosmarinic 
acid, 301.7; quercetin, 155.1; apigenin, 52.8; 
kaempferol, 46.6; luteolin, 40.5, chlorogenic 
acid, 36.1; rutin, 33.5. 
MAC: TPC, 125.3; TFC 16.3; CT, 47.2; GA, 18.5; 
TAC, 115.2. Composition (μgg-1 extract): 

Mašković et al. (2017) 

(continued on next page) 
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Table 1 (continued ) 

Feedstock Technology and conditions Yields and main extracted compounds Reference 

rosmarinic acid, 287.59; quercetin, 1.8; apigenin, 
3.1; kaempferol, 11.7; luteolin, 1.3, chlorogenic 
acid, 17.3; rutin, 10.7. 
UAE: TPC, 132.4; TFC, 19.7; CT, 52.6; GA, 21.9; 
TAC, 121.6. Composition (μgg-1 extract): 
rosmarinic acid, 1.3; quercetin, 6.4; apigenin, 
1.4; kaempferol, 1.2; luteolin, 0.8; rutin, 24.0; 
sinapic acid, 4.2. 
MAE: TPC, 147.2; TFC, 23.10; CT, 64.4; GA, 25.3; 
TAC135.32. Composition (μgg-1 extract): 
quercetin, 41.3; rutin, 28.5; apigenin, 2.4; 
kaempferol, 1.9; luteolin, 1.1; sinapic acid, 4.9; 
rosmarinic acid, 9.6. 
SWE: TPC, 151.5; TFC, 28.42; CT, 73.2; GA, 31.5; 
TAC, 144.6. Composition (μgg-1 extract): rutin, 
16.6; quercetin, 11.1; rutin, 28.5; apigenin, 
rosmarinic acid, 2.7; hydroxybenzoic acid, 7.6 

Winter savory (Satureja montana) SWE: 79.15–220.5 ◦C, 5.9–34.1 min, 3 
MPa (opt, 200 ◦C, 20.8 min) 

TPC: 11.2 g gallic acid equivalents/100 g 
biomass; flavonoids 6.8 g catechin equivalents/ 
100 g biomass. 
GS-MS: 25.5 mg carvacrol/100 g biomass, 4.3 mg 
borneol/100 g biomass, 0.6 mg thymoquinone/ 
100 g biomass 

Vladić et al. (2017) 

Sunflower seeds (Helianthus 
annuus) 

SWE: 240 ◦C, 120 min, LSR 20 mL g−1, 
3.5 MPa 

SWE: 72 g free fatty acids (FFA)/100 g soluble 
fraction of sunflower seeds 

Ravber et al. (2015a) 

Sunflower seeds (Helianthus 
annuus) 

SWE: 60–160 ◦C, 5–120 min (opt, 130 ◦C, 
30 min) 
SE: 4 h 

Oil yields (%): SWE: 44.3% (130 ◦C, >30 min); 
SE: 43.9% (>120 min). 
SWE:22.1 mg linoleic acidg-1 oil; 20.8 mg oleic 
acidg-1 oil (130 ◦C, 120 min, 30 bar). 
SE 17.2 mg linoleic acidg-1 oil, 16.1 mg oleic 
acidg-1 oil (240 min) 

Ravber et al. (2015b) 

Mediterranean thyme (Thymbra 
spicata) 

SWE: 100–175 ◦C, 2–9 MPa, 30 min T = 100 ◦C:2 g of essential oil/100 g leaves; 
86.2% carvacrol, 3.08% E−3-caren-2-ol (g 
comp/100 g essential oil). 
T¼150 ◦C: 3.4 g of essential oil/100 g leaves; 
82.5% carvacrol, 7.71% E−3-caren-2-ol (g 
comp/100 g essential oil) 

Ozel et al. (2003) 

Thyme (Thymus vulgaris L.) herb SD: 3h 
PLE (H) 100 ◦C, 40 bar, 10 min 
Stat-SWE: 50–175 ◦C, 5–17.5 MPa, 5–30 
min 
Dyn-SWE: 75–200 ◦C, 5–17.5 MPa, 5–66 
min 

SD: 12602 μg componentsg-1 thyme herb; % peak 
areas: 54.8% thymol, 19.3% p-cymene, 7.6% 
γ-terpinene 
PLE: 13488 μg componentsg-1 thyme herb; % 
peak areas: 51.5% thymol, 15.7% p-cymene, 
8.2% β-caryophyllene 
Stat-SWE: 7681 μg componentsg-1 thyme herb; % 
Peak areas: 71.3% thymol, 9.5% α-humulene 
Dyn-SWE: 12841 μg componentsg-1 thyme herb; 
% peak areas: 54.5% thymol, 12.6% p-cymene, 
7.3% α-humulene 

Dawidowicz et al. 
(2009) 

Thyme (Thymus vulgaris L.) and 
black pepper (Piper nigrum L.) 

SHS: 175 ◦C, 1.6 kg h−1, 20 min Thyme oil: :36.7% thymol, 25.2% p-cymene, 8.8 
% cavracol,. 
Black pepper oil: 41.5% β-caryophyllene, 19.7% 
limonene, 8.3% β-pinene 

Rouatbi et al. (2007) 

Shirazi thyme (Zataria multiflora) SCWE: 150 ◦C, 2 mL min−1, 2 MPa, 150 
min. 
HD, 180 min. 
SE, 210 min 

mg compoundg-1 dried sample:. 
SCWE: 9.2 thymol, 11.5 carvacrol. 
HD: 4.3 thymol, 4.1 carvacrol. 
SE: 0.9 thymol, 1.4 carvacrol 

Khajenoori et al. 
(2009b) 

Abbreviations: Dyn-SWE: Dynamic superheated water extraction; Enzyme-HD: enzyme assisted extraction followed by HD; MAC: maceration; MAE: microwave assisted 
exraction; Micelle-HD: micelle mediated extraction followed by HD; MSD: microwave steam distillation; PLE: Pressurized Liquid Extraction; Salt-HD: salt assisted 
extraction followed by conventional HD; SCWE: subcritical continuous water extraction; SD: Steam Distillation; SE: solvent extraction; HD: hydrodistillation; SFE: 
Supercirtical fluid extraction; SHS: superheated steam; SHSD: simulstraneous hydro- and steam distillation; SHSDACD: SHSD assisted by carbon dioxide; Stat-SWE: 
Static superheated water extraction; SWE: subcritical water extraction; THD: turbohydro distillation; UAE: Ultrasound assisted extraction, US-SD: ultrasound assis-
ted extraction followed by HD; USWE: Ultrasound-assisted with subcritical water extraction; WS-HD: subcritical water extraction followed by HD; SFME: solvent free 
microwave extraction. 
OC: oxygenated compounds; VO: volatile oils. 
TPC = total phenolic content (mg GAE/g), TFC = total flavonoids content (mg RU/g), CT= Condensed tannins (mg GAE/g), GA = gallotannins (mg GEE/g); TAC = Total 
anthocyanins content (mg C3G/g). GAE = gallic acid equivalents, RU = rutin equivalents, C3G = cyanidin-3-glucoside equivalents. 
H: hexane; M: methanol; PE: pethroleum ether, W: water. 
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Table 2 
Some examples of application of subcritical water extraction for the extraction of essential oils.  

Plant material Extraction conditions Observations Reference 

Mediterranean thyme 
(Thymbra spicata) 

150 ◦C, 6 MPa, 2 mL min−1, 30 min Enhanced phenolic content Ozel et al. (2003) 

Agarwood (Aquilaria sp.) 
leaves 

105-240 ◦C, 1–10 MPa, 1–9 mL min−1 

Opt, 207 ◦C, 3.7 MPa, 5.7 mL min−1 
Similar yield as CSE in shorter time Apibalsri et al. (2012) 

Agarwood (Aquilaria 
crassna) leaves 

40–60 mL g−1, 2–3 MPa, 10–14 min Antioxidant, antitumor enhancing body immunologic 
function 

Ou and Shi (2014) 

Agarwood (Aquilaria 
malaccensis leaves) 

115-271 ◦C, 0.1–0.22 w/w, 5–34 min 
Opt, 156 ◦C, 0.2 w/w, 25 min 

Higher yield and shorter extraction time than HD Samadi et al. (2019) 

Anise (Pimpinella anisum) 
seeds 

100-175 ◦C, 0.2–1 mm, 0.5–3 mL min−1 

170 ◦C, 0.6 mm, 2.8 mL min−1 
Higher efficiency than Soxhlet extraction Khajenoori et al. (2015a) 

Avishan-e-Shirazi (Zataria 
multiflora) leaves 

100-175 ◦C, 0.25–1 mm, 1–4 mL min−1, 
150 min, 2 MPa 
Opt, 150 ◦C, 0.5 mm, 2 mL min−1 

Higher content of oxygenated components (thymol and 
carvacrol) than from HD and Soxhlet (H) 

Khajenoori et al. (2009b) 

Caraway (Carum carvi) 110-190 ◦C, 5–15 min, >1000 to < 425 μm 
Opt, <425 μm, 170 ◦C, 15 min (carvone) 
110 ◦C, 10 min (limonene) 

Higher carvone yield with SWE than for CSE and HD Kim et al. (2022) 

Castor (Ricinus communis) 
seeds 

270 ◦C, 30 min, 1:2 Ricinoleic acid as predominant, followed by oleic acid 
and linoleic acid 

Abdelmoez et al. (2016) 

Cinnamon (Cinnamomum 
zeylanicum) bark 

150 and 200 ◦C, 6 MPa semi-continuous 
system (3 mL min−1) 

Lower recoveries than CSE(M) of major flavoring 
compounds 
Higher extraction of phenolic acids than CSE, and 
higher antioxidant activity 

Khuwijitjaru et al. (2012) 

Cinnamon (Cinnamomum 
zeylanicum) bark 

0.3 mm, 132 ◦C, 5 MPa, 38 min Higher oil and cinnamaldehyde yields and lower 
extraction time than for SD 

Guo et al. (2014) 

Cinnamon (Cinnamomum 
cassia) bark 

US-SWE: 20–30 min, 120–140 ◦C, 100–150 
W, 8 mL g−1, 5 MPa. Opt, 140 ◦C, 25 min, 
145 W 
US: 145 W, 18.5 KHZ, continuous 

Shorter time than SD. Higher cinnamaldehyde content, 
selective extraction of oxygenated components 

Guo et al. (2021) 

Citrus (Citrus hystrix) 
leaves 

0.5–1 mm, 140–180 ◦C, 20–40 min, 
0.025–0.175 g/mL 
Opt, 0.75 mm, 0.025 g mL−1, 174 ◦C, 29 
min 

EO yield higher than HD 
SWE yielded 36 compounds (isopulegol dominant), 
whereas HD 25 compounds 

Halim et al. (2021) 

Coriander (Coriandrum 
sativum) 

100-200 ◦C, 1:10 (w/v), 20 min 
Opt, 100 ◦C 

SWE shorter time, but lowest lipid yield than Soxhlet, 
SFE (30 MPa, 40 ◦C), HD and CSE. Dominant 
compounds (γ-terpinene, (+)-limonene, linalool, 
camphor and geraniol), polyphenols 

Pavlić et al. (2015) 

Coriander (Coriandrum 
sativum) seeds 

100-200 ◦C, 30–90 bar, 10–30 min 
Opt,100 ◦C, 60 bar, 10 min 
TVC 100 ◦C, 6 MPa, 10 min 

3,4-dimethoxycinnamic acid linalool, as major 
compound. Polyphenols 

Zeković et al. (2016) 

Coriander (Coriandrum 
sativum) seeds 

110–200 ◦C, 5–20 min (opt, 110 ◦C, 5 min 
for linalool and camphor; 190 ◦C, 5 min for 
geraniol; 200 ◦C, 10 min linalool oxide) 

Major compounds were oxygenated monoterpenes 
(linalool, linalool oxide, camphor, and geraniol) 

Song and Ko (2022) 

Coriander (Coriandrum 
sativum) seeds 

100-175 ◦C, 0.25–1 mm, 1–4 mL min−1 Opt, 
125 ◦C, 0.5 mm, 2 mL min−1 

HD and Soxhlet higher efficiencies, but SWE higher 
oxygenated components content 

Eikani et al. (2007) 

Eucalypt (Eucalyptus sp.) 
leaves 

1/10 g mL−1, 5 MPa, 150 ◦C, 2 mL min−1, 
20 min 

More rapid and efficient that HD (3 h) Jiménez-Carmona and 
Luque de Castro (1999) 

Fennel (Foeniculum 
vulgare) 

150 ◦C, 5 MPa, 2 mL min−1, 30 min (static) 
and 150 ◦C, 50 bar, 2 mL min−1, 20 min 
(dynamic) 

More rapid than HD and that CSE with 
dichloromethane Manipulation of the oil composition 

Gámiz-Gracia and Luque 
de Castro (2000) 

Finger citron (Citrus 
medica var. 
Sarcodactylis) 

30–50,L g−1, 2.5–3 h, 160–200 ◦C 
Opt, 40.9 mL g−1, 183 ◦C, 2.7 h 

37 constituents, the major was D-limonene. Antioxidant 
activity 

Liu et al. (2023) 

Ginger (Zingiber officinale) 
dregs 

120-140 ◦C, 10–30 min,10 mL g−1 

Opt, 130 ◦C, 20 min 
Oleoresin contains gingerol, shogaol, zingerone, 
parasol, resin, and 15%–35% essential oil 

Yulianto et al. (2022) 

Japanese mint (Mentha 
arvensis var. 
piperascens Malinv. 
cv.) 

Subcritical water treatment with pressure- 
releasing distillation 
180 ◦C, 5 min 

Initial fractions: L-menthol, L-limonene, L-menthone 
and piperitone (100–180 ◦C), iso-menthone, 3-octanol, 
and L-menthyl acetate (up to 220 ◦C) 

Chiou et al. (2019) 

Jasmine (Jasminum sp) 
flowers 

Enzyme: β-glucanase:naringinase (1:0.5), 
50 ◦C, pH 5, 3%–4% enzyme, 1–1.5 h 
US: 150–200 W, 20–40 Hz, 10–15 min 
SWE: 1:5–20 g mL−1, 60–120 ◦C,1–3.5 MPa, 
1.8–3.5 h 

Enzymolysis facilitates linalool, benzyl alcohol and the 
formation of the jasmines aroma, such as cis- 3- 
hexenols 

Zhai and Liu (2017) 

Laurel (Laurus nobilis) 
leaves 

50-200 ◦C, 1.8–15 MPa, 0.5–5 mL min-1, 
15 min static, 25 min dynamic 
Opt, 150 ◦C, % MPa, 2 mL min−1 

Shorter extraction times than HD (3 h) and CSE (DCM, 
24 h), higher oil yields, higher amounts of oxygenated 
compounds and lower of terpenes 

Fernández-Pérez et al. 
(2000) 

Lavender (Lavandula 
latifolia) 

100-175 ◦C, 2–4 MPa, 1–4 mL min−1 

Opt, 150 ◦C, 2 MPa, 3 mL min−1 
Comparable efficiency as HD and as Soxhlet, quicker 
and more selective for the oxygenated constituents 

Eikani et al. (2006c) 

(continued on next page) 
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(Gasparetto et al., 2022), hydrotropes (Ghule and Desai, 2021; Patel and Desai, 2023), Deep eutectic solvents (Fan and Li, 2022; 
Hayyan et al., 2022; Zhao et al., 2019b; Fan and Li, 2022; Sharma et al., 2023; Usmani et al., 2023). Further reserach on their 
applicability, technical and economic viability is needed. 

In the search for new alternative extraction processes (Fernández-Pérez et al., 2000; Kubátová et al., 2001; Luque De Castro et al., 
1999; Soto Ayala and Luque de Castro, 2001), subcritical water extraction is more rapid, avoids the loss and degradation of volatile and 
thermo labile compounds and offers higher yields (Basile et al., 1998; Miller and Hawthorne, 2000), is simple, environmentally 
favourable (Soto Ayala and Luque de Castro, 2001) and tuneable (Bubalo et al., 2018; Luque De Castro et al., 1999). 

During the extraction of esential oils, not only improved yields is found but quality was also enhanced due to the compounds 
extracted (Halim et al., 2021). The high content of oxygenated compounds (the more valuable fragrance and flavour compounds) and 
the closer reproduction of the natural aroma of the essential oil as well as the slow extraction of monoterpenes and small amounts of the 
sesquiterpenes and waxes (Mottahedin et al., 2017) are favouable. Subcritical water can hydrolyze lignin via the hydrolysis of phenolic 
esters (Chiou et al., 2019), and is superior to conventional (maceration and Soxhlet) and non-conventional (ultrasound-assisted, 
microwave-assisted) technologies for the extraction of phenolic compounds (Mašković et al., 2017; Zhao et al., 2019a), which confer 
additional properties to the extracted essential oils. This technique offers advantages over supercritical CO2 extraction avoiding the 
need of a previous drying of the material, an energy consuming stage that could alter aroma. In addition, SWE does not co-extract 
cuticular waxes and the operation pressures and cost of the equipment and solvent are lower. The extracted compounds are not 
exposed to atmospheric oxygen, as in hydrodistillation (Sarip et al., 2016), but one difficulty is the need of relatively high tempera-
tures, which could affect the stability of the target compounds (Bubalo et al., 2018). 

3. Extraction of vegetal oils 

Lipids and lipophilic components represent a large group of organic compounds produced by microorganisms, mushrooms, plants, 
marine organisms, and animals. Lipids are fats and fat-like substances, which differ in chemical composition, structure, and physio-
logical and biochemical functions. Lipids can be i) simple lipids, containing esters of higher fatty acids and some alcohols, such as 
neutral fats, and waxes, ii) complex lipids, containing alcohol and fatty acids, nitrogenous bases, and some saccharides, among them 
are phospholipids, cerebrosides, and glycolipids, and iii) other lipids, including glycerine esters of alicyclic macromolecular acids, 

Table 2 (continued ) 

Plant material Extraction conditions Observations Reference 

Lime (Citrus aurantifolia) 
peel 

130 ◦C, 5 min (static) and 15 min 
(dynamic), 1 mL min−1 

Higher oxygenated components content than SD or HD 
Water distillation offered highest extraction efficiency 
of oxygenated components but required long times 

Chienthavorn and Insuan 
(2004) 

Marjoram (Thymus 
mastichina) leaves 

dynamic extraction 50 bar, 150 ◦C, 2 mL 
min−1, 15 min 
SWE: 150 ◦C, >5 bar, 2 mL min−1 

Quicker, higher yield than HD (3 h) 
Higher oxygenated compounds content, no terpenes 

Jiménez-Carmona et al. 
(1999) 

Chamomille (Matricaria 
chamomilla) 

100-175 ◦C, 1–4 mL min−1, 0.50 mm, 2 
MPa, 120 min 
Opt, 150 ◦C, 4 mL min−1 

More valuable essential oils than with HD, with more 
oxygenated components 

Khajenoori et al. (2013) 

Mandarin peel (Citrus 
reticulata) 

100-130 ◦C, 8–12 MPa, 20–40 min Content of oxygenated compounds 10–20 times of 
crude product 

Zeng et al. (2013) 

Oregano (Lippia 
graveolens) leaves 

2.0 MPa, 125 ◦C, 1 mL min−1, 24 min Higher yields in 15 min than HD (3 h) for eight of the 
11 major compounds 

Soto Ayala and Luque de 
Castro (2001) 

Oregano (Origanum 
munzurense) 

10 mL g−1, 100 ◦C, 5 MPa, 1 h Antioxidant, antibacterial, hepatoprotective Yabalak et al. (2020) 

Peppermint (Mentha 
piperita) 

150 ◦C, 30 min or 175 ◦C, 12 min Good quantitative similar to HD for carvone, pulegone, 
piperitone, eucalyptol, menthone, neomenthol and 
menthol. Preferential extraction of oxygenated 
compounds 

Kubátová et al. (2001) 

Purple gromwell 
(Lithospermum 
erythrorhizon) 

US-SWE: 250 W, 20–36 KHz 
160 ◦C, 5 MPa, 25 min 
Opt, 20 KHz 

Increased extraction yield 
Nineteen components identified (18 carbon 
unsaturated fatty acids, hexadecanoic acid and 
pentadecane) 

Huang et al. (2010) 

Red onion (Allium cepa) Static: 5 MPa, 30 min, sequential 
programed temperature 100–150 ◦C 

Essential oil and sulfur compounds content comparable 
to SD and USAE in shorter extraction time 

Guo et al. (2009) 

Sand ginger (Kaempferia 
galangal L) 

US-SWE: 8–15 mL g−1, 120–140 ◦C, 5–10 
MPa, 25–30 min 
US: 145 W, 18.5 KHz, continuous 

USWE shorter time than SD. Higher extraction of 
oxygenated components, such as E-cinnamaldehyde, 
than by other methods 
Enhanced antioxidant activity 

Ma et al. (2015) 

Savory (Satureja hortensis) 100 ◦C, 40 min Comparable recoveries as HD for thymol and carvacrol, 
and higher for borneol and linalool 

Kubátová et al. (2001) 

Savory (Satureja montana) 79.15–220.5 ◦C, 5.9–34.1 min 
Opt, 200 ◦C, 20.8 min 

Carvacrol, thymoquinone, polyphenolic compounds Vladić et al. (2017) 

Tea flower (Camelia 
sinensis) 

20–40 mL g−1, 100–120 ◦C, 7–15 MPa Unique fragrance and flavor, superior antioxidant and 
antibiotic properties 

Bai et al. (2013) 

DCM: dichloromethane, E: Ethanol; H: hexane; M: Methanol; MC: methylene chloride; W: water. 
CSE: Conventional solvent extraction; HD: hydrodistillation; SFE: supercritical fluid extraction. 
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alicyclic alcohols or sterols and their esters, and also alcohols, containing cyclic β-ionone, higher hydrocarbons, and others. In plants, 
lipids are most often concentrated in the seeds and fruits and are found in oil globules (Azimova et al., 2012). 

Conventional extraction methods employ organic solvents, some of them with drawbacks related to safety and toxicity for humans 
and the environment. The replacement of these solvents is demanded, especially in edible oil industry (Prasad et al., 2022). During 
SWE, the hydrolysis of the polysaccharidic constituents of the cell walls (hemicelluloses and cellulose) can weaken the structure 
facilitating solvent entrance and solute diffusion from its location within the plant matrix to the solvent (Sarip et al., 2016). This 
technique has offered good results for the extraction of seed oils, and certain functional compounds, such as polyphenols, carotenoids, 
and flavor and fragrance compounds, but it is still not extensively applied for vegetal oil extraction (Garofalo et al., 2021). 

4. Operational variables during SWE 

Subcritical water extraction has been performed in equipments designed and built for laboratory operation (Abdelmoez et al., 
2011; Eikani et al., 2006b, 2007; Guo et al., 2014; Khajenoori et al., 2009a, 2009b; Ma et al., 2015; Sarip et al., 2016; Ozel et al., 2003) 
in patented prototypes (Jiménez-Carmona et al., 1999; Soto Ayala and Luque de Castro, 2001) and in comercial extractors (Eller and 
Taylor, 2004; Halim et al., 2021; Kim et al., 2022; Pavlić et al., 2015; Ravber et al., 2015a), such as in accelerated solvent extractors 
(Castejón et al., 2018; Guo et al., 2009; Lee and Ko, 2021; Song and Ko, 2022). The different operational variables, particle size, 
temperature, pressure and flow rate can both independently and in combination affect the oil and essential oil extraction with 
subcritical water, some operation ranges can be found in Tables 1–3. Their optimization has been addressed either with single-factor or 
univariate linear design experiments (Abdelmoez et al., 2011; Gámiz-Gracia and Luque de Castro, 2000; Khajenoori et al., 2009b) or 
with experimental desing and response surface methodology (Apibalsri et al., 2012; Yulianto et al., 2022; Guo et al., 2021; Halim et al., 
2021; Khajenoori et al., 2015a, 2015b; Vladić et al., 2017; Wu et al., 2018). 

The extraction cell has to be purged with argon or with nitrogen gas to remove air because dissolved oxygen could oxidize the 
product (Eikani et al., 2007; Yulianto et al., 2022; Halim et al., 2021; Kim et al., 2022; Sarip et al., 2016; Miller and Hawthorne, 2000; 
Ozel et al., 2003; Pourali et al., 2009a, 2009b; Ravber et al., 2015b; Song and Ko, 2022; Soto Ayala and Luque de Castro, 2001). Also 
after extraction, the solvent can be purged with nitrogen gas (Castejón et al., 2018; Lee and Ko, 2021) using a cooler system to lower 
the extract temperature avoiding the losses of volatiles caused by the hot water (Jiménez-Carmona et al., 1999). 

The plant cellular walls are obstacles to the solvent penetration and to overcome these resistances, pretreatments of plant materials 
such as size reduction are usually proposed as initial stages. Thermal treatments, such as sterilization can aid in softening the material, 
i.e. oil palm fresh fruit bunch sterilised at 130 ◦C for 40 min resulted in the degradation of some middle lamella and cell wall (Sarip 
et al., 2016). Previous drying of the material is required to facilitate storage and for organic solvent extraction (Li, 2013), but this 
energy intensive stage would be avoided for the direct subcritical water extraction of the fresh plant material (Jiménez-Carmona and 
Luque de Castro, 1999). 

Table 3 
Examples of aplication of subcritical water extraction for the extraction of plant oils.  

Plant material Extraction conditions 
Pretreatment/SWE 

Yield/Properties Reference 

Echium seeds (Echium 
plantagineum L.) 

120-200 ◦C, 10 min 
Opt, 200 ◦C 

Lower yield than other pressurized organic solvents 
The main fatty acid were the omega-3 α-linolenic acid and 
stearidonic acid 

Castejón et al. 
(2018) 

Jojoba seeds 
(Simmondsia 
chinensis) 

180–240 min, 0.5–12 mm, 0.5:1–2:1 (v/wt), 
10–50 min 
Opt, 240 ◦C, 3 mm, 2:1, 30 min  

Abdelmoez et al. 
(2012) 

Cottonseed (Gossypium 
herbaceum) 

180-280 ◦C, 0.5–3 mm, 0.5:1–2:1 (v/wt), 
5–60 min 
Opt, 270 1C, <0.5 mm, 2:1, 30 min 

Oil identical to that extracted using CSE (H), shorted extraction 
time 

Abdelmoez et al. 
(2011) 

Palm mesocarp (Elaeis 
guineensis) 

120-180 ◦C, 3–5 MPa, 60 min 
Opt, 160 ◦C, 5 MPa 

Slightly lower yields than hexane and supercritical CO2 and 
slightly higher free fatty acid content but more favourable than 
in the commercial product 

Sarip et al. (2016) 

Rice bran (Oryza sativa 
L. japonica) 

PEF: 30–50 kV cm−1, 100–200 μs, pulse 
width 2–4 μs, 200–400 Hz, 1–2 mL s−1; 
Cosolvent: ethanol 
SWE: 160–180 ◦C, 6–7 MPa, 10–15 min 

Good quality oil meeting the standards Wu et al. (2014) 

Rice (Oryza sativa L. 
japonica) 

120-240 ◦C, 10–20 min 
Opt, 240 ◦C, 10 min 

Higher yields than conventional methods Pourali et al. 
(2009a), 2009b 

Sunflower seeds 
(Helianthus annuus) 

130-240 ◦C, 5–120 min, 1/20 g mL−1, 3.5 
MPa 
Opt, 130 ◦C, 30 min 

Extraction of oil, protein and phenolics 
Minimal oil degradation 
Antioxidant properties 

Ravber et al. 
(2015a) 

Sunflower seeds 
(Helianthus annuus) 

60-160 ◦C, 1/10-1/30 g/mL, 5–120 min, 3 
MPa 
Opt, 130 ◦C, 1/20 g mL−1, 130 ◦C, 30 min 

Comparable results to those obtained by Soxhlet (4 h) Ravber et al. 
(2015b) 

Waste palm kernel cake 
(Elaeis guineensis) 

180-280 ◦C, 5 min 
Opt, 240 ◦C 

Oil yield was half that of Soxhlet (H) 
Decreased yield of solid residue 

Zazalli et al. 
(2017)  
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4.1. Effect of particle size 

The reduction in particle size is considered as an important parameter for the extraction of both the lipid fraction and essential oil 
extraction due to its effect enlarging the surface area that facilitates solute-solvent contact, decreasing the diffusion path and reducing 
the mass transfer limitations. Crushing (Zeng et al., 2013; Zhai and Liu, 2017), grinding (Dai et al., 2016) or smashing (Li, 2013) are 
usually applied. Alternatively, an enzymatic pretreatment before the SWE of the selected plant has been proposed (Dai et al., 2016). 
Optimal values in the range 0.425–0.75 mm have been selected for seeds, rhizomes, leaves and flowers (Castejón et al., 2018; Eikani 
et al., 2007; Halim et al., 2021; Khajenoori et al., 2009b, 2013, 2015a; Lee and Ko, 2021; Li, 2013; Mottahedin et al., 2017; Pourali 
et al., 2009a), 3–6 mm for peels (Zeng et al., 2013), 3 mm for jojoba (Abdelmoez et al., 2012), and 5 mm for black pepper grains (Lee 
and Ko, 2021). Values under 0.5 mm (Abdelmoez et al., 2011; Ma et al., 2015) have also been reported. 

However, in the case of essential oil extraction, excessive milling may led to losses in highly volatile compound due to the frictional 
heat generated (Eikani et al., 2007; Khajenoori et al., 2009a, 2009b) and in some cases the selectivity could be lowered due to 
co-solubilization of undesirable constituents. The first effect can be illustrated with different examples. Whereas the content of car-
vone, and carveol were highest for a particle size under 0.425 mm, the amount of limonene was lower for ground samples than for 
unground samples, due to the volatile loss during grinding processing (Kim et al., 2022), and the amount of linalool extracted from 
0.25 mm particles was slightly lower than that for 0.50 mm as a result of vaporization during the grinding process (Eikani et al., 2007). 
In order to maintain the quantity and quality of the components it is recommended that samples are ground immediately prior to 
extraction (Eikani et al., 2007) or cut into small pieces (1 cm) instead of grinding (Gámiz-Gracia and Luque de Castro, 2000). Too fine 
particles may also difficult solvent drainage creating preferential paths in the packed beds. Some medicinal herbs are dried under the 
sun for weeks (Chiou et al., 2019) and at lower temperature of 35 ◦C in the laboratory to preserve the essential oil content (Halim et al., 
2021) or for a short period (Guo et al., 2021). 

4.2. Effect of liquid to solid ratio 

This ratio should be defined as a compromise between the extraction yield and the final product concentration in the extract. The 
lower values should maintain the solute equilibrium concentration below the saturation value to avoid incomplete extraction, whereas 
the higher values should avoid compound degradations due to prolonged exposure and the excessively diluted solutions. The optimal 
yield was obtained at a sample-to-solvent ratio of 5 mL g−1 for Aquilaria malaccensis leaves (Samadi et al., 2019), 10 mL g−1 for ginger 
oleoresin from ginger dregs (Yulianto et al., 2022), for fennel seed oil (Li, 2013), and for Camellia seed oils (Wu et al., 2018), whereas 
20 mL g−1 and 40 mL g−1 for the essential oil from C. hystrix leaves (Halim et al., 2021; Ravber et al., 2015a). A lower value was feasible 
for cottonseed oil, but maximum yield was attained at a liquid to solid ratio 2 mL g−1, since increasing proportions of water was limited 
technically, due to the increased pressure inside the reactor hindering the opening manoeuvre (Abdelmoez et al., 2011). In the 
extraction of sunflower oil, the highest yield was obtained at 20 mL g−1, the limited water content at 10 mL g−1 did not allow the 
removal of the protein and led to lower oil yields whereas at 30 mL g−1 a decrease was observed and required increased costs to have 
more water compressed and heated-up (Ravber et al., 2015b). 

4.3. Effect of pressure 

Pressure is key to keep the liquid state at the working temperature, but as a variable has a negligible effect on the SWE, since the 
dielectric constant is only mildly affected by changes in pressure below 100 MPa and higher pressures are rarely used for SWE (Carr 
et al., 2011). No influence of this variable on the extraction yield and composition of essential oils was observed in the range 1.0–5.1 
MPa (Apibalsri et al., 2012; Eikani et al., 2007; Eller and Taylor, 2004; Jiménez-Carmona et al., 1999; Jiménez-Carmona and Luque de 
Castro, 1999; Khajenoori et al., 2015a, 2009a, 2009b; Li, 2013; Sarip et al., 2016; Ong et al., 2006; Ravber et al., 2015b; Wu et al., 
2018). Most studies have been performed at 2.0 MPa (Eikani et al., 2007; Gámiz-Gracia and Luque de Castro, 2000; Soto Ayala and 
Luque de Castro, 2001). In the case of the lipid fraction from plants the fatty acid solubility in subcritical water increased with pressure 
up to 15 MPa, but at higher values an increased resistance to molecular diffusion did not enhance further the solubility of fatty acids 
(Huang et al., 2013). 

4.4. Effect of temperature 

This is one of the most critical parameters affecting both solvent and plant matrix properties during SWE. The temperature might 
significantly influence the solvation capacity due to its effects on physicochemical properties and polarity of water. Surface tension, 
viscosity and dielectric constant decrease at elevated temperatures allowing improved diffusion rate and increased mass transfer. The 
increased temperature means also an increased process severity, causes disruption of plant cells reducing solute-matrix interactions, 
and changes the components type and content and the characteristics of the extracted essential oils (Ozel et al., 2003; Vladić et al., 
2017). Sarip et al. (2016) observed an increase in the number of ruptured cell walls, which correlated with the increased glucose 
concentration in the range 120–180 ◦C. The solubilities of flavor compounds increase with temperature, but in order to avoid 
degradation (Chiou et al., 2019; Kubátová et al., 2001) nor undesirable changes in the appearance (Khajenoori et al., 2009b) or 
organoleptic characteristics of the extract (Fernández-Pérez et al., 2000) a careful selection of the conditions is required. Furthermore, 
the coextraction of undesirable compounds, such as paraffins and cuticular waxes, could occur at higher temperatures 
(Jiménez-Carmona et al., 1999). 

Usually a selected temperature is established, but also a sequence can be implemented. Guo et al. (2009) proposed a static 
extraction at 5 MPa for 30 min, programming an increase from 100 to 150 ◦C for the extraction of essential oil from red onions. Most 
studies have reported optimal extraction yields of essential oils at increased temperature up to 100–150 ◦C (Dawidowicz et al., 2009; 
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Eikani et al., 2006a, 2006c; Fernández-Pérez et al., 2000; Gámiz-Gracia and Luque de Castro, 2000; Jiménez-Carmona et al., 1999; 
Jiménez-Carmona and Luque de Castro, 1999; Ozel et al., 2003; Rovio et al., 1999; Soto Ayala and Luque de Castro, 2001), or slightly 
higher, at 156 ◦C (Samadi et al., 2019) and at 160 ◦C (Halim et al., 2021). Other studies have shown that temperatures between 125 
and 175 ◦C are the best condition (Eikani et al., 2007; Halim et al., 2021; Khajenoori et al., 2015b; Kubátová et al., 2001; Mottahedin 
et al., 2017; Samadi et al., 2019; Wu et al., 2018). At higher values, extracts with burning smell were produced as a result of 
degradation of some of the constituents (Chiou et al., 2020; Eikani et al., 2007; Guo et al., 2021; Ozel et al., 2003), particularly the 
oxygenated compounds (Gámiz-Gracia and Luque de Castro, 2000) but these temperatures were optimal in other cases (Halim et al., 
2021; Khajenoori et al., 2015b). Higher values, 200–360 ◦C have been tried for the extraction of vegetal oils (Pourali et al., 2009a). The 
influence of the effect of this variable on the yields of essential and plant oils in illustrated in Fig. 2. 

Temperature should be also selected according to solubility and stability of major components of essential oils, i.e. 200 ◦C for 
cinnamic acid, 130 ◦C for cinnamaldehyde and 170 ◦C for coumarin from cinnamon (Cinnamomum zeylanicum) essential oils (Lim and 
Ko, 2022). The solubilities of fragance compounds such as D-limonene, carvone, eugenol, 1,8-cineole and nerol increased with 
increasing temperature from 25 to 200 ◦C (Miller and Hawthorne, 2000), but conversion and decomposition caused losses. Sometimes, 
degradation is not complete, i.e. Pavlić et al. (2015) reported that coriander seed oils obtained by SWE had dark brown colors and odor 
was rather unpleasant at higher temperatures. However, after liquid:liquid extraction and evaporation of methylene chloride, pleasant 
and recognizable natural odor of coriander seeds was recovered, suggesting that complete degradation of desirable compounds did not 
occur. The cedarwood essential oil extracted at 100 ◦C or less had similar odor than the original wood as well as the supercritical CO2 
extracts and also contained cedrene, thujopsene, and cedrol in analogous proportions, but those obtained at 150 ◦C or higher were dark 
with burnt odor and almost no cedrol (Eller and Taylor, 2004) 

Some examples can illustrate the different thermal resistance of valuable compounds. Both eugenol and eugenyl acetate proved to 
be stable at 300 ◦C (Rovio et al., 1999). Chiou et al. (2020) confirmed the conversion of Japanese mint essential oil components on 
subcritical water, L-menthyl acetate to L-menthol, L-menthol to L-menthone, L-menthone to piperitone, and piperitone to thymol. 
Significant reduction in content of oxygenated compounds has been reported, i.e. dominant oxygenates from coriander seed oils 
(linalool, camphor and geraniol) at 200 ◦C (Pavlić et al., 2015), cedrol dehydration to cedrene under high temperature and acidic 
medium catalyze this conversion (Eller and Taylor, 2004), or β-caryophyllene oxidation to caryophyllene oxide (Lee and Ko, 2021). 
Halim et al. (2021) reported that the essential oil from C. hystrix leaves obtained by HD exhibit an oxygenated compounds fraction only 
slightly higher than that obtained using SWE at 160 ◦C. Up to 180 ◦C, the portion of oxygenated compounds dominate over the hy-
drocarbons. In HD the most significant fraction of oxygenated derivatives is mainly contributed by citronellal, but in SWE extract, 
citronellal was converted into monoterpenic alcohols, isopulegol and isopulegol hydrate. 

Song and Ko (2022) observed different influence of the SWE on the selective extraction of monoterpenes (linalool, linalool oxide, 
geraniol, and camphor) from coriander seeds depending on their structures. The extraction efficiency of linalool was decreased with 
the increasing temperature and time, due to hydrothermal oxidation to linalool oxide. The optimal conditions for the extraction of 
limonene from caraway (Carum carvi L.) seeds were 110 ◦C for 10 min, for carveol 170 ◦C for 10 min and for carvone 170 ◦C for 15 min 
(Kim et al., 2022). 

Regarding vegetal lipids, the temperature highly influences the solubility and an increase from 120 ◦C to 200 ◦C enhanced the 
vegetable seed oil yield (Castejón et al., 2018). The increase in molecular motion with increasing temperature allows fatty acids to 
disperse in water more effectively. Furthermore, the carboxyl group in fatty acid molecules acts as both a hydrogen donor and 
acceptor, and contributes to their molecular attraction and dissolution in water. The solubility of a fatty acid in water being higher for 
short chain length. Whereas at low SCW temperatures the oil yield was lower than with conventional extraction, at higher temper-
atures (up to 240 ◦C) exceeded the yield of the conventional techniques (Pourali et al., 2009b). Also for vegetable oils the selection of 
the extraction temperature needs to be a compromise between the efficiency of separation and the quality of the oil, avoiding the 
oxidation of fatty acids at high temperatures. Huang et al. (2013) reported maximum solubilities of stearic acid and palmitic acid in SW 
at 180 ◦C and 160 ◦C, respectively, and above these temperatures molecular degradation or oxidation by residual oxygen may occur. 

Fig. 2. Influence of the extraction temperature on the extraction yields of a) essential oils and b) vegetal oil.  
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Khuwijitjaru et al. (2004) confirmed the stability of fatty acids below 300 ◦C (at 20 MPa) and for less than 30 min, whereas operation at 
300–370 ◦C have been applied to the thermal decomposition of stearic acid, oleic acid, and linoleic acid. The primary reactions were 
isomerization and pyrolysis of fatty acids, being more termostable the saturated fatty acids. A relatively higher concentration of 
α-linolenic acid could be obtained at the optimal condition of SWE, with minimal triglyceride hydrolysis to free fatty acid and glycerol 
(Wu et al., 2018). The yield of cottonseed oil increased with temperature up to a maximum value, in the range of 20–40 min at 
190–270 ◦C, then it started to decrease by increasing the extraction time, due to decomposition (Abdelmoez et al., 2011). Usually, 
hydrolysis for vegetable oil such as coconut, soybean and linseed oils occurred at 260–280 ◦C for 20 min or at lower temperatures in 
more prolonged times (Sarip et al., 2016). 

4.5. Extraction time 

The extraction time can be also determined by the extraction temperature and by the nature of the matrix and solutes, this longer 
extraction time might be needed for harder plant textures. Also with vegetal oils, residence time favoured the oil yield, but time and 
temperature caused darkening at more than 200 ◦C due to coextraction of other components, to polymerization and browning re-
actions (Pourali et al., 2009b). In general, the kinetics of the SWE is fast and times as short as 5–15 min (Eikani et al., 2007; 
Jiménez-Carmona et al., 1999; Pourali et al., 2009a), 25 min for Aquilaria malaccensis’ leaves (Samadi et al., 2019), 29 min for 
essential oil from C. hystrix leaves (Halim et al., 2021), 30 min static also for onion essential oil (Guo et al., 2009) and for sunflower 
seeds oil (Ravber et al., 2015b), or 38 min for cinnamon essential oil (Guo et al., 2014) are suitable (Fig. 3). Extending the extraction 
period to 35 min under a high-temperatures might extensively degrade the thermolabile oil constituents of citrus leaves (Halim et al., 
2021). 

4.6. Operation mode 

Operation has been proposed in batch and/or in semicontinuous mode (Gámiz and Luque de Castro, 2000; Fernández-Pérez et al., 
2000; Jiménez-Carmona et al., 1999; Ma et al., 2015; Soto Ayala and Luque de Castro, 2001), also named as static and dynamic modes, 
respectively, and can be performed in similar or in the same equipments (Dawidowicz et al., 2009; Abdelmoez et al., 2011) and even 
combined in the same process. In static mode, the efficiency is usually defined by the equilibrium and the solubility of the compounds, 
whereas in the dynamic one, the extraction time is also defined by flowrate. Dynamic extraction can be faster due to the constant flow 
of fresh solvent, but the extract could be more diluted. During semicontinuous operation, the water flow rate must be selected 
considering both the extraction time and the final concentration (Kubátová et al., 2001). This variable also offers the possibility of 
tuning the extract composition achieving a fractionation not feasible with other configuration Gámiz-Gracia and Luque de Castro 
(2000). 

During SWE of Zataria multiflora leaves essential oil (Khajenoori et al., 2009a), agarwood oil (Apibalsri et al., 2012) and linalool 
from C. sativum seed (Eikani et al., 2007), the extraction rate increased with the flow rate, suggesting that the mass transfer from the 
solid surface was determinant. However, if the internal mass transfer was controlling, there was little effect of flow rate, as on the yield 
of Thymbra essential oil (Ozel et al., 2003). Usually optimal values of 1–3 mL min−1 (Jiménez-Carmona et al., 1999; Jiménez-Carmona 
and Luque de Castro, 1999; Khajenoori et al., 2015a; Mottahedin et al., 2017; Soto Ayala and Luque de Castro, 2001) have been 
reported. Combined static and dynamic extraction modes provide higher extraction yields with lower solvent requirements than a 
dynamic extraction and lower times than a static one (Carr et al., 2011). The initial static period is usually defined at a value of 5–15 
min and the flow rate at 2–3 mL min−1 can be established in semicontinuous operation and maintained for 20–25 min (Fernán-
dez-Pérez et al., 2000; Gámiz-Gracia and Luque de Castro, 2000; Khuwijitjaru et al., 2012), i.e. the ratio 5:15 for lime peels (Chien-
thavorn and Insuan, 2004) and 30:20 for fennel (Gámiz-Gracia and Luque de Castro, 2000) have been reported. In some cases, the 
heating time to attain the final temperature could be in the range 10–15 min (Sarip et al., 2016). 

The combined effect of time and temperature should be considered. The higher temperature and shorter extraction time defined 
the optimal conditions. Quatitative recovery of eugenol and eugenyl acetate from clove were obtained at 250 ◦C and 300 ◦C in 15 min, 

Fig. 3. Influence of the extraction time on the extraction yields of a) essential oils and b) vegetal oil.  
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and at 125 ◦C after 80 min (Rovio et al., 1999), apanese mint essential oil at 180 ◦C for 5 min and 140 ◦C for 30 min (Chiou et al., 2019) 
and β-caryophyllene and caryophyllene oxide from black pepper at 170 ◦C for 10 min or at 200 ◦C for 15 min (Lee and Ko, 2021). 
Carvacrol, the most abundant volatile compound in Satureja extract, was obtained at 100 ◦C for 10–40 min or at 150 ◦C for 5.9 min, but 
at higher severity the content decreased (Vladić et al., 2017). 

In this context, a schematic diagram of the equipment used for SWE is shown in Fig. 4, including a batch contact in stirred tanks, the 
possibility of operating in semicontinuous configuration in a packed bed with continuous removal of fractions varying in composition, 
as well as other combined strategies, such as the ultrasounds assistance (Jiang et al., 2013; Guo et al., 2021), the enzyme digestion 
(Ming et al., 2016; Zhai and Liu, 2017) or the pressure-released distillation (Chiou et al., 2019). Some of these equipments are 
commercially available and others are homemade. 

4.7. Cosolvents 

The addition of cosolvents has also been tried to enhance the yields of some components. Chienthavorn and Insuan (2004) added 
10%–30% methanol or ethanol into the water and observed that a high percentage of alcohol dramatically increased the extraction 
efficiency of monoterpene but slightly for the oxygenated components from lime peel. Other solvent modifiers enhancing the green 
characteristics of SWE are preferred, including natural deep eutectic solvents, deep eutectic solvent and ionic liquid (Benvenutti et al., 
2019; Lanari et al., 2022). 

4.8. Oil recovery 

A critical stage is the removal of the solutes from the aqueous extract. Different strategies have been proposed, most of them are 
suitable for the low volumes used in laboratory studies, others could be feasible for practical uses. In the recovery of essential oils, 
experiments were carried out in order to break the emulsion thus obtaining two immiscible phases. Three strategies were assayed; 
namely, centrifugation, lyophilisation and addition of chemical reagents/solvents (Soto Ayala and Luque de Castro, 2001). In the 
recovery of vegetal oils the extracts usually form three layers: oil, oil-water emulsion and water (Sarip et al., 2016). Centrifugation at 
4 ◦C of the water-oil emulsion is a simple strategy (Ravber et al., 2015a; Wu et al., 2018); but no phase separation can be attained in 
some cases, i.e. with oregano essential oil (Soto Ayala and Luque de Castro, 2001). Water also extracted other soluble compounds and a 

Fig. 4. Schematic diagram of SWE system, a) stirred batch reactor, b) packed semicontinuous bed (Jiménez-Carmona et al., 1999; Gámiz-Gracia and Luque de 
Castro, 2000; Eikani et al., 2007; Lee and Ko, 2021; Rovio et al., 1999; Khajenoori et al., 2009a), c) pressure-released distillation during subcritical water 
treatment (Chiou et al., 2019), and d) ultrasound-enhanced subcritical (Ma et al., 2015). (1) gas cylinder; (2) pressure valve; (3) gas inlet; (4) pressure gauge; (5) 
rotor; (6) gas outlet valve; (7) safety valve; (8) thermocouple; (9) electric heater; (10) impeller/stirrer; (11) cooler; (12) reactor vessel; (13) reactor controller; (14) 
stirring speed controller; (15) temperature controller; (16) water tank; (17) pump; (18) preheater; (19) extraction cell; (20) oven; (21) cooler; (22) collector; (23) loop; 
(24) water bath; (25) ultrasonic generator. 
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powder impregnated with the essential oil remained after liophilization (Soto Ayala and Luque de Castro, 2001). 
Addition of chemicals and solvents proved also suitable. A liquid-liquid extraction stage with pentane, with hexane (Abdelmoez 

et al., 2011; Chienthavorn and Insuan, 2004; Song and Ko, 2022), with hexane and acetone (Pourali et al., 2009a), with diethyl ether 
(Eller and Taylor, 2004) or with methylene chloride (Pavlić et al., 2015) in one or more steps was useful for analytical purposes. 
However, the use of organic solvents counteracts the benefit of using SWE (Carr et al., 2011). 

Salts can break oil and water emulsions by a salting out effect. Both NaCl or hydrochloric acid could be added, shaken for 1 min and 
then allowed to stand (Eikani et al., 2007; Fernández-Pérez et al., 2000; Khajenoori et al., 2009a, 2009b; Kim et al., 2022; Ozel et al., 
2003; Soto Ayala and Luque de Castro, 2001) and then an organic solvent can be added, usually in proportion of 1:1, and after mixing, 
standing, separating phases and the essential oil can be concentrated (Bai et al., 2013; Dai et al., 2016; Ou and Shi, 2014). The addition 
of KCl and absolute alcohol at 1:1 vol ratio has been also claimed to shorten time with low cost in a method suitable for commercial 
production (Li, 2013). 

Alternatively, if the complete removal of compounds was not successful with this strategy, extraction with C18 solid phase trap was 
preferred for the recovery of components, such as eugenol and eugenyl acetate (Rovio et al., 1999), or for the essential oil, such as that 
form oregano (Ozel et al., 2003). Additional purification and concentration through a supramolecular distiller, was proposed to obtain 
refined mandarin peel oil (S. Wang et al., 2013; Wu et al., 2013). These strategies proved also useful for oil extraction from sunflower 
(Ravber et al., 2015a), which could be further refined by decolourization in atlapulgite and activated carbon, followed by 
alkali-refining and deacidification (Wu et al., 2014). 

5. Combination with other intensification technologies 

The intensification strategies aid in the extraction of both oils and bioactive compounds, which could confer additional value to the 
final product. They can be applied either as a pretreatment stage before or simultaneously with subcritical water extraction (Wang 
et al., 2013) proposed blending and puffing stages to modify and improve the structural properties of different plant materials to favor 
the essential oil extraction. They applied microwave heating (2000 W, 2–4 min), and ultrasonic (150–250 WL–1, 20–25 kHz, 5–10 s, 
intermittent time 5–10 s) treatment to enhance the SWE performance (12–16 MPa, 120–130 ◦C, 30–50 min). Huang et al. (2010) 
observed that using an ultrasonic probe (250 W, 20 KHz) introduced into the SWE device operating at 160 ◦C, 5 MPa in 25 min 
increased extraction yield of volatile oil from Lithospermum erythrorhizon. 

Guo et al. (2021) confirmed that a continuous ultrasonic treatment (145 W, 18.5 KHz) damaged the celular integrity and enlarged 
number and size of the pores, and enhanced SWE (140 ◦C, 25 min, 5 MPa), shortening the extraction time maintaining the yields and 
improving the quality of cinnamon oil. The cinnamaldehyde yield and content was the highest compared to SD and SWE, some 
non-oxygenated components, such as α-calacorene and copaene, were higher in SWE and USWE, but the contents of eugenol were 
lower. In addition, the cinnamon oil from USWE exhibited the strongest scavenging capacity, followed by those from SWE, SD, and 
UAE. Ma et al. (2015) reported benefits of using an ultrasonic probe (250 WL–1, 20 kHz) into the SWE equipment (120 ◦C, 20 min, 10 
MPa) to obtain Kaempferia galangal essential oils and antioxidants, both techniques being more efficient than SD. In SD samples 
twenty-one different compounds were identified, only nine in USWE and twelve in SWE, confirming the lower impurities content of 
these latter. The extraction time for the USWE was only 20 min, whereas those for SD and SWE were 240 min and 30 min respectively. 
Ultrasound (250 W, 20 kHz) promoted the dissolution of fatty acids (stearic acid and palmitic acid) in SW (Huang et al., 2013). The aid 
with pulsed electric field is less studied, but Wu et al. (2014) proposed its use in the SWE of rice pollard oil from rice bran. 

Filly et al. (2016) proposed a SWE heated by microwaves as a pretreatment before conventional HD. The initial working pressure of 
nitrogen was 3 MPa, heating with 1000 W to reach 125 ◦C in 15 min, and then maintained for 30 min. A prolonged exposure during HD 
decreased the terpene stability. The extract contained higher proportion of linalool than linalyl acetate, which can be due to the 
degradation, and presented also a significant amount of 4-terpineol, due to the rearrangement of linalool. The extraction microwave 
technology offers a product similar odor to that of the plant. 

6. Comparative performance with conventional techniques 

6.1. Essential oils 

L Literature reports on the advantageous performance of SWE over conventional and over other intensification technologies. The 
shorter extraction time and higher yields in comparison to conventional extraction (hexane, methanol, hot water, and hydro-
distillation) of geraniol and linalool oxide (Song and Ko, 2022) and for cinnamon essential oil over SD (Guo et al., 2014) were reported. 
Guo et al. (2009) found that SWE required less time and energy and provided higher quality of red onion essential oil than SD and 
ultrasonic-assisted extraction. The subcritical water extraction-based method is quicker (15 min) compared to HD (3 h) for the 
extraction of oregano oil and higher yields for eight of the eleven major compounds were observed (Gámiz-Gracia and Luque de Castro, 
2000; Soto Ayala and Luque de Castro, 2001). Comparable extraction yields to the conventional extraction process in shorter 
extraction time for marjoram leaves (Jiménez-Carmona et al., 1999) and agarwood oil yields (Apibalsri et al., 2012) were observed. 
Despite a higher amount of extractant is required for performing SWE, using liquid to solid ratios 10 compared to 1 in HD, is 
compensated by the energy saving because the cost required for water evaporation surpassed that required for reaching subcritical 
conditions (>5 bar and 150 ◦C) by about twenty times. Furthermore, SWE can be more selective, allowing the manipulation of the 
composition of the extract by changing extraction temperature and flow-rate. 

Hydrodistillation has a distinct mechanism of extraction (mainly distillation), whereas SWE and Soxhlet extraction are mainly 
dissolution and/or solubilization of the essential oil in the solvent. The extraction of non-oxygenated components is enhanced in 
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hexane extraction due to its polar character, and in HD due to their lower vapor pressures compared to oxygenated components. 
Despite the lower total extraction yields for SWE, the hydrocarbons yields were very low and the oxygenated components content was 
higher. Oxygenated compounds are more valuable than monoterpene hydrocarbons, and confer fragance properties to the product. 
This advantageous product composition has been found in different studies, and some examples are summarized in Table 1. 

Different studies confirmed the potential of SWE to obtain a higher quality essential oil, not only regarding composition but also 
properties, i.e. with a better reproduction of the natural aroma than the hydrodistilled oil. Some examples are summarized in Table 2. 
Jiménez-Carmona et al. (1999) reported that marjoram oil obtained by HD contained more monoterpene hydrocarbons (α-pinene, 
β-pinene and β-myrcene) but the SWE oil contained more oxygenated compound, and the efficiency of SWE was 5.1 times higher in 
shorter times. Gámiz-Gracia and Luque de Castro (2000) observed better performance for the SWE of essential oil from fennel in 50 
min, whereas hydrodistillation required 4 h and dichloromethane extraction required 24 h. Advantages were also found regarding 
cleanliness and the possibility of manipulating the composition of the extract by changing extraction conditions. 

Fernández-Pérez et al. (2000) reported higher yields with SWE operating in static-dynamic mode during 40 min compared to 
hydrodistillation and liquid-liquid extraction to obtain laurel essential oils in 3 and 24 h, respectively. The oils contained higher 
amounts of oxygenated compounds and lower amounts of terpenes. Prolongating the static period enhanced the ratio of oxygenated 
compounds, but this period was not needed to obtain an essential oil rich in the major compound (1,8-cineole). Chienthavorn and 
Insuan (2004) reported that water distillation was more efficient in removing oxygenated components for lime peel, but required a 
long extraction time; the highest oxygenated content was found for SWE whereas dichloromethane sonication extracted the less 
valuable monoterpenes. Eikani et al. (2006a) concluded that pressurized low polarity water extraction using a bench scale apparatus 
provided essential oil with higher amount of cumin aldehyde than hydrodistillation and Soxhlet extraction. Eikani et al. (2006b) found 
that under optimum conditions the SWE efficiency was as high as that for hydrodistillation and Soxhlet and was quicker and more 
selective for the valuable oxygenated constituents from lavender. Mottahedin et al. (2017) reported that SWE is safer than organic 
solvents for increasing the quality of turmeric rhizome essential oil, containing mainly curcumin. 

Samadi et al. (2019) reported on the structural damage to leaves after SWE, observable as pores, and the 2.5 times higher extraction 
yield than HD in 8.4 times shorter periods (Samadi et al., 2019). Khajenoori et al. (2013) reported that SWE produced Matricaria 
chamomilla L. essential oils with more oxygenated components than the oil from HD. Lee and Ko (2021) reported lower extraction 
yield of caryophyllene in SWE than in CSE using methanol and ethanol, because this sensitive sesquiterpene is hydrophobic and highly 
soluble in organic solvents. However, caryophyllene oxide, an oxidized form of caryophyllene, was only extracted by SWE. Kim et al. 
(2022) found higher carvone concentration for SWE than for HD, due to the good solubility of oxygenates in subcritical water, whereas 
the higher limonene concentration in HD extracts was due to favoured vaporization. Furthermore, limonene was partially converted to 
carvone during SWE by oxidation and dehydrogenation steps. 

Coextraction of other valuable compounds has been observed, in particular polyphenol compounds (Zeković et al., 2016). Ozel 
et al. (2003) spicata leaves showed more concentrated aroma and also contained phenolic compounds. Khuwijitjaru et al. (2012) 
extracted major flavoring compounds from cinnamon bark, i.e., cinnamaldehyde, cinnamic acid, cinnamyl alcohol and coumarin, with 
lower recoveries than in 50 % methanolic extracts, suggesting that degradation of these components might occur during SWE. Under 
optimal temperature conditions, the product also contained caffeic, ferulic, p-coumaric, protocatechuic and vanillic acids and higher 
radical scavenging activity against DPPH than the methanol extraction. Pavlić et al. (2015) found higher extraction yield of coriander 
essential oil with methylene chloride due to the extraction of vegetal oil and the yield from supercritical fluid extraction was higher 
than by hydrodistillation due to coextraction of fatty acids and other non-polar compounds. However, the SWE extracts were richer in 
antioxidant polyphenols. Vladić et al. (2017) obtained Satureja montana extracts with high phenolic content and antioxidant prop-
erties, carvacrol being the dominant volatile component. Yabalak et al. (2020) reported the highest phenolic yields from Origanum 
munzurense with SWE compared to methanol, water, acetonitrile and ethanol, as well as more potent reducing, antiradical and 
antimicrobial properties than tetrahydrofuran extracts. Similarly, (Liu et al., 2023) enhanced the antioxidant properties of finger citron 
essential oil due to phenolic compounds and (Sarip et al., 2016) enrichment in crude palm oil in carotene. 

6.2. Vegetal oils 

The aqueous extraction is an alternative method to obtain oil and protein from oilseeds, and is usually performed at temperatures 
lower than 100 ◦C, at acidic or at alkaline pH. However, SWE requires only water as solvent, and is valid not only for extraction, but 
also for hydrolysis of different fractions (polysaccharides, proteins), into various water soluble products (amino acids, sugars) The 
aqueous extraction is an alternative method to obtain oil and protein from oilseeds, and is usually performed at temperatures lower 
than 100 ◦C, at acidic or at alkaline pH. However, SWE requires only water as solvent, and is valid not only for extraction, but also for 
hydrolysis of different fractions (polysaccharides, proteins), into various water soluble products (amino acids, sugars). Some examples 
are summarized in Table 3. (Ravber et al., 2015a, 2015b) proposed SWE for the extraction of oil and water solubles from sunflower 
kernels. Operating at 130 ◦C during 30 min found comparable oil yields as those after 4 h in Soxhlet. The need of more prolonged times 
at 160 ◦C could be ascribed to the lower solubility of protein, and rupturing the protein structure or its removal is needed for facil-
itating oil extraction. Proteins and carbohydrates are more susceptible to hydrothermal degradation than oils since only small amounts 
of free fatty acids had formed during processing, with a drastic increase at 240 ◦C. The oils are very stable under 190 ◦C, but at higher 
temperature the free fatty acid content increases after 30 min. At 240 ◦C can reach almost complete conversion of triglycerides in 120 
min. The presence of FFAs in edible oils causes rancidity, increasing purification costs and lowering quality, but other aplications are 
posible, including biofuel production. Oil contain small amounts of total free fatty acids, but higher than with Soxhlet, and require 
further refining. The acidification of the media results in hydrolytic and hydrothermal reactions, such as dehydration, decarboxylation 
and hydrolysis of triglycerides to free fatty acids, especially at more than 250 ◦C. Antioxidant capacities of lipid soluble compounds in 
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oil samples increases at temperatures higher than 130 ◦C, but at 160 ◦C and times longer than 60 min, decreased, probably due to the 
degradation of antioxidants and the improved solubility in the aqueous phase of those newly formed, which could not be extracted to 
the oil phase. Similarly, Castejón et al. (2018) did not find degradation in the echium seed oil components and high content of some 
omega-3 fatty acids were identified, including α-linolenic acid and stearidonic acid. However the optimum yield obtained with water 
under pressurized conditions was observed at 200 ◦C, but was lower than for other organic solvents, representing 40% of the yield 
attained with ethanol. 

Zazalli et al. (2017) applied SWE to recover oil from the waste palm kernel cake produced at oil mills, requiring half of the yield 
needed with hexane in Soxhlet and also observed a decrease in the solid residue. Abdelmoez et al. (2011) extracted cottonseed oil at 
270 ◦C and 30 min, and the oil was identical to that extracted using hexane. Chiou et al. (2019) obtain essential oil from Japanese mint 
using SWE with pressure-releasing distillation. The yields of the aroma components, both L-menthol and L-menthone, were higher in 
the initial fractions (5 min) and provided comparable yields to SD in more than 1 h. The yields of L-limonene, L-menthone, and 
piperitone exhibited similar trends to that of L-menthol, at 100–180 ◦C, but decreased at 220 ◦C, whereas the yields of iso-menthone, 
3-octanol, and l-menthyl acetate increased up to 220 ◦C. 

Sarip et al. (2016) used hot compressed water extraction of crude oil from palm mesocarp and found decreasing yield at more than 
160 ◦C, probably due to oil degradation. However, up to 180 ◦C no effect on the free fatty acid content of the oil was observed, unless 
the times were prolonged. 

Wu et al. (2018) reported the simultaneous extraction of edible oil and saponins from Camellia oleifera seeds with SWE. The oil has a 
similar fatty acid profile and quality as those of the cold pressing and Soxhlet but the oils extracted by SWE were more resistant to lipid 
oxidation and contained more lipophilic compounds, such as fatty alcohols, sterols and hydrocarbon, and more bioactive compounds 
and antioxidant properties than cold-pressed oils. In addition, the α-linolenic acid and unsaponifiable matter were better preserved. 

Compared to mechanical and solvent extraction, SWE is a promising green method for the extraction of non edible vegetable oils for 
biodiesel production. An increase in the extraction temperature in the range 180–260 ◦C increased the extraction rate, but the 
decomposition rate could also be increased, both according to a first order mechanism (Abdelmoez et al., 2015). The oil extraction and 
then it can suffer further decompostion reactions. The same mechanism was found for castor oil, which contained mainly ricinoleic 
acid, followed by oleic acid and linoleic acid (Abdelmoez et al., 2016) and for jojoba oil (Abdelmoez et al., 2012) but second order was 
found for crude plan mesocarp oil (Sarip et al., 2016). 

Pourali et al. (2009a) reported the potential of this technology to obtain rice bran oil yields comparable to those attained by hexane 
and the simultaneous extraction of other valuable components. Depending on its quality, the extracted oil can be used as an edible oil 
or as feedstock for biodiesel. The possibility of deactivating lipases limited the hydrolytic rancidity, and the adequate selection of 
conditions allowed the selective extraction of carbon or nitrogen materials, with maximum at 232 and 280 ◦C, respectively, and the 
conversion of cellulosic fractions of rice bran into di- and mono-saccharides, susceptible of being used as carbon sources in biocon-
version processes. With increasing temperatures, hydrolysis, pyrolysis, and gasification of the organic compounds occurred. Over 
190 ◦C organic acids were identified, including acetic, formic, glycolic, and levulinic acids. 

Pourali et al. (2009b) proposed SWE for the simultaneous inactivation of endogenous lipase in rice bran and to obtain the stabilized 
edible oil, requiring shorter times than conventional extraction. Oil from conventional hexane extraction showed an increase in the 
concentration of total free fatty acids by six times during 12 weeks storage, but no increase was observed in the SWE oil. 

Table 4 
Example of patents using SWE for the extraction of both vegetal oils and essential oils.  

Feedstock Observations Patent number Inventor 

Fennel Essential oil extraction CN103333741A Li (2013) 
Agarwood leaves Essential oil extraction CN104087420A Ou and Shi (2014) 
Chimonanthus salicifoliu Essential oil extraction CN104593156A Yang (2015) 
Jasmine flower Essential oil extraction CN108179065A Zhai and Liu (2017) 
Lemon-peel Eseential oil extraction CN108315099 Jin et al. (2018) 
Peony seed Essential oil extraction CN108587778A Li et al. (2018) 
Mandarin peel oil Essential oil extraction CN103113980A Zheng et al. (2013) 
Tea flower Esential oil extraction 

Equipment design 
CN103215138A Bai et al. (2013) 

Seeds Subcritical wáter pretreatment before oil extraction with organic 
solvents. 

US2017253829A1 Kumar and Majeranowski 
(2017) 

Soybean Vegetal oil extraction CN102925285A Wu et al. (2013) 
Soybean Vegetal oil extraction 

Ultrasound assistance 
CN102911787A Jiang et al. (2013) 

Onions or onion by- 
products 

Vegetal oil extraction 
Microwave pre-drying 

CN102061220A Liuping and Jinwell (2010) 

Jasmine flowers Essential oil extraction 
Ultrasound-enzyme assistance 

CN108179065A. Zhai and Liu (2017) 

Single plants or mixtures Essential oil extraction 
Enzyme assisted extraction 

CN106221939A Ming et al. (2016) 

Loquat leaves Extraction of active ingredients including triterpenoids and essential oil CN102617693A. Jie et al. (2012) 
Cane wax Equipment design for subcritical wáter extraction CN210419890U. Yang and Lu (2020)  
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6.3. Patents 

The application of SWE for the extraction of both vegetal oils and essential oils has been extensively studied at the beginning of this 
century and more recently some patents have been registered, and some examples are summarized in Table 4. In this context, 
subcritical-water extraction of essential oil has been claimed and patented for a variety of sources, including fennel (Li, 2013), 
agarwood leaves (Ou and Shi, 2014), Chimonanthus (Yang, 2015), jasmine flowers (Zhai and Liu, 2017), lemon-peel (Jin et al., 2018), 
peony seeds (Li et al., 2018), mandarin peel oil (Wang et al., 2013; Zheng et al., 2013) or tea flower (Bai et al., 2013). 

Related to the various inventions associated with technologies for the extraction of vegetal and essential oils, Kumar and Majer-
anowski (2017) proposed the use of subcritical water as a pretreatment of oilseed in a process integrating the removal of impurities 
from seeds, the oil extraction, the protein hydrolysis, and also the coal production. The extraction of vegetal oil has been also 
considered, Wu et al. (2013) obtained soybean oil without solvent residues, with high extraction rate and good quality and Jiang et al. 
(2013) claimed a method based on ultrasound assistance before subcritical water extraction of soybean oil. The application of 
intensification strategies applied with pretreatment purposes has also been reported by Liuping and Jinwell (2010) applied a previous 
microwave pre-drying to facilitate cell wall breakage before a double-stage extraction based on a subcritical water and solvent 
extraction to obtain oil and flavonoids from onions or onion by-products. Zhai and Liu (2017) claimed the assistance of ultrasound and 
enzyme treatment for the SWE extraction of oil from crushed jasmine flowers. The mixed enzyme, β-glucanase and naringinase, can be 
effective to promote the formation of the jasmine aroma compounds such as linalool, benzyl alcohol and cis- 3- hexenols. Ming et al. 
(2016) claimed the combination of enzyme assisted extraction with papain, cellulase and pectinase, and further SWE and they could 
obtain the plant essential oil rich in phenolics with antibacterial effect. The process can be applied to single plants or to mixtures. Jie 
et al. (2012) designed a sequence using water to serve as a solvent, and extracting active ingredients such as polysaccharide, organic 
acids, flavonoid compounds, saponins, triterpenoids and essential oil from the loquat leaves. Patents claiming the design of equipments 
are also found, i.e. for extraction of essential oil (Bai et al., 2013), or for dynamic subcritical water extraction of cane wax (Yang and Lu, 
2020). 

7. Conclusions and future trends 

Subcritical water extraction is a promising alternative over conventional ones even for the extraction of lipophilic fractions, 
conventionally extracted with prolonged distillation processes or with organic solvents, susceptible of causing environmental and 
safety negative impacts. Water in the subcritical state has unique and tunable properties allowing the selective extraction of different 
compounds. 

In the extraction of seed oils, this technique offers shorter times and avoids the use of toxic organic solvents (Abdelmoez et al., 
2011), in the extraction of essential oils offers advantages over hydrodistillation, concerning temperature degradation of some 
compounds and high energy consumption. In addition, this technology allows the extraction of other bioactives, which could confer 
enhanced stability of the oils (Wu et al., 2018) or in essential oils promotes the concentration of valuable components compared to 
hydrodistillation and Soxhlet extraction (Eikani et al., 2007; Song and Ko, 2022), due to the possibility of manipulating the compo-
sition by changing extraction selectivity. The sequential processing of the raw material allows to solubilize and hydrolyze polymeric 
fractions, with higher resource utilization than other methods. The possibility of intensification to enhance both rates and selectivity 
should be explored (Guo et al., 2021). 

However, the conditions leading to posible degradation of the protein and carbohydrate fractions need to be known, even when 
partial hydrolysis could favor some nutritional, functional and bioactive properties (Zeković et al., 2016; Halim et al., 2021; Yulianto 
et al., 2022). The stability of oil could be maintained under these conditions (Ravber et al., 2015) although darkening could occur (Guo 
et al., 2021) and a compromise solution between yield and off odors should be also achieved (Eller and Taylor, 2004). The separation of 
oil from the water phase is an issue requiring fast, cheap and clean strategies for breaking the emulsion and separating the phases (Soto 
Ayala and Luque de Castro, 2001). Another limitation could be related to the co extraction of essential and vegetal oils could be a 
problem requiring further separation (Pavlić et al., 2015). 

In a recent study by Kant and Kumar (2022) evaluated different techniques to obtain essential oils and concluded that non con-
ventional methods have lower cost, and time, solvent and energy demand than conventional. The techno-economic and environmental 
analysis confirmed that water distillation with full energy integration is the best method for rosemary oil. In contrast, supercritical 
fluid extraction is the best method for oregano oil. This technology is not usually considered in the comparative studies on novel oil 
extraction techniques (Mwaurah et al., 2019; Kant and Kumar, 2022), but a complete evaluation would require the valorization of 
other valuable components that could be also extracted in a sequential fractionation of the material. 

The advances in the application of this technology for the extraction of both vegetal oils and essential oils are mainly in relation to 
the detailed knowledge on the process selectivity, but further advances are required to the practical implementation. In the extraction 
of edible oils, the formation of emulsion should be considered. The major challenges in relation to this scalable technology are the 
adequate selection of temperature and time to avoid degradation of valuable components under high temperature conditions. Also 
caution is needed for safe operation at high-temperature and high-pressure and the environmental impact should be considered. 
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Lainez-Cerón, E., Ramírez-Corona, N., López-Malo, A., Franco-Vega, A., 2022. An overview of mathematical modeling for conventional and intensified processes for 

extracting essential oils. Chem. Eng. Process. - Process Intensif. 178, 109032 https://doi.org/10.1016/J.CEP.2022.109032. 
Lanari, D., Zadra, C., Negro, F., Njem, R., Marcotullio, M.C., 2022. Influence of choline chloride-based NADES on the composition of Myristica fragrans Houtt. essential 

oil. Heliyon 8, e09531. https://doi.org/10.1016/J.HELIYON.2022.E09531. 
Lee, H.Y., Ko, M.J., 2021. Thermal decomposition and oxidation of β-caryophyllene in black pepper during subcritical water extraction. Food Sci. Biotechnol. 30, 

1527–1533. https://doi.org/10.1007/S10068-021-00983-Z. 
Li, C., Sun, Y., Zhang, Y., Zhou, X., Zhang, H., Zhang, W., Zheng, Y., 2018. Method for Extracting Peony Seed Oil, CN108587778A. 
Li, J., 2013. Preparation Method for Subcritical Fennel Essential Oil Water Extraction, CN103333741A. 
Lim, S.H., Ko, M.J., 2022. Extraction characteristics and hydrolysis of flavoring compounds of cinnamon (Cinnamomum zeylanicum) under subcritical-water 

conditions. Food Chem. 388, 133029 https://doi.org/10.1016/J.FOODCHEM.2022.133029. 
Liu, J., Li, L., Wu, W., Zhang, G., Zheng, Y., Ma, C., Li, W., Yan, Y., Xu, Z., 2023. Green extraction of active ingredients from finger citron using subcritical water and 

assessment of antioxidant activity. Ind. Crops Prod. 200, 116821 https://doi.org/10.1016/J.INDCROP.2023.116821. 
Liuping, F., Jinwell, L., 2010. Method for Preparing Onion Functional Components by Using Double-Stage Extraction Based on Subcritical Water and Solvent Method, 

CN102061220A. 
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