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Historically, cannabis has always constituted a component of the civilized world; archaeological discoveries

indicate that it is one of the oldest crops, while, up until the 19th century, cannabis fibers were extensively

used in a variety of applications, and its seeds comprised a part of human and livestock nutrition. Additional

evidence supports its exploitation for medicinal purposes in the ancient world. The cultivation of cannabis

gradually declined as hemp fibers gave way to synthetic fibers, while the intoxicating ability of THC

eventually overshadowed the extensive potential of cannabis. Nevertheless, the proven value of certain

non-intoxicating cannabinoids, such as CBD and CBN, has recently given rise to an entire market which

promotes cannabis-based products. An increase in the research for recovery and exploitation of

beneficial cannabinoids has also been observed, with more than 10 000 peer-reviewed research articles

published annually. In the present review, a brief overview of the history of cannabis is given. A look into

the classification approaches of cannabis plants/species as well as the associated nomenclature is

provided, followed by a description of their chemical characteristics and their medically valuable

components. The application areas could not be absent from the present review. Still, the main focus of

the review is the discussion of work conducted in the field of extraction of valuable bioactive

compounds from cannabis. We conclude with a summary of the current status and outlook on the

topics that future research should address.
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1. Introduction
1.1. History of cannabis

Cannabis sativa is an annual herbaceous owering plant native
to eastern Asia; nevertheless, its sophisticated uses and wide
range of applications lead to its global distribution.1 Humans
across different eras have cultivated it for a variety of applica-
tions, such as nutrition, recreation, generation of seed oil and
ber for industrial purposes, religious and spiritual practices
and medicine.

Cannabis sativa existed prior to the development of agricul-
ture, which began about 13 000 years ago, therefore, it is
assumed to have been one of the most critical crops for the
development of civilization.2 Hemp strands discovered in clay
pots from tombs dating back to 10 000 BC constitute the earliest
archaeological proof of human use of the plant, thus, indicating
that Cannabis sativa is one of the oldest crops on earth.3,4 Out-
lining the ancient history of Cannabis sativa in its entirety is
almost impossible since its utilization and cultivation dates
before the time of the earliest discovered written texts.
Aitor Sainz Martinez received
his Bachelor's degree in chem-
istry in 2014 and his Master's
degree in synthetic and indus-
trial chemistry in 2015 at the
University of the Basque
Country, Spain. Then, he was
a PhD student under the super-
vision of Prof. Katharina
Schröder in the Laboratory of
Sustainable Organic Synthesis
and Catalysis at TU Wien. He is
about to nalize his PhD degree;

meanwhile he is working as a Product and Validation Specialist at
Intervet GesmbH (MSD) in the animal health eld.

Kristof Stagel nished his BSc
studies at the University of Pan-
nonia, Veszprem, Hungary, in
2017. Thereaer, he studied as
a pharmaceutical engineer at
the Budapest University of
Technology. He joined the
Schröder research group as
a PhD candidate in January
2020. His research mainly
focuses on the continuous
synthesis of hydrophobic ionic
liquids and their catalytic

application, and on continuous carbon dioxide valorization.

This journal is © The Royal Society of Chemistry 2023
Cannabis sativa was predominantly valuable as a ber source
for the most part of the documented history. It was considered
to be one of the most important crops up until the 19th century,
because of its useful properties, precisely its rot-resistance
capabilities, strength and durability5 and it was utilized for
several applications, such as production of coarse fabrics and
paper and manufacturing of components used in the maritime
sector. It is noteworthy that traditional planting, harvesting,
and processing of hemp for ber were exhausting processes,
mostly performed by sentenced criminals and slaves. Princi-
pally, the abolition of slavery and, additionally, the industrial
revolution, the manufacturing of synthetic bers and its
prohibition due to its intoxicating potency lead to the downfall
of the hemp ber. Eventually, hemp cultivation was forbidden
in various parts of the world; however, in the majority of the
Soviet Union, in most of Eastern Europe, and in Asia, speci-
cally in China, it was authorized.6

In the 1990s, Western countries, specically Europe and the
British Commonwealth, started developing an increasing
interest in the re-launch of the hemp sector driven by purely
economic motives. Nowadays, around 36 countries produce
Olga Lanaridi received her BSc
and MSc degrees in Chemistry
from the National and Kapodis-
trian University of Athens,
Greece. Aer her studies, she
was employed as a chemist in
Austria. In 2021 she received her
PhD in the research group of
Prof. Schröder at TU Wien. Her
research focused on alternative
approaches for the recovery of
precious metals from secondary
raw materials with the aid of

ionic liquids and deep eutectic solvents. She is currently employed
as a Post-doc student at the University of Vienna.

Heidi Halbwirth obtained her
diploma and PhD degree at TU
Wien in Biochemistry and Food
Chemistry. Aer a postdoctoral
stay in the group of Prof. Fork-
mann at TU München, she
returned to TU Wien and started
her independent scientic career
in Phytochemistry and Plant
Biochemistry. In 2016, she was
appointed as Assistant Professor
at the Institute of Chemical,
Environmental and Bioscience

Engineering, TU Wien where she became Associate Professor in
2018. Her main research interests are secondary metabolism in
plants, structure–function relationships of enzymes, and the
valorization of bioactive compounds from natural resources.
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Fig. 1 Cannabis vernacular taxonomy.6 Public domain. The Biodiver-
sity Heritage Library considers that this work is no longer under
copyright protection.30
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remarkable amounts of hemp, while China still holds its place
as the largest producer of hemp on a global scale.6

The discovery of cannabis seeds in Chinese tombs dates back
to over 4500 years.7 They have been used for human
consumption as nourishment and for livestock for at least three
millennia.8 Even though there is not much evidence from
ancient times in Europe, traditional European recipes,
including hempseeds as ingredients, support the assumption
that these seeds, at least to a lesser degree, were utilized in
human nutrition for centuries9 and were generally consumed by
the underprivileged. Hempseed oil was also used as lighting oil
up until the commencement of the 19th century, due to its lower
cost compared to whale oil.6

The 19th and the beginning of the 20th century were the
golden ages of hemp cultivation; nevertheless, the economic
importance of hemp seeds was minor for the major part of
history and by the mid-20th century it became insignicant.
During the second half of the 20th century, hemp seeds were
usually used as animal foodstuff and only occasionally for
human consumption.6

Regarding the intoxicating properties of cannabis, evidence
has been found that it was used for shamanistic rituals in
ancient China prior to the Han Dynasty, during which its
medicinal properties were rst documented in a written
format.10–12 Cannabis remains (leaves and bracts, which have
the highest THC content) along with utensils discovered in the
2500 years-old Yanghai tombs, located in China, suggest that
the intoxicating effects of cannabis may have been known.13 In
southern Asia, cannabis usage was established for medicinal
purposes and religious events.14,15 In other major countries of
the ancient world, such as Rome, the Islamic empire, Greece,
India, Egypt and Assyria, cannabis was utilized as medicine.16–18

However, access to cannabis for medicinal purposes was
extremely limited during the rst millennium A.D. and it seems
that in Europe the species were mainly cultivated for hemp
ber.

By the late 19th century, recreational marijuana use reached
Mexico and in the southern US cannabis tinctures were rst
listed in the American pharmacopoeia in 1850.14,19 Between the
Michael Schnürch received his
PhD degree in 2005 under the
supervision of Prof. Peter Sta-
netty. He completed his habili-
tation in 2013 and in 2016 he
was promoted to the position he
still holds, Associate Professor
for Organometallic Chemistry at
TU Wien. His research interests
lie in the eld of synthesis of
heterocyclic compounds for the
manipulation of cell differentia-
tion and GABAA receptors, C–H

activation and sp3 centers, green chemistry and energy storage via
organic molecules.

678 | Nat. Prod. Rep., 2023, 40, 676–717
mid-19th century and World War II, cannabis was largely
employed in the West for its medical value, whereas its recre-
ational use was strictly associated with low-class and under-
privileged people of rural areas. In the second half of the 20th
century, cannabis became highly popular as a recreational
intoxicant among cultured people residing in urban areas.
Eventually, the rise of hedonism and psychedelia in the late 60s
and their globally perceived inextricable link with marijuana
brought about an extensive global illegal market. Cannabis
developed into the world's leading illicit entertainment drug
during the last century.6
1.2. Cannabis classication and nomenclature

The naming of Cannabis sativa species follows the binomial
nomenclature, which is a formal system of naming living
organisms by assigning to them a two-part Latin name. The rst
part of the name establishes the genus and the second part
Katharina Schröder (born K.
Bica) received her PhD 2006
from TU Wien and later joined
the Queen's University Belfast/
UK for a post-doctoral stay. Her
research interests lie in sustain-
able organic chemistry, with
a special focus on novel catalytic
processes for asymmetric
synthesis, carbon capture and
utilization and waste valoriza-
tion. In 2019, she received the
ERC consolidator grant. Since

2021, she was appointed Full Professor in Sustainable Chemistry
at TU Wien.

This journal is © The Royal Society of Chemistry 2023
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Table 1 Vernacular taxonomy, botanical taxonomy and characteristics of cannabis species32

Vernacular taxonomy Description Formal botanical name

“Indica” Broad leaets, compact habits, early maturation Cannabis afghanica
“Sativa” Narrow leaets, slender and tall habit, late growth Cannabis indica
“Ruderalis” Varied leaets, shorter stature, small size and wild-looking Cannabis sativa
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identies the species within the genus.20 Sativa comes from the
Latin botany-related adjective sativa (f), sativus (m) and sativum
(n), which means cultivated, and it is assigned to seed-grown
domestic crops which are benecial for human health.

The species of Cannabis sativa L. belong to the family of
Cannabaceae with which the former family of Celtidaceae was
recently merged.21 The conventional botanical taxonomy of
cannabis acknowledges two subspecies: Cannabis sativa
subspecies sativa, and Cannabis sativa subspecies indica
(Fig. 1),22 which are regarded as disparate species by some
botanists.23,24 The terms “Sativa” and “Indica” are typically used
by acionados and medicinal users of cannabis and this
vernacular taxonomy of drug-type cannabis has rapidly spread
worldwide. However, we should draw attention to the fact that
the terms Cannabis sativa and Cannabis indica (in italics) have
no relation to the terms “Sativa” and “Indica” (in quotations
marks). This difference has developed into a source of confu-
sion in proper labelling.25

Cannabis species were initially classied in 1753, by the
Swedish botanist Carl Linnaeus.26,27 The initial description of
the appearance of the Cannabis sativa ower by Linnaeus is
utilized for all the plants of the cannabis genus.27,28 The formal
botanical name, Cannabis indica, was introduced by Lamarck
and was assigned to the plants of Indian origin and to their
South African and Southeast Asian descendants.29 Cannabis
indica has noticeable morphological differences from Cannabis
sativa, in the owers, leaets, branching habitus and stalks.
Additionally, Cannabis indica produces a strong distinctive
scent which can induce intoxication when smoked.6

The vernacular categorization denes three terms: “Indica”
as Cannabis afghanica, “Sativa” as Cannabis indica, and
“Ruderalis” as Cannabis sativa, which is quite misleading (Table
1). The botanists McPartland and Guy suggested to align the
formal botanical name with the vernacular nomenclature by
matching the names Cannabis indica and Cannabis sativa with
“Indica” and “Sativa”, respectively, for the sake of consis-
tency.31,32 Nevertheless, only some researchers have taken this
classication into consideration.32–34

The lack of a universally accepted classication system for
cannabis varieties has, unfortunately, enabled the development
of the vernacular classication. Consequently, the classication
used by consumers of commercial cannabis can be distinct
from the one assigned by botanical taxonomy.35
Fig. 2 Structures of principal cannabinoids.
1.3. Valuable compounds present in cannabis and their
medicinal merit

1.3.1. Cannabinoids. Cannabinoids are an atypical cate-
gory of terpenophenolic secondary metabolites present in
This journal is © The Royal Society of Chemistry 2023
cannabis plants.23,36 They are a distinctive characteristic of
cannabis plants and the most valuable cannabinoids, in terms
of biological activity, present in Cannabis sativa. Currently,
more than 500 constituents in cannabis have been reported.
Among them, 125 cannabinoids, 42 phenolics, 34 avonoids,
120 terpenes and 2 alkaloids have been identied.37

Cannabinoids in their neutral form have a skeleton
comprising 21 carbon atoms. The structures of the principal
cannabinoids are depicted in Fig. 2. They have been classied in
10 different sub-categories, namely, (i) cannabidiol (CBD), (ii)
cannabigerol (CBG), (iii) cannabichromene (CBC), (iv) canna-
bicyclol (CBL), (v) cannabielsoin (CBE), (vi) cannabinol (CBN)
and cannabinodiol (CBND), (vii) cannabitriol (CBT), (viii) D8-
tetrahydrocannabinol (D8-THC), (ix) D9-tetrahydrocannabinol
(D9-THC) and (x) miscellaneous.38

Cannabinoids are mainly encountered in their carboxylated
form in the living plant. Decarboxylation naturally occurs in the
plant (Fig. 3); however, the storage conditions aer harvesting
can accelerate this process (refer to section 1.6 for details). Their
production primarily takes place in the glandular hairs.39

Cannabinoid nomenclature is based on 2 different
numbering systems, meaning that the same compound can
Nat. Prod. Rep., 2023, 40, 676–717 | 679
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Fig. 3 Decarboxylation of tetrahydrocannabinolic acid (THCA) to
tetrahydrocannabinol (THC).

Fig. 4 (A) Dibenzopyran numbering, (A′) monoterpenoid numbering.
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have 2 different names; numbering can start either at the
dibenzopyran ring (used for pyran-type compounds, preferred
in North America) or at the monoterpenoid ring/unit (refers to
cannabinoids as substituted monoterpenoids, preferred in
Europe). The classication according to the dibenzopyran
nomenclature of D9-THC, indicates the existence of a carbon–
carbon double bond between C-9 and C-10 carbon atoms40 and
it is equivalent to D1-THC in the monoterpenoid nomenclature
(Fig. 4A and A′, respectively).

Typically, drug-type plants (e.g., medicinal marihuana)
contain THCA and THC as the most abundant cannabinoids,
whereas bre-type plants (e.g., hemp) have CBDA and CBGA,
followed by their decarboxylated analogues, CBD and CBG.
Cannabinoid acids are not regarded as intoxicants, however,
when they are exposed to heat, their decarboxylation naturally
occurs, generating the corresponding cannabinoids, namely
THC and CBD. Like THC, CBD is also one of the most abundant
constituents in the plant; however, it is non-intoxicating, and it
has tremendous medical potential.41–44 THC was characterized
and synthesized for the rst time in the middle of the 1960s.36,45

It affects the central nervous and cardiovascular systems, and it
has been reported that it produces pleasant effects, such as
euphoria; however, it may produce hallucinations and tachy-
cardia if large quantities are consumed.46,47 The intoxicant
capability of Cannabis sativa can be mainly attributed to the
decarboxylated form of THC. Although this intoxicating effect is
modied by the presence of other cannabinoids and possibly
terpenes, THC remains the chief intoxicating component. It
also possesses properties that can be medically exploited;
however, CBD, which is also present in considerable amounts,
demonstrates higher medical potential than THC.6

CBD has received signicant consideration in the course of
recent years, because of its numerous benecial properties,
both medicinal and pharmacological.48–50 Due to its relatively
low toxicity, it is suitable for medical applications and it can be
used alone or combined with several cannabinoids. It has
680 | Nat. Prod. Rep., 2023, 40, 676–717
proven to have antiinammatory properties and can be useful
in the treatment of neuroinammatory disorders, including
various central nervous system and peripheral disorders, for
instance, Alzheimer and it can function as an antimicrobial,
anticonvulsive and antiepileptic,49,50 analgesic, antibacterial,
antiemetic, antipsychotic, and antispasmodic.14,51 It has been
proven that it can also reduce or prevent the anxiogenic effect of
THC.47 CBD is the main cannabinoid encountered in the seeds,
while no THC is present.52 Nonetheless, the seeds can be
contaminated with THC either via contact with the plant resin
or ineffective sieving. Depending on the country of origin, hemp
seed products can contain THC in the range of 0.005 to
10 ppm.53

Overall, cannabinoids have exhibited outstanding thera-
peutic potential, as they can alleviate the effects of nausea and
emesis in patients undergoing chemotherapy, can stimulate the
appetite of HIV-positive patients, and can reduce spasticity in
adults suffering with multiple sclerosis.51 They have also shown
potential in controlling Tourette's syndrome and chronic
pain.54,55 Moreover, they have demonstrated a benecial effect
as antitumor or anticancer agents and in the treatment of
diseases, such as epilepsy, glaucoma and schizophrenia.56,57

Over the last decades, considerable steps have been made in
the direction of interpreting the interaction of cannabis with
the human physiology. Furthermore, new medicinal products
and technologies are being developed, tested or, in certain
cases, already accepted as benecial and the volume of the
available literature data has signicantly increased; however,
there is still no unanimous agreement on the merit of medical
marijuana. In various jurisdictions, medical marijuana has
become commercially available to a great extent owing to the
spread of medical dispensaries.14

Currently, many different medicines are prepared using the
bulk material of Cannabis sativa to treat chronic diseases,
epilepsy, neuropathic pain and multiple sclerosis.58–60 As
a matter of fact, the rst phytocannabinoid medicine was
authorized in the UK in 2011 to treat multiple sclerosis muscle
spasms.61,62 In 2018, a CBD-containing anticonvulsant drug was
approved in the USA.63

Many researchers use the term “medical marijuana” which
particularly refers to the herbal material, while others take
additionally into account the extracts and the natural and
synthetic cannabinoids. Others suggest the term “medical
cannabis” for non-herbal material, as it has less negative
connotation.6

On the one hand, the plants that do not produce or produce
limited amounts of THC, but generate high quantities of CBD,
are designated for ber and oilseed production, and are clas-
sied in Cannabis sativa subspecies sativa. On the other hand,
plants that produce high content of the intoxicating THC are
classied in Cannabis sativa subspecies indica. The inores-
cence, typically the female one, contains the majority of THC
and it is used for drug preparations.6

1.3.2. Chemovars classication; the solution for medicinal
cannabis consumers? In a recent study, the chemical compo-
sition of 500 different cannabis ower samples was determined.
The most consumed plant product, as established by Leay
This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2np00059h


Table 2 Medicinal properties of common terpenes of cannabis92

Terpene/
terpenoid Properties

a-Pinene Antiinammatory, antibacterial, bronchodilatory
b-Caryophyllene Antiinammatory, protects lining of digestive tract,

antimalarial
b-Myrcene Analgactesic, antiinammatory, sedative, muscle

relaxant
Caryophyllene
oxide

Antifungal, decreases platelet aggregation, treats nail
infections

Limonene Antidepressant, immunostimulant, antibacterial
Linalool Antianxiety, sedative, local anesthetic, anticonvulsant
Nerolidol Antimalarial, sedative
Phytol Sedative, prevents certain congenital malformations
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database (largest cannabis-related online site in the world), did
not exhibit comparable results in THC strength and in some
cases even the product appearance was different.64

It becomes, thus, apparent, that appropriate labelling of
cannabis products enables their proper categorization and
allows end users/consumers to select the product that best suits
their needs. The chemical content of each commercially avail-
able product should be provided. This is especially important
for users of medicinal cannabis, who face the major challenge
of obtaining a product that is appropriate for their respective
treatments, since the chemical prole of the product must
precisely t their medical needs. A wide variety of legally
accessible, high-quality, consistent, and safe cannabis products
must be guaranteed.65 Medical consumers and their physicians
could benet from an overview of chemical content in
commercially available cannabis to effectively shi from
a benecial illegally acquired product to a high-quality equiva-
lent accessed through a legal route. Creating a new classica-
tion method based on chemical proling (“chemovars”) might
be complex, but the main benet is that the chemical content
description is detailed and the composition reproducible.65

Varieties of cannabis that contain 0.3% or less THC by dry
weight are characterized as hemp, whereas varieties that
contain more than 0.3% THC by dry weight are classied as
marijuana.14 According to their cannabinoid content, cannabis
varieties can be further classied as follows: type I – THC-
abundant > 0.3% and CBD < 0.5%; type II – a mixture of THC
and CBD with different moderate concentrations, which is
virtually CBD dominant, and type III – CBD-dominant with low
THC content.

Type I varieties can have intoxicating effects, with THC
reaching >30%, and they are suitable for medicinal and thera-
peutic use. Type II CBD-rich varieties can help attenuate the
intoxicating effect of THC, thereby increasing the chance of
patients strictly adhering to their daily recommended dosage
and, at the same time, increasing the therapeutic effect of CBD
on the receptors. Type III refers to cannabis that contains
mainly CBD in concentrations higher than THC, while the THC
content is less than 0.3%. This range has been randomly
assigned for legal hemp production. Type III cannabis is
considered for ber or drug-production, and if it is both rich in
cannabinoids and terpenes, for industrial goods, such as
cellulose plastics, paper, and fabric.66

1.3.3. Other valuable biologically active compounds
present in cannabis. In conventional eastern medicine, hemp-
seed has been used for alleviating diverse illnesses.67 Hemp
seeds, as historical records demonstrate, were utilized as an
analgesic, for jaundice, skin diseases, cough, sores, and colic.
Currently, an alternative treatment approach for constipation
and blood problems is based on hempseed pills derived from
Chinese medical practices.68,69

Hemp seeds contain many components, which can have
a benecial effect on health, such as polyunsaturated fatty acids
(PUFAs), digestible proteins and trace amounts of terpenes and
cannabinoids.70 The fatty acid composition of the seeds deter-
mines the quality of the oil, specically, the higher the amount
of PUFAs the better the nutritional value. Hempseed oil has
This journal is © The Royal Society of Chemistry 2023
PUFAs in abundance (normally over 80%), among them,
necessary fatty acids, such as g-linolenic acid (GLA, 18 : 3, u-6,
1–6%) and stearidonic acid (SDA, 18 : 4, u-3, 0–3%), and two
essential fatty acids (EFAs), principally linoleic acid (50–60%)
and a-linolenic acid (20–30%). Besides, hempseed oil also
contains a monosaturated fatty acid (MUFA), namely oleic acid
(18 : 1, 10–16%).14 The aforementioned PUFAs have a positive
inuence on the cell membrane functions, stimulate cell
immunology and have demonstrated their potential in allevi-
ating atopic dermatitis and psoriasis,71 while the omega fatty
acids can promote cardiovascular health.72

Hempseed oil is rich in natural essential fatty acids and,
additionally, it is the most balanced among commonly
consumed plant oils for human nutrition; the u-6 and u-3 EFAs
ratio (2 : 1–3 : 1) is the most favorable for human digestion.73–75

The dietary EFAs, which are easily absorbed by skin tissues,
contribute to the formation and regeneration of cell
membranes and function as precursors in the synthetic route of
several biochemicals that regulate the body's metabolic
pathways.76,77

Several tocopherols, such as a-, b-, g- and d-tocopherols, are
present in low amounts (0.1%) in hemp seeds.75,78 Tocopherols,
which have antioxidant properties, are part of the vitamin E
group and are vital for human nourishment. In comparison to
other available dietary oils, hempseed contains higher relative
quantities of vitamin E, typically 100 to 150 mg g−1 of oil.79–81

Moreover, hempseed contains around 0.7% of phytosterols, in
particular campesterol and b-sitosterol. They also provide many
health-benecial effects, such as reduction of the total blood
cholesterol and low-density lipoprotein (LDL) cholesterol levels
in human serum, thus, treating atherosclerosis. Hemp seeds,
additionally, consist of 25–30% proteins, which include the
eight essential amino acids.82,83

High content of phenols and polyphenols can be found in
hempseeds. Positive health effects are attributed to phenolic
compounds since they are considered to be effective antioxi-
dants and frequently exhibit antiinammatory and car-
dioprotective properties.84 Apart from that, hemp seeds also
contain carbohydrates (20–30%), oil (25–35%), dietary ber (10–
15%) and minerals (4–6%), namely zinc, sulfur, potassium,
phosphorus, magnesium, iron and calcium.14,73
Nat. Prod. Rep., 2023, 40, 676–717 | 681
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Cannabis plants give out a characteristic scent, provided by
the essential oil. Essential oils are a complex mixture of volatile
secondary metabolites that consist of terpenes (monoterpenes,
sesquiterpenes and other terpene-like compounds) and non-
terpene hydrocarbons and their oxygenated derivatives, such
as alcohols, ethers, ketone, aldehydes, esters, phenols, phenol
ethers and lactones.85,86

Generally, terpenes are the major component of essential
oils and many of them are responsible for the intense scent,
since they can be detected by the sense of smell even at low
concentrations. Currently, around 140 terpenes and terpenoids
have been identied in Cannabis sativa and their medicinal
properties are widely acknowledged (Table 2).86 In the case of
cannabis plants, monoterpenes normally represent most of the
essential oil and its particular aroma is produced by pinene and
limonene, which comprise more than 75% of the volatile
components.87–89 The essential oil composition varies signi-
cantly among different strains and cultivars of Cannabis sat-
iva.90,91 It is worth mentioning, that the interaction between
natural terpenes and cannabinoids may have a therapeutic
effect.92,93

An overview of the valuable compounds encountered in the
cannabis plant along with their location in the respective plant
parts is presented in Fig. 5.
1.4. Non-medical applications of cannabis

Cannabis sativa can be grouped into 2 main categories; the one
is the cannabis cultivated for the production of nancially
signicant materials, i.e., ber, seed oil and psychotropic drugs,
whereas, the other category comprises “wild” (weedy) plants
which are not subject to the applied cultivation practices. Hemp
bers are used for the manufacturing of ropes and textiles, and
seed oil is employed in the production of industrial oils and
dietary supplements, while it can be additionally utilized as
livestock feed, human food and occasionally as biofuel.

1.4.1. Fiber. In principle, the level of THC in ber plants is
signicantly less than 1%, which makes them unsuitable for
pharmaceutical or medical exploitation. China has been the
Fig. 5 Valuable compounds present in the cannabis plant. PUFA:
polyunsaturated fatty acids; MUFA: monosaturated fatty acid.94–96

Open access, CC BY 4.0, https://creativecommons.org/licenses/by/
4.0/.
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dominant hemp ber producer for several millennia, princi-
pally in the textile industry. Nowadays, the importance of hemp
bers in the textile sector has signicantly diminished due to
the introduction of synthetic and natural bers in the
market.6,97,98

Even though certain hemp applications, such as clothing
and paper, are currently obsolete, a diversity of novel applica-
tions has emerged and revived the hemp industry, to name
a few, horticultural planting media, biodegradable mulch,
cordage products, pressed and molded ber products, building
construction products, animal bedding based on hurds,
compressed cellulose plastics, plastic biocomposites and as
insulation material in the automotive industry.14,99,100

1.4.2. Seeds and oil. Three different types of oil can be
derived from Cannabis sativa; (i) vegetable (xed) oil, which can
be extracted from the plant seeds and mainly comprises
triglycerides, (ii) essential oil, which is produced in the ower-
ing part of the plant and can be obtained via distillation and (iii)
hashish oil, which is a THC-rich solvent extract (highly
concentrated marijuana) intended for recreational purposes.
Vegetable oils, aside from their comestible value, can be used
for fuel, medication, and personal care products. Essential oils
are complex organic mixtures containing various volatile
compounds which are responsible for the distinctive scent of
the cannabis plant. Despite their medicinal properties and their
potential as avorants and odorants, their low yield and high
price has not resulted in their widespread market exploitation
and their use still remains rather limited.6

Oen the terms “hemp oil” and “hempseed oil” are errone-
ously used interchangeably; however, they do not refer to the
same type of oil. “Hemp oil”may refer either to the vegetable oil
or to the essential oil, thus, the oilseed industry has assigned
the term “hempseed oil” to the edible vegetable oil to avoid
ambiguity. The term “cannabis oil” is even more vague since it
can be used to refer to either of the 3 oils derived from the
cannabis plant.6

Recently, the seeds have proven to be an important source of
edible oil and suitable for the production of pharmaceuticals,
nutraceuticals and functional foods. Europe and Canada have
recently cultivated varieties of cannabis that focus on oilseed
production. It is foreseen that the oilseed crops of cannabis will
create a more protable market than the ber crops, at least in
industrially advanced countries. Importing hemp seed from
China, which is currently the leading country in hempseed
production, is not at the best interest of other countries due to
various reasons; required sterilization of the seeds prior to
import signies delay in the import process, increased costs
and a decrease in the quality of the seeds. Additionally, steril-
ized seeds go stale rather fast, which is an undesirable property
of seeds intended for human consumption. Domestic-seed
production is, therefore, preferable. The EU, which was
heavily focused on ber crops, has only recently realized the
promising future of the oilseed. In contrast, Canada, which has
always exploited the oilseed crops, has emerged as the global
provider of hempseed products used in the manufacturing of
natural foods, nutraceuticals and cosmetics. The USA is
This journal is © The Royal Society of Chemistry 2023
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expected to follow suit ensuing the local legalization of indus-
trial hemp.6

Nowadays, many food preparations, such as breads, yogurts,
and salad dressings, contain hemp seeds and/or hemp seed oil.
Additionally, hemp essential oil is used as a avorant for alco-
holic beverages. Hemp seeds have been typically used comple-
mentary to poultry feed.101 The seed cake, obtained from
extracting the oil from the seeds, has proven to be an excep-
tional nutrition source for sheep, lambs and cattle.102,103 Since
the late 20th century, hempseed oil has been used in a different
array of cosmetic products, such as soaps, shampoos, and lip
balms. It is also present in industrial products, such as printing
inks, lubricants for machinery, sealants, varnishes and oil
paints.104 In addition, it has been transformed into biodiesel
and has been used as a green alternative to non-renewable fuel
sources.105

The essential oil of Cannabis sativa is costly (approximately
1100 V per liter) since the obtained yields are quite low (around
1.3 liter per ton fresh weight – 10 liter per hectare).90,106
1.6. Cannabis storage and impact on composition

Ensuring the integrity of sample characteristics from the time of
collection until the time of analysis implies that the trans-
portation and storage conditions should be carefully monitored
in order to minimize its degradation and/or contamination.

A crucial factor that can affect the overall quality, medical
efficacy and value of cannabis products is the humidity level
upon storage of the harvested and cured ower. According to
the American Society of Testing and Materials (ASTM) Interna-
tional, the optimal humidity level for cannabis storage is in the
range of 55–65%. Exceeding the recommended values exposes
the harvested ower to possible growth of mold and fungus,
while failing to reach the minimum value can lead to extensive
dryness, thus, substantial loss of critical components, such as
cannabinoids and volatile constituents, such as terpenes.107

Sample processing prior to analysis or extraction is another
important consideration that will largely determine the sample
homogeneity and associated reliability of the analytical
outcome. Despite the advantageous effects of sample grinding,
i.e., increased homogeneity and surface area and decreased
particle size, all of which benet extraction efficiency, at the
same time, grinding also impacts the sample in an undesirable
manner; increased contamination risk, introduction of
humidity, possible losses of volatile compounds and alteration
of labile ones. Cryogenic grinding is an alternative that can
largely circumvent the unwanted outcomes mentioned above.108

Studies have demonstrated that THC, both in herbal and
resin cannabis preparations (marijuana and hashish),
progressively decomposes over time to CBN,109 which is believed
to be a mere chemical degradation product rather than a natu-
rally/biochemically occurring component.110 Decomposition of
D9-THC, when exposed to light and air, to CBN, proceeds
through an oxidation reaction.

Although this gradual conversion of THC to CBN is an
inevitable process, storage conditions can signicantly delay or
accelerate it. Taking into consideration that there might be
This journal is © The Royal Society of Chemistry 2023
either a considerable time lapse between sample reception and
analysis or the need for re-evaluation of an old sample or even
both, it is crucial to be able to accurately determine the effect of
time and storage conditions on the sample composition.

It has been known since 1969 that the THC content of mari-
juana stored at RT is decreasing at a rate of 3–5% per month.111

Three independent 4 year long stability studies, demonstrated
that light and temperature have a dramatic effect on the
decomposition of THC to CBN, while they mediate different
aspects of the process; light impacts the stoichiometry of the
conversion of THC to CBN, whereas temperature accelerates the
conversion.109,112,113 In any case, samples stored at RT in direct
contact with the atmospheric air, either in light or darkness,
suffered the most pronounced losses in THC, ranging from 65%
to almost 100%, depending on the sample origin and initial
composition. Since many of the substances in cannabinoids can
undergo oxidation, sealing the samples in plastic bags can reduce
the losses to 25–42%. It should be mentioned that the increase in
the total amount of CBN does not correspond with the total
decrease of THC, an observation which implies that THC
degrades to other products apart from CBN. Negligible impact on
the initial concentrations of cannabinoids is observed when
samples are stored in the freezer at −20 °C. In contrast, storage
conditions have no signicant impact on the CBD content.112

Short-term stability studies (15–30 days) of cannabinoids
(THC, CBN, CBD) extracted in organic solvents (methanol,
chloroform, light petroleum, methanol : chloroform 9 : 1) indi-
cate that the form of cannabinoids and storage temperature,
rather than the nature of the extractant, are crucial parameters
affecting their stability in solution. Specically, neutral canna-
binoids are stable for up to 15 (at 20 °C) to 30 days (at −18 °C
and 4 °C) stored in the dark,114 while exposure to daylight leads
to their dramatic decomposition.115 In the case of acidic
cannabinoids, decomposition occurs both in dark and light
with the rate increasing with temperature.114

In addition to the discussed parameters, the material of the
containers in which cannabinoid extracts are stored can also
have a signicant effect on the cannabinoid content determined
in solution. The loss of acidic THC on container walls is
a function of both solvent type and container material since
they both appear to compete to bind with it. Generally, the loss
determined in organic diluents is signicantly lower than in the
case water is used as the cannabinoid diluent, owing to the
higher solubility of cannabinoids in organic solvents. As far as
material is concerned, the losses are far less pronounced in the
case of polar materials (contact angle < 70°), such as glass and
acrylic, than in non-polar materials (contact angle > 70°), such
as HDPE. Additional losses are observed with increasing surface
tension and decreasing pH and conductivity. Large volumes of
stored solution are preferrable because losses attributable to
both pipetting and exposed surface area are minimized.116
1.7. Inconsistencies and misconceptions in result reporting
in literature

When one reviews the developed and reported extraction
processes, it is quite apparent that an accurate and meaningful
Nat. Prod. Rep., 2023, 40, 676–717 | 683
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comparison of their performance is a rather challenging task.
The inherent differences of the various cultivars extracted
cannot be overcome; however, it is rather the inconsistent
reporting that constitutes a major obstacle in the evaluation of
the reported results.

As far as the input sample is concerned, only a handful of
manuscripts report the composition of the input sample
material (either relying on Soxhlet as a reference method or on
data provided by the raw-material supplier, while in some cases
no specication is given),42,117–123 whereas most researchers only
focus on the extracted amount of valuable compounds.
Undoubtedly, the amount extracted is highly valuable infor-
mation; nevertheless, the recovery of the target compounds,
which is largely absent, is indicative of the performance of the
developed method and, thus, a crucial factor for the evaluation
of its potential economic and ecological merit in comparison to
state-of-the-art approaches. Additionally, information regarding
the input sample moisture78,121,122,124–130 or the particle size131–137

or both42,118,138–148 is oen omitted, thereby rendering result
interpretation further complicated; water content affects both
the extraction outcome/extracted amount of the valuable
compounds and the accuracy of the reported concentrations,
when those are calculated with reference to the input sample.

With respect to extraction conditions with supercritical
solvents, namely supercritical carbon dioxide (scCO2), variable
pressure (bar, MPa) and CO2 ow rate units (g min−1, kg h−1,
mL min−1) are reported,119,124,125,133,138,149 whereas, in certain
cases, scCO2 density is provided in lieu of pressure150 or ow
rate;117 furthermore, the value of the density is reported in
different units (g mL−1,150 kg m−3,117) which sometimes can be
attributed to differences in journal requirements. Lamentably,
in certain cases, failure to report the overall extraction time of
the process117,119,120,125,133 or even the process conditions
altogether,118,126,132,151–154 as well as ambiguity in the reported
conditions,78,130,144,147 does not allow fair and complete assess-
ment of the presented results.

As we previously discussed, the storage conditions of the
samples are crucial for the outcome of the quantication
procedures. Review of the available literature reveals that the
employed storage conditions can signicantly vary between
experiments conducted by different researchers. Milling and
grinding prior to storage can have a considerable impact on the
outcome, since these processes can not only contaminate the
sample but also modify its composition, thus storage and
analysis aer milling/grinding117,124,155,156 means that informa-
tion on the composition of the original plant material has been
lost. Drying of the plant material prior to storage and analysis is
oen reported; however, when drying is performed at elevated
temperature157–160 it leads to decarboxylation, thereby modifying
the original composition of the material. It is not uncommon
though that the drying is simply performed at RT.120,124,151 As
a far as storage is concerned, storage conditions of RT,117,149,156

4 °C,124,126 <18 °C/refrigerator155,161 and even −20 °C157 have been
reported. Even more unfortunate than the variation of storage
conditions though is the unclear and/or incomplete storage
and/or pre-treatment information of the sample
material,118–120,125,131–133,151–154,158–160,162–164 while even in the cases
684 | Nat. Prod. Rep., 2023, 40, 676–717
that this information is complete the duration of the storage is
not discussed at all. It is also quite important to point out that
no information on the storage containers has been provided,
which is rather important considering the impact the material
of the containers can have, as we saw earlier.

Aside from the evidently inconsistent information provided
on the input material and the process conditions, the reported
results are a source of additional confusion. Unfortunately, %
recovery data is rarely reported,149,153 even when the input-
material composition has been determined with the aid of
a reference extraction method. On the other hand, the yield
from hemp owers and residues (overall or per extracted valu-
able compound or both) is most commonly reported; however,
the yield is not calculated consistently. It has been calculated
with reference to the input sample
material,42,78,123,124,127–129,133–135,139,143–148,153,165–167 to the recovered
extract117–119,121,122,136,138,140–142,162,168,169 and to the overall canna-
binoid extract process,117,125 while in some cases it is not clearly
specied,122,131,163,170 thereby, causing confusion and only
leading to assumptions and misunderstandings on the part of
the reader. Providing the equation on which the calculations are
based, as certain publications do,78,134,144,145,153,158,159,163,167 could
effectively eliminate this problem. In contrast, the fatty acid
yield from hemp seeds is invariably referenced to the extracted
hempseed oil.126,131,149,151–153 Additionally, cannabinoid yields
have been reported either as % (w/w),119,122,124,125,134,138,148 as mg
g−1,141,143 as mg g−1,117,118,140,162 as mg mL−1,142,168 as percentage
%136 and as cumulative yield,141 while the input sample amount
is not always provided.117,118,124,139,147 Regarding the oil yield, it
has been reported in % w/w,78,144–146,165,167 in g144 and in
percentage %.127,130,147

Certain authors make a distinction between THC and total
THC,125 however, in the majority of cases THC is reported
without clarication as to whether this refers to pure THC or
total THC (THC + THCA). Unfortunately, error values (proce-
dural, measurement or both) of the reported results are
frequently excluded;117,122–124,127,138,139,142,150,153,163,170 this informa-
tion is quite signicant, not only because in certain cases it can
be considerable, which is not unexpected when working with
naturally derived samples133 but also because its absence
renders the comparison of different experimental outcomes
problematic.

Concerning the statistical aspect of the reported procedures,
it seems that performed extraction repetitions are not enough,
in some cases, to condently accept the reliability of the re-
ported results. We consider that this might not be feasible in
certain techniques, e.g., scCO2; however, at least triplicate
extractions would be necessary to exclude/eliminate any erro-
neous conclusions. Nevertheless, the majority of the publica-
tions report
triplicates,128–130,134–137,140,141,143–145,147,149,152,158,163,164,166–168,171 while
some report duplicates.42,120,121,125,138,146,148,150,162,165 Unfortunately,
sometimes, this crucial information is entirely
omitted.117–119,123,124,126,127,131–133,139,140,142,151,153–155,159–161,163,166,170,172

It becomes thus apparent, that it is, currently, an impossible
challenge to compare different publications on this topic, due to
the lack of consensus between researchers on specifying in
This journal is © The Royal Society of Chemistry 2023
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a standardized manner the experimental parameters and the
obtained results. Arriving at an agreement of consistent data
reporting would be an extremely valuable contribution to the
eld, which cannot be tackled by an individual researcher but
would need to be an effort with broad support of the community.

With regard to misconceptions, a critical point that needs to
be addressed, which appears not only in the referenced reviews
(except Lazarjani et al.)173 but also in the majority of the publi-
cations reported herein, is the seemingly existing confusion
between intoxicating and psychotropic/psychoactive properties.
Intoxication is associated with a state of euphoria and mild
cognitive impairment, i.e., in layman's terms “getting high”,
and according to the Cambridge dictionary an intoxicating
substance is “able to make you lose some control of your actions
or behaviour”. However, a psychoactive substance does not
simply “get one high” but rather affects mental processes, e.g.,
perception, consciousness, cognition or mood and emotions.174

Psychotropic substances have effects on psychological func-
tion.175 According to the Anatomical Therapeutic Chemical
classication system the ve classes of psychotropic drugs are
antipsychotics, antidepressants, anxiolytics, hypnotics and
mood stabilizers. Based on this nomenclature, it is clearly
wrong to assign CBD as non-psychoactive/non-psychotropic;176

it clearly falls into the psychoactive/psychotropic classication
by denition due to its anxiolytic capacity.

An apparent term misuse in the reported literature concerns
the terms “terpenes” and “terpenoids”. They have been used in an
interchangeable manner in several publications reported herein.
Nevertheless, there is a distinct difference between the two;
terpenes are hydrocarbons that arise from the head-to-tail joining
of ve-carbon isoprene units, while terpenoids are oxygenated
forms of terpenes.177 Some authors collectively refer to terpenes
and terpenoids as “terpenoids”118,134 while others collectively refer
to terpenes and terpenoids as “terpenes”.120,121,148,164
Fig. 7 Distribution of the reported extraction techniques. scCO2:
supercritical CO2, IL: ionic liquid; DES: deep eutectic solvent, MW:
microwave.

Fig. 6 Reported techniques for the extraction of valuable compounds
from various parts of the cannabis plant.
1.8. Recent reviews on cannabis extraction

It should be mentioned here that a number of reviews on the
topic of cannabinoid and bioactive compound extraction from
cannabis has been published. Specically, Lazarjani et al.,173

Pattnaik et al.,178 Al Ubeed et al.,179 and Qamar et al.180 have
published most recently on this topic.

There is, currently, no review that provides an exhaustive
overview of all available extraction methods, conventional and
more recently developed, from all different parts of the
cannabis plant but there is rather a focus on certain compound
groups (i.e., cannabinoids) or certain extraction methods (e.g.,
supercritical CO2). Additionally, in our review other groups of
known value (e.g., polyphenols) have been addressed, in addi-
tion to cannabinoids. The review does not only focus on the
medicinal value of the plant but also on the sometimes over-
looked industrial (nutrition, cosmetics) value of the plant, while
a historical overview allows a clear understanding of the long-
standing value of the cannabis plant for the human civiliza-
tion. Unlike other reviews, we have decided to address several
inconsistencies that appear in experimental procedures and
reported results which obscure their value and practicality.
This journal is © The Royal Society of Chemistry 2023
2. Extraction techniques for
cannabinoids and other valuable
bioactive cannabis compounds

In the present section of the review, the techniques that have
been employed for the extraction of valuable compounds from
the cannabis plant will be discussed in detail. An overview of the
employed techniques as well as the respective plant parts to
which they have been applied along with the distribution of
each technique is presented in Fig. 6 and 7.
2.1. Supercritical uid-based extraction

The contemporary quest towards sustainable processes has
placed supercritical CO2 (scCO2) in the forefront of alternative
solvents which are under investigation as promising candidates
Nat. Prod. Rep., 2023, 40, 676–717 | 685
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Fig. 8 Comparison of pure scCO2, constant EtOH flow rate and pulse
regime on the extraction (white widow).125 Reprinted with permission
from Elsevier.
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that can promote this goal. Supercritical CO2 possesses a range
of unique properties that are superior to the commonly used
organic solvents. Namely, its non-toxic and non-ammable
nature, its tunability by simple variation of the process
parameters, its recyclability, as well as its low price and easy
separation from the extracted products, render it a highly
versatile alternative solvent. Additionally, the supercritical state
can be reached at relatively mild pressure (73.8 bar) and
temperature (31.0 °C) conditions. Although the non-polar
nature of scCO2 renders it ideal for the solvation of non-polar
and weakly polar compounds, addition of polar co-solvents
can expand its solvation range. It should be pointed out here
that the properties of non-toxicity and the recovery of products
without any solvent residues make the scCO2 extraction tech-
nology particularly attractive to the pharmaceutical and food
industries.181,182

2.1.1. Flowers. The scCO2 extraction conditions and the
respective results that are discussed in this section pertaining to
cannabis owers are summarized in Table 3.

Cannabinoids (THC, THCA, CBDA) from ground plant
material (leaves, buds) were extracted with scCO2 via one-step
and multi-step approaches (Table 3, entries 1–4).125 While
a three-step cascade extraction with sequential increase in
applied pressure (sequential pressure increase 170 / 240 /

340 bar yields (82.99 ± 1.87) g cannabinoid extract) offers the
possibility for selectivity tuning of extraction speed and overall
yield at different steps, it is not as effective as a one-step
extraction at higher pressures ((92.57 ± 2.14) g cannabinoid
extract); high pressure implies increased solvating power, faster
extraction rate and, consequently, lower solvent consumption (a
solvent/feed ratio >70 is required at 240 bar to obtain the same
extraction efficiency as with solvent/feed = 40 at 340 bar).
Nevertheless, the extraction behavior seems to be dependent on
the plant material used, specically, the lower the cannabinoid
concentration in the plant material the lower the extraction
yield and the slower the extraction rate. Regardless of the
selected scCO2 extraction approach, partial decarboxylation of
THCA occurs during the process as a result of the exposure of
the plant material to increased temperatures.

The effect of co-solvent on the one-step scCO2 extraction was
evaluated with two different modes of addition; ethanol was
supplied either at a constant ow rate or in a pulse mode
(Fig. 8). As expected, the addition of a polar co-solvent increases
the solvating power of scCO2 towards polar molecules, thus,
favors the overall extraction yield of cannabinoids and the
extraction rate. The pulse-mode experiments were designed so
that the same amount of ethanol as in the constant-ow
experiments was supplied, i.e., higher % EtOH was supplied
at three shorter intervals. Although the overall extraction yield
between the two approaches was comparable, the pulse mode
delivered the maximum extraction yield already aer the rst
pulse was applied, which means that a lower amount of ethanol
than expected was consumed to achieve the same extraction
yield as in the constant-ow experiments at signicantly shorter
time.125 It would have been very interesting if the authors had
also considered running the extraction experiments with
This journal is © The Royal Society of Chemistry 2023
a higher EtOH concentration but for a shorter duration to assess
whether the outcome would be the same.

Highly efficient extraction of medicinally valuable cannabi-
noids, namely CBD and THC, from cannabis buds was per-
formed with scCO2 without the aid of a co-solvent (Table 3, entry
5).138 The impact of critical input parameters, i.e., CO2 ow rate,
time and pressure, with a xed temperature of 60 °C, on the
obtained yields was established; extraction of CBD is clearly
favored with increasing ow rate, while both higher ow rate
and longer time positively impact THC yield. Interestingly, the
ratio of the output CBD to THC can be tuned by adjusting the
ow rate; however, increasing the ratio to recover higher
amounts of the desirable CBD is detrimental to the overall
extraction yield. Complete cannabinoid recoveries and overall
extraction yield were obtained at increased ow rates, high
pressure (320 bar) and long extraction time (60 °C, 320 bar, 150
g min−1: 101.1% CBD, 98.6% THC, yield 7.1% vs. 60 °C, 320 bar,
40 g min−1: 78.1% CBD, 73.6% THC, yield 5.6%).138

THC of high purity (90.1%) could be obtained from dried
cannabis plant material (inorescences) with the aid of super-
critical uid extraction (SFE) combined with solid phase
extraction (SPE) (Table 3, entry 6).124 Models were constructed to
determine the optimum SFE parameters for the enrichment of
the extracts in THC. While an increase in pressure, temperature
and amount of co-solvent (EtOH) increases the overall extrac-
tion yield, at the same time, it decreases the amount of extracted
THC, which can be attributed to the variation of the solvent
selectivity with the modication of these extraction parameters
(40 °C, 150 bar: yield 4.83%, THC 32.25%; 80 °C, 150 bar, yield
6.32%, THC 31.08%; 80 °C, 330 bar: yield 10.41%, THC 24.73%;
80 °C, 330 bar, 5% wt. EtOH: yield 26.36%, THC 15.52%).
Addition of ethanol as a co-solvent has proven to be necessary to
boost the extraction yields and THC amounts since it has the
capacity to extract highly polar compounds; however, it should
be kept within a certain range to maximize its extracting ability.
Nat. Prod. Rep., 2023, 40, 676–717 | 689
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Subsequent isolation and recovery of the extracted THC was
achieved via SPE, yielding a highly pure product, as NMR and
GC-FID analysis demonstrated. For the SPE, the extract was
dissolved (0.05% triuoroacetic acid in water) and injected into
an SPE column packed with octadecyl-modied silica gel. A
linear solvent gradient (0.05% triuoracetic acid in acetonitrile)
from 0% to 100%, at a constant ow rate of 1.0 mL min−1, was
employed.124

The particle size of groundmarijuana plants has a noticeable
effect on the extracted amount of THC via scCO2 (Table 3, entry
7).150 Various particle sizes in the range of 0.800 mm < d <
0.063 mm (where d is the particle diameter) were evaluated.
Even though complete removal of THC was observed in all
samples, the highest amount of THC was recovered from the
fractions with particle sizes of 0.063 mm < d < 0.125 mm, since
the THC concentration varies with particle size (Fig. 9). Micro-
scopic observation elucidated the observed differences; smaller
particle sizes contain resinous parts rich in THC, whereas
bigger particle sizes mainly consist of leaves and plant parts
poor in THC.150

The effect of decarboxylation prior to scCO2 extraction and
consequent winterization on the enrichment of cannabinoids
extracted from cannabis owers via scCO2, has been reported
(Table 3, entries 8 and 9).119 Decarboxylation serves the
conversion of the acids of THC and CBD present in the owers
to their respective neutral compounds and is simply performed
by exposing the owers to increased temperature for a set
amount of time. Winterization involves the suspension of the
scCO2 extracts to an organic solvent for the removal, via
decanting, of the extracted ower waxes. Two varieties of
cannabis with different cannabinoid composition were evalu-
ated. Highest extraction yields were obtained with conventional
organic solvent-based extraction (girl scout cookie: 37%, durga
mata II: 31%), followed by scCO2 extraction with the aid of a co-
solvent (girl scout cookie: 32%, durga mata II: 26%) and, lastly,
extraction with pure scCO2 on samples decarboxylated prior to
the extraction (girl scout cookie: 18%, durga mata II: 17%). In
any case, scCO2-based extractions exhibit higher selectivity
towards the target cannabinoids compared to conventional
extraction. Additionally, decarboxylation enriches the extracts
Fig. 9 THC concentration of different sieve fractions of marijuana.150

Reprinted with permission.
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in THC and CBD (28% and 34% with decarboxylation vs. 9%
and 6% without, respectively, for durga mata II), while winter-
ization only has a negligible impact on the cannabinoid content
of the recovered extracts. Concerning the essential oils extracted
by scCO2, it is observed that higher pressures favor their
recovery.119

Efficient cannabinoid extraction from hemp material (buds,
leaves, trimmings) can be obtained with the aid of scCO2 and
near-critical propane (Table 3, entries 10–12).117 Although the
solubility of cannabinoids follows an upward trend with
increasing extraction pressure, the overall yield achieved in the
case of raw (non-decarboxylated) material is higher than in the
decarboxylated one (approx. 4% difference), which can be
probably attributed to (i) the water present in the raw material,
which acts as a polar co-solvent that favors the extraction of the
more polar sample components and (ii) the presence of volatile
compounds in the raw material that are extractable by scCO2.
Despite the lower overall yield obtained from decarboxylated
samples, the selectivity towards cannabinoids as well as their
respective recovery is higher (THC: 23 mg g−1, CBD: 342 mg g−1

vs. THC: 5.49 mg g−1, CBD: 24.7 mg g−1) due to the much lower
amount of the cannabinoid acidic forms present in the decar-
boxylated samples. An increase in pressure positively affects the
extraction of cannabinoids, while addition of ethanol as co-
solvent has a positive impact mainly on the acidic cannabi-
noids, specically CBDA and THCA (for non-decarboxylated
sample; with EtOH-CBDA: 442 mg g−1, THCA: 24.0 mg g−1 vs.
without EtOH-CBDA: 278 mg g−1, THCA: 11.4 mg g−1). Propane
seems to be more efficient and faster than CO2 in the recovery of
the acidic cannabinoids from raw material and the recovered
extracts are signicantly richer (approx. 20%) in the desirable
CBD.117

Tuning of the scCO2 parameters for extraction of volatile
compounds (monoterpenes, sesquiterpenes) from inores-
cences of Cannabis sativa L. allows the recovery of fractions of
different chemical proles (Table 3, entry 13).120 Additionally,
the low temperatures employed, as opposed to conventional
hydrodistillation processes, result in an aromatic extract of high
quality since thermo labile components are spared degradation,
while less energy is consumed in the process. The results are
veried by their comparison and overlap with the output values
of head space solid-phase microextraction.120

A study performed on six cannabis chemovars demonstrated
that the chemical prole of extracts obtained via scCO2 is not
representative of the original ower (Table 3, entries 14–19).118

Specically, the scCO2-derived concentrates are characterized
by higher THC and CBD potency than the ower (THC: 75%,
CBD: 41% vs. THC: 28%, CBD: 11%), while the observed
decrease of monoterpene content and the increase in terpene
alcohols and sesquiterpenes fail to reproduce the organoleptic
characteristics (avor, fragrance) of the ower (Fig. 10).118 In
this interesting study, the authors failed to point out that
differences in terpene and terpenoid concentration between
owers and extracts are to be expected, if we consider that the
volatility of these compounds differs in these two cases.

Recently, the combination of scCO2 with ionic liquids (ILs)
for the extraction of cannabinoids from industrial hemp has
This journal is © The Royal Society of Chemistry 2023
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Fig. 10 Changes in the extraction efficiency of 14 terpenes/terpenoids
across 6 cannabis chemotypes. Bars are the average fold change
between flower and concentrate across all samples and error bars are
the standard deviations (n is labelled when <6 samples contained this
terpene or terpenoid).118 Reprinted with permission, ©Georg Thieme
Verlag KG.

Fig. 11 Conceptualization for the comparison of work up steps and
yields of cannabinoid extraction techniques.157 Used with permission
of the Royal Society of Chemistry, permission conveyed through
Copyright Clearance Center, Inc.
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been reported (Table 3, entries 20–22).157 The ability of ILs for
partial dissolution of the hemp material prior to scCO2 extrac-
tion was exploited; a relatively short time (15 min) at 70 °C, is
enough to maximize the cannabinoid yield (THC, CBD, CBG)
during the IL-based pretreatment step. Subsequent dilution
before the scCO2 extraction with H2O is deemed necessary to
reduce viscosity and optimize the mass transport, thereby
allowing better scCO2 penetration and higher extraction yields.
Yields obtained with pure IL verify this hypothesis while results
obtained with pretreatment based on pure H2O indicate that ILs
have the capacity to preserve the neutral forms of the target
cannabinoids. The authors further demonstrated that the
extraction yield and the IL cation are inextricably connected
with acetate-based ILs exhibiting higher extraction efficiency
than phosphate-based ones. Although the scCO2-based
approach had only slightly higher yield than the reference
solvent-based approach, scCO2 has the major advantage of
enabling recovery of the target compounds in pure (non-
contaminated with solvents) form, while the ratio of carboxyl-
ated to decarboxylated cannabinoids in the extract can be
adjusted by simple tuning of the extraction parameters. Addi-
tionally, the IL used in the process can be recovered and reused
for subsequent extraction cycles. An overview of the process
developed by the authors is presented in Fig. 11.157

2.1.2. Seeds. The scCO2 extraction conditions and the
respective results that are discussed in this section pertaining to
cannabis seeds are summarized in Table 4.

The quality characteristics of oil extracted from ground
hemp seeds with scCO2 under varying conditions of tempera-
ture and pressure were investigated by Da Porto et al. (Table 4,
entry 23).151 With constant scCO2 ow rate and hemp seed
particle size, it was determined that there was no signicant
difference in the yield of fatty acids extracted with various scCO2
This journal is © The Royal Society of Chemistry 2023
conditions of temperature (40, 60, 80 °C) and pressure (300, 400
bar) and Soxhlet extraction performed with n-hexane. The
highest total oil recovery was obtained at two different sets of
scCO2 conditions (40 °C, 300 bar: 72.2% and 80 °C, 400 bar:
72.1%); nevertheless, it was still lower than the 100% yield ob-
tained via Soxhlet extraction. On the other hand, the high
selectivity of scCO2 towards tocopherols results in a tremen-
dously increased oxidation stability of the oil (2.18 vs. 0.17 mM
eq. Vit E) compared to Soxhlet extraction, however, at the
expense of total oil recovery.151

Aer experimentally setting the preliminary scCO2 extraction
parameters, the research group focused on determining, via
response surface methodology (RSM), the effect of temperature,
pressure and particle size on the total oil yield and its respective
quality (expressed as oxidation stability) (Table 4, entry 24).126 At
a xed ow rate and temperature of 50 °C, an increase in
pressure (250 to 350 bar) signicantly impacts the total oil yield
in a positive manner, while a decrease in particle size further
assists the observed positive impact. An increase in pressure
implies increased scCO2 density, thus, higher oil solubility,
while smaller particle size, which results from seed grinding,
means release of the oil from the broken seed cells as well as
increased contact surface between solvent and seed. When the
particle size is kept constant, maximum total oil yield is ob-
tained at 40 and 60 °C, provided the pressure is over 300 bar,
whereas, at values below 300 bar increasing temperature has
a negative impact on the total yield. This behavior clearly
implies the dominant effect of increased oil vapor pressure on
the extraction at high pressures, while at lower pressures the
density drop of scCO2 is the dominant extraction factor. As far
as oxidative stability is concerned, pressure and temperature
are the factors with the highest inuence, when a constant
particle size is used; highest stability is favored at low pressures,
regardless of the employed temperature, while higher pressures
need to be combined with high temperatures to maximize the
oxidative stability. When the temperature is kept constant at
50 °C, maximum yield stability is observed at the lowest pres-
sure combined with the largest particle size. At constant
Nat. Prod. Rep., 2023, 40, 676–717 | 691
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pressure of 300 bar, highest temperature applied at the smallest
particle sizes maximizes the oxidative stability of the extracted
oil. The oil derived by scCO2 is of higher quality than the oil
extracted via solvent extraction with Soxhlet (1.87 ± 5.6 vs. 0.84
± 1.2 Eq a-toc/mL oil), however, the overall oil yield is lower
(30% vs. 21.5%). It could be argued, considering the signi-
cantly large error margin in the oxidation stability of the oil, that
the argument for higher quality of scCO2-extracted oil based on
this parameter alone can be easily questioned. However, the
major factor which contributes to oil quality derived by scCO2 is
its higher selectivity; lack of selectivity in Soxhlet extraction
implies removal of pigments and waxes, along with the oil,
which are contaminated with solvent residues. In this case,
rening of the oil is required which decreases its health value.
As far as fatty acids are concerned, there is no signicant
difference in the obtained yields between scCO2 and Soxhlet
approach. Optimized scCO2 conditions that would simulta-
neously maximize the total oil yield and the oxidative stability of
the oil could not be determined.126

The research group further investigated the effect of ultra-
sonication on the scCO2 extraction capacity of hempseed oil
and fatty acids from intact hemp seeds (Table 4, entry 25).152

Ultrasonication of the hemp seeds, in the absence of solvent, for
10 min, exerted a minor positive effect on the extraction yield
(3.3% increase), compared to scCO2 extraction without prior
ultrasonication, most probably due to the enhanced mass
transfer brought about by the augmented penetration rate of
scCO2. An increase, however, in the ultrasonication time had
a reverse effect on the extraction yield, which can be attributed
to ensuing degradation reactions occurring following the
temperature increase generated by the effect of sonic cavitation
during the ultrasonication process. Differences in fatty acid
extraction yields obtained by n-hexane, scCO2 and scCO2 with
prior ultrasound pre-treatment were only negligible (30%, 21%
and 25%, respectively). Slightly higher primary oxidation of the
oil was observed when ultrasonication was employed prior to
scCO2 extraction; however, it was still approximately half of the
oxidation levels obtained by Soxhlet extraction. Concerning
antiradical capacity (expressed in equivalents of tocopherol
per mL of oil), the highest levels were obtained via scCO2 due to
its high selectivity towards tocopherols, while a signicant
decrease was observed via ultrasonication and Soxhlet extrac-
tion (1.87 vs. 0.80, 0.84).152

The impact of varying the parameters of temperature (40–80
°C) and pressure (200–400 bar) on the scCO2-based recovery of
oil from hemp seeds has been evaluated by Tomita et al. (Table
4, entry 26).153 At low pressure, a reverse signicant dependency
of the yield on the extraction temperature was established (at
200 bar; 40 °C: 39%, 60 °C: 18%, 80 °C: 6%). In contrast, when
high pressure was employed the correlation of the extraction
efficiency on the employed temperature was negligible (at 400
bar; 40 °C: 39%, 60 °C: 41%, 80 °C: 44%), while the obtained
yield was comparable to that achieved by Soxhlet extraction with
n-hexane (42%). This is in contrast to the observation that Da
Porto et al. made,151 where scCO2 could not reach a total
extraction yield comparable to Soxhlet, however, in that case
a lower ow rate was employed. As temperature rises, the
694 | Nat. Prod. Rep., 2023, 40, 676–717
positive impact of increasing temperature on the overall oil
recovery becomes quite notable. In any case, concurrently
employing high temperatures and pressures favors the overall
extraction yield. It should be noted that even though the
nutritionally desirable ratio of u-6 to u-3 fatty acids (∼3 : 1) is
similar when scCO2, Soxhlet or cold-press extractions are
employed, unsaturated fatty acid, linoleic acid and linolenic
acid are selectively extracted by scCO2.153

The effect of variable scCO2 conditions on the extraction of
tocopherols, fatty acids and pigments from hempseed oil has
been studied and compared to traditional extraction
approaches, namely, Soxhlet and cold pressing (Table 4, entry
27).154 Temperature, pressure and time were varied, while hemp
particle size and solvent ow rate were kept constant
throughout the experiments. Fatty acid extraction (a- and g-
linolenic, oleic and linoleic acid) showed no dependency on the
process temperature, in contrast to tocopherols (a- and g-)
which were reduced to almost half by an increase in tempera-
ture by 20 °C (40 to 60 °C). In a similar fashion, no effect of
pressure was exhibited on fatty acid extraction efficiency, while
an increase in pressure by 100 bar (300 to 400 bar) exerted
a dramatically negative impact on tocopherol extraction, which
was more pronounced for the a-form (a-form: 110 to 31 mg g−1,
g-form: 182 to 164 mg g−1). These observations regarding the
dependency of fatty acid yield on the employed extraction
conditions so far agree with what has been previously reported
by Tomita et al.153

Pigment extraction can widely vary depending on the scCO2

extraction parameters; however, extraction time appears to have
the most marked impact (Table 4, entry 27). With regard to
overall hempseed oil yield, it was affected to a negligible degree
by a 20 °C increase in temperature and it was favored by higher
pressure. In terms of the amount of accessed tocopherols,
scCO2 extraction had superior performance to the other
approaches, while all 3 approaches performed equally in fatty
acid extraction. The lowest total pigment recovery is obtained
with scCO2, whereas the mechanical force applied in cold
pressing results in the highest pigment recovery.154

A statistical model (central composite design of response
surface methodology) was developed and experimentally veri-
ed to obtain the optimum scCO2-based extraction of u-6
linoleic and u-3 a-linolenic fatty acids from hemp seed oil
(Table 4, entry 28).155 The output response of several input
parameters, namely temperature, pressure, CO2 ow rate, hemp
seed particle size and co-solvent ow rate, was evaluated for the
process optimization, while all input parameters were found to
be statistically signicant. Experimental results demonstrate
that, in practice, variations in temperature do not affect the
extraction prole of the fatty acids; although mass transfer is
favored by an increase in temperature, at the same time, the
impact it has on solvent density, i.e., by reducing it, implies
reduced solubility of the target compound, therefore, these 2
concurrent phenomena balance out each other's effect on
extraction efficiency. Reducing the particle size of the hemp
seed only has a positive effect on the extraction efficiency (27%
to 34%). Pressure also has a positive effect, with a 150 bar
increase (200 bar to 350 bar) leading to an approx. 10% higher
This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2np00059h


Review Natural Product Reports

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 4
/6

/2
02

6 
10

:1
9:

32
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
overall extraction efficiency (24% to 36%), which can be
explained by the pressure-induced increase of the scCO2

density, thus, increased solubility in the solvent. Higher ow
rates, both for scCO2 and co-solvent, have a considerable impact
on the overall extraction (scCO2: 5 g min−1-22%, 10 g min−1-
34% and co-solvent: 0% of CO2: 20%, 10% of CO2: 35%), due to
increased solute–solvent interaction and hydrogen bonding
formation between –OH groups of the co-solvent and the
charged polar groups of the fatty acids, respectively.155

The advantageous properties of CO2, either in super- or sub-
critical state, in contrast to conventional liquid extraction of
hemp seed oils has been demonstrated (Table 4, entry 29).149

Aside of its environmental compatibility, CO2 has the ability to
enhance either the yield or selectivity towards valuable
compounds.

Although the recoveries obtained with CO2-based
approaches were lower (93% for supercritical, 68% for subcrit-
ical) compared with the liquid extraction relying on n-hexane
(100%), the oxidation of the recovered hemp seed oil was lower.
The effect of uctuating temperature, air and light in the
opened-system conventional extraction is partly accountable for
the observed difference. An additional factor, which explains
the signicantly lower oxidation in the case of subcritical CO2,
is the substantially smaller amount of extracted chlorophyll
(27 mg kg−1 oil vs. 143 mg kg−1 oil), which acts as a photosen-
sitizer that accelerates the oil oxidation.

Total polyphenol extraction between CO2 and n-hexane does
not have a statistically signicant difference, however CO2 is
Table 5 Summary of scCO2 extraction conditions and respective result

Entry no. Input sample
Particle size
(mm) scCO2 condi

34 Cannabis sativa L., variety:
Santhica, hemp dust
residues

n. r. 50 °C, 350 b

35 Cannabis sativa L., cultivar:
Beniko, threshing residues
(dried, ground), 10 g

0.2 70 °C, 465 b
L min−1, den
h

36 Cannabis sativa L., cultivar:
Felina 32, threshing
residues, 500 g

n. r. 45 °C, 450 b

37 Cannabis sativa L., cultivar:
Kompolti (2014), threshing
residues, 500 g

n. r. 45 °C, 450 b

38 Cannabis sativa L., cultivar:
Kompolti (2016), threshing
residues, 500 g

n. r. 45 °C, 350 b

39 Cannabis sativa L., cultivar:
Kompolti, threshing
residues (ground), 500 g

0.44 � 0.01 45 °C, 450 ba
EtOH

a All concentrations of extracted compounds within the table are reported a
authors, in order to facilitate their comparison. b n. r. c Reported in mg g−1

input sample. (n. r. = not reported).

This journal is © The Royal Society of Chemistry 2023
marked by higher selectivity towards these compounds. Even
though higher tocopherol yields are obtained with the conven-
tional extraction, subsequent renement leads to substantial
content reduction, thus, the yield of the food grade product
obtained with all 3 approaches is ultimately comparable.

Non-intoxicating cannabinoids, cannabidiol (CBD) and
cannabinol (CBN), are selectively assessed by subcritical CO2

which also enhances the obtained yields by approx. a factor of 2
compared to n-hexane and scCO2-based approaches (subcritical
CO2; CBD: 72 mg kg−1 oil, CBN: 114 mg kg−1 oil vs. n-hexane;
CBD: 41 mg kg−1, CBN: 47 mg kg−1 and scCO2; CBD: 69 mg
kg−1, CBN: 77 mg kg−1, respectively). The extraction method
had no signicant effect on the yields of fatty acids, triglycerides
and phytosterols. Volatile organic compounds, namely alde-
hydes (hexanal, octadienal, heptadienal, nonanal, nonenal),
characterized by pleasant odor are dominantly extracted with
CO2.149

The merit of pressurized n-propane as an alternative to
scCO2 for the extraction of oil from dehulled hemp seeds has
been reported (Table 4, entries 30 and 31).131 Reduction in
operational costs can be achieved due to the ability of propane
to access the same amount of oil as scCO2 at lower pressures
(approx. 37–40% at 42.5 bar instead of 73.8 bar for scCO2) and
with signicantly lower solvent consumption (ow rates: 1.15
mL min−1 for propane, 2.45 mL min−1 for scCO2). Additionally,
it was demonstrated that the use of dehulled hemp seeds
favored the extraction yield with the same scCO2 conditions
described in the literature. Product of high nutritional value, as
s pertaining to processing residues of the cannabis planta

tions Extracted compounds Ref. no.

ar, 35 g min−1, 4 h bCBD: 0.12 � 0.04, cfatty acids:
2000 � 100, n-policosanols: 790 �
20, fatty aldehydes: 990 � 10, n-
alkanes: 1250 � 20, wax esters:
1350 � 30, sterols: 1600 � 10

160

ar, 2–3 standard
sity 0.0018 g mL−1, 2

dCBD: 2.47 � 0.03, CBDA: 26.1 �
0.22

162

ar, 7 kg h−1 eTHC: 5.7, d8-THC: 1.6, THCA: 0.9,
CBD: 509, CBDA: 109, CBC: 27.3,
CBG: 9.1, CBN: 6.1

133

ar, 7 kg h−1 eTHC: 18.6, d8-THC: 3.6, THCA:
0.5, CBD: 791, CBDA: 118, CBC:
36.4, CBG: 18.2, CBN: 7.9

133

ar, 7 kg h−1 eTHC: (10 � 4.3) × 10−3, d8-THC:
(2.6 � 0.4) × 10−3, THCA: (46.1 �
3) × 10−3, CBD: (160.7 � 71.4) ×
10−3, CBDA: (1660.7 � 53.6) ×
10−3, CBC: (17.9 � 1.8) × 10−3,
CBG: not detected, CBN: (1.3 �
0.3) × 10−3

133

r, 7 kg h−1, 10% (w/w) n. r. 161

s %, regardless of the units in which they were originally reported by the
of hemp dust. d Reported as % of the total extract. e Reported as % of the

Nat. Prod. Rep., 2023, 40, 676–717 | 695
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this is expressed in u-3 to u-6 fatty acid ratio (2.5–5.0), is ob-
tained by employing a propane-based extraction, as well as of
lower acidity and humidity values. Furthermore, the total
tocopherol yield is higher and, unlike scCO2 where higher
temperatures favor tocopherol extraction, independent of the
employed extraction temperature, thus, yielding an oil of
superior antioxidant value with lower energy consumption.131

Aladić et al.163 demonstrated the residual oil from hemp
pressed cake can be fully removed with the aid of scCO2 (Table
4, entry 32). The residual oil obtained with this approach is
richer in pigments (chlorophyll a & b, carotene) than the cold
press-based extracted oil (chlorophyll a: 194 mg g−1 oil, chloro-
phyll b: 35 mg g−1 oil & carotene: 125 mg g−1 oil vs. chlorophyll a:
59 mg g−1, chlorophyll b: 39 mg g−1 & carotene: 31 mg g−1,
respectively).163

In a subsequent study, the same research group performed
additional studies on the recovery of residual oil from hemp
pressed cake with the aid of scCO2 (Table 4, entry 33).132 An RSM
experimental design was utilized to optimize the extraction
parameters; the effect of the variation in pressure, solvent ow
rate and temperature on the output responses of extraction
yield, pigment content (chlorophyll a & b, carotene) in the
recovered oil and extraction time was evaluated. An increase in
pressure and solvent ow rate shortens the duration of the
extraction process (from 7.5 h to 1.5 h), while temperature does
not appear to have any statistically signicant effect. The oil
solubility is favored at higher pressures, thus, the overall yield is
favored at high pressure, whereas concurrent increase in
temperature enhances the positive impact. The most decisive
factor in the extraction of pigments is pressure; an increase has
a dramatically positive effect on the extraction yield, which is
statistically independent from the variations in temperature
and solvent ow rate.

Extraction via scCO2 was successful in the complete removal
of residual oil from pressed hemp cake, which has been in the
prior step subjected to cold-pressing for oil recovery. Following
the cold-pressing process, the defatted hemp cake is enriched in
proteins and bers suitable for other food-related applications,
meaning that a zero-waste process has been developed.132

2.1.3. Processing residues. The scCO2 extraction condi-
tions and the respective results that are discussed in this section
pertaining to cannabis processing residues are summarized in
Table 5.

The feasibility of recovery and exploitation of valuable
compounds from waste dust generated during processing of
hemp for ber extraction was demonstrated, while two extrac-
tion approaches relying on Soxhlet and scCO2 were evaluated
and compared (Table 5, entry 34).160 The chemical composition
of fractions collected from different steps of the ber extraction
process indicates that the machinery used in each step leads to
the generation of residues with specic proles; specically,
fractionation of the lipophilic components (unsaturated fatty
acids, long-chain alcohols, fatty aldehydes and long-chain
hydrocarbons, wax esters) was observed. It should be noted,
that the highly desirable CBD was accumulated in one step of
the mechanical process. Although the overall extraction yield of
crude wax with scCO2 is favored at high temperatures and
696 | Nat. Prod. Rep., 2023, 40, 676–717
pressures (65 °C, 400 bar), the majority of the lipophilic
compounds, with the exception of long-chain fatty acids, rea-
ches the highest extraction yields at milder conditions (50 °C,
350 bar). Contrary to conventional extraction approaches, scCO2

offers the possibility of simple separation of CBD from intox-
icating and lipophilic compounds, by simple tuning of the
temperature; CBD exhibits higher solubility at lower
temperatures.160

Quantitative removal (90–99%) of the bioactive components
present in Cannabis sativa threshing residues was successfully
obtained with a combination of three extraction processes
performed in a consecutive order; scCO2, pressurized liquid
(PLE) and enzyme-assisted extractions (EAE) (Table 5, entry
35).162 The majority of the lipophilic cannabinoid fraction,
which contains the bioactive CBD and CBDA, was recovered by
applying the optimized scCO2 parameters, which were gener-
ated via an RSM approach. Although all 3 parameters consid-
ered during RSM (pressure, temperature and extraction time)
are signicant in terms of the nal yield, an increase in pressure
seems to have the most dramatic impact on increasing the
extraction of cannabinoids. It was observed, however, that
during the extraction process decarboxylation of CBDA most
probably took place, as demonstrated by the changing ratios of
CBD and CBDA in the extract compared with their ratios in the
threshing residue. For the recovery of the polar constituents
with antioxidant properties, the residue of the scCO2 extraction
was subjected to PLE, which serves as a faster alternative to
conventional extraction approaches, at elevated temperature
and pressure. A two-step PLE with the aid of acetone and
subsequently a mixture of EtOH/H2O results in the removal of
the polar phenolic and avonoid constituents. Additionally, in
the nal step, hydrophilic mono- and disaccharide fractions
(glucuronic, malic, citric and succinic acid) can be accessed
with EAE, resulting in a 94% recovery of sugars.162

The feasibility of a pilot plant scale scCO2 set-up for the
recovery of cannabinoids from different industrial hemp
threshing residues was demonstrated (Table 5, entries 36–38).133

The solvent ow rate and extraction temperature were kept
constant, while the effect of pressure and fractionation on the
cannabinoid yield were evaluated. Although an increase in
pressure generally increases the solubility of solutes in scCO2,
thus, favoring the yield, it was concluded, in contrast to other
reported studies, that mild pressures are sufficient to maximize
the yield and any further increase in pressure does not exert any
additional impact (Fig. 12). Fractionation of the extracted
compounds was obtained by using two separators set at
different pressure levels; the cannabinoids were recovered in
the separator set at higher pressure and in the other fraction the
fragrant compounds of the hemp residues were collected.
Additionally, the dependency of the extracted cannabinoid
amount on the quality of the threshing residue was demon-
strated as well as the dependency of the nature of the extracted
cannabinoids on storage time; freshly collected residues had
higher amounts of the acidic form of the cannabinoids
compared to older samples, in which cannabinoid decarboxyl-
ation naturally occurs over time.133
This journal is © The Royal Society of Chemistry 2023
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Fig. 12 Effect of extraction pressure on the non-intoxicating canna-
binoids (d. m. = dry matter).133 Open access, CC BY 3.0, https://
creativecommons.org/licenses/by/3.0/.

Fig. 13 Effect of separator pressure on the yield of cannabinoids in the
extract from 1st and 2nd separator by scCO2 extraction.161 Open
access, CC BY-NC-ND 4.0, https://creativecommons.org/licenses/
by-nc-nd/4.0/.
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The research group subsequently employed the pilot plant to
investigate the effect of super- and sub-critical CO2 on the
recovery of valuable cannabinoids from six different industrial
hemp threshing residues (Table 5, entry 39).161 Comparison of
the CO2-based extractions with Soxhlet extraction revealed that
conventional extraction leads to higher overall yield (1.8–2.3%
vs. 21% with Soxhlet employing EtOH); however, higher
Table 6 Summary of scCO2 extraction conditions and respective result

Entry no. Input sample
Particle
size (mm) scCO2 c

40 Cannabis sativa L., cultivar: Futura 75
(dried, milled), Jul. 2019, 0.5 g

1 60 °C, 2
EtOH, 2

41 Cannabis sativa L., cultivar: Futura 75
(dried, milled), Aug. 2019, 0.5 g

1 60 °C, 2
EtOH, 2

42 Cannabis sativa L., cultivar: Futura 75
(dried at 45 °C for 30 h, milled), Oct.
2019, 0.5 g

1 60 °C, 2
EtOH, 2

a All concentrations of extracted compounds within the table are reported a
authors, in order to facilitate their comparison. b Reported as % in dried

This journal is © The Royal Society of Chemistry 2023
selectivity towards the target cannabinoids (THC, CBD, CBN,
CBG, CBC) can be achieved with CO2 extractions. Low pressure
and moderate temperature favor the cannabinoid extraction,
while neutral cannabinoids are extracted at the beginning of the
process followed by their acidic equivalents. Fractionation of
the cannabinoids was also performed by using two separators
set at different pressures (Fig. 13). The majority of the canna-
binoids was recovered in the separator operating at lower
pressure, while their efficient separation from the hemp
fragrant compounds was obtained. Addition of a co-solvent in
the scCO2 extraction signicantly increases both the overall and
cannabinoid yield (by 30% each). The subcritical CO2 extraction
operates at milder conditions and requires lower solvent
consumption resulting in highly concentrated extracts.161

2.1.4. Roots. The scCO2 extraction conditions and the
respective results that are discussed in this section pertaining to
cannabis roots are summarized in Table 6.

The impact of a scCO2-based extraction on a largely neglec-
ted part of the hemp plant, namely its roots, has been recently
reported (Table 6, entries 40–42).156 From a chemical perspec-
tive, the prole of the roots differs signicantly from the rest of
the plant, since it is characterized by an abundance in tri-
terpenes and phytosterols. As the authors demonstrated, both
harvesting period and sample drying conditions seem to have
an impact on the amount of the accessed triterpenoids, with
harvesting aer the summer months and increased drying
temperatures exerting a negative impact. Comparison of the
scCO2 approach with conventional solvent-based extraction
proves that conventional extraction has the advantage of higher
extraction efficiencies with lower solvent consumption (Fig. 14);
for the conventional extraction (n-hexane or EtOH) 8 mL of
solvent are required, while for the scCO2 approach, where EtOH
is used as a modier, 180 mL of CO2 are consumed and 18 mL
EtOH (3 mL min−1 CO2, 10% EtOH, 60 min). Nevertheless, this
is one of the rst studies where extraction of triterpenoids,
namely epifriedelinol and friedelin, with scCO2 has been re-
ported in the literature. Additionally, the study identied some
previously unidentied metabolites, i.e., two triterpenoids, four
phytosterols and one aliphatic compound.156

It is evident thus far that employing scCO2 in the recovery of
valuable compounds from various cannabis sources (owers,
seeds, processing residues) is quite promising; apart from
s pertaining to roots of the cannabis planta

onditions Extracted compounds Ref. no.

00 bar, 3 mL min−1, 10% (v/v)
h (1 h static/1 h dynamic)

bFriedelin: 0.0373 � 0.0012 156

00 bar, 3 mL min−1, 10% (v/v)
h (1 h static/1 h dynamic)

bFriedelin: 0.0434 � 0.0038 156

00 bar, 3 mL min−1, 10% (v/v)
h (1 h static/1 h dynamic)

bFriedelin: 0.0100 � 0.0005 156

s %, regardless of the units in which they were originally reported by the
hemp root.

Nat. Prod. Rep., 2023, 40, 676–717 | 697
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Fig. 15 Schematic of pretreatment on lignocellulosic material.187

Reprinted with permission from Elsevier.Fig. 14 Yield of epifriedelinol and friedelin in mg g−1 dry weight by
different extraction approaches.156 Open access, CC BY 4.0, https://
creativecommons.org/licenses/by/4.0/.
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having certain ecological advances, it offers the additional
advantages of easy product separation from the extraction
solvent by simple depressurization, which is a very attractive
feature for food and pharmaceutical applications since there is
no contamination of the product by solvent residues, increased
extraction speed and selectivity, tunability of the extract
composition by variation in pressure and temperature condi-
tions, as well as fractionation of the recovered constituents.

Despite the extensive commercialization of scCO2 in the
cannabis industry, on a research level it is still at a nascent
stage. There is still room to further understand and subse-
quently exploit the possibilities that scCO2 has to offer;
however, the basis that will eventually lead to this desirable
direction has already been set.
2.2. Ionic liquids and deep eutectic solvents

Ionic liquids (ILs) are liquids that consist exclusively of ions and
have melting points below 100 °C.183 The distinctive and unique
properties that characterize ILs, such as negligible vapor pres-
sure, wide solubility range, non-ammability and tunable
nature, by simple variation of their building anions and cations,
has rendered them suitable for a wide range of extractions and
separations. They are considered to be viable candidates for
more sustainable extraction approaches, since they can replace
the usually toxic and ammable organic solvents, reduce
chemical waste and improve the safety of chemical processes
and products.183,184

Ionic liquids are of particular interest for biomass extraction;
the strong hydrogen bonding between the lignocellulose poly-
mers poses a challenge for conventional solvents, while ILs have
the ability to break these bonds, thus, allowing higher access to
the active target compounds (Fig. 15). Apart from the higher
extraction yield for active ingredients that can be obtained by
employing ILs, they also signicantly shorten the extraction
time since they can be combined with microwave or ultrasound
irradiation techniques.185 The selection of the IL anion clearly
698 | Nat. Prod. Rep., 2023, 40, 676–717
has an impact on the extraction efficiency of the IL with an
increase in anion basicity being in line with extraction capacity.
There does not seem to be a trend regarding the cation;
however, the aromatic-based pyridinium and imidazolium ILs
exhibit better extraction capacity than their phosphonium and
ammonium counterparts.186

Deep eutectic solvents (DESs) are eutectic mixtures formed
by the combination of two or more components; specically,
Lewis or Brønsted acids and bases comprising a variety of
anionic and/or cationic species. They are considered to be IL
analogues,188 and are ideal candidates to replace commonly
employed organic solvents due to their low toxicity and low
vapor pressure, while, at the same time, they offer the advantage
of tunability of their properties by simple variation of the mix-
ing components and/or their respective ratios. Additionally,
their comparably low price and biodegradable nature make
them both nancially desirable and environmentally
compatible.189

The extraction conditions with ionic liquids/deep eutectic
solvents and the respective results that are discussed in this
section are summarized in Table 7.

Deep eutectic solvents were investigated for the extraction of
CBD from powdered leaves of industrial hemp as a low cost and
environmentally friendly approach with possibility for upscal-
ing (Table 7, entry 43).158 The evaluated DESs were based on
choline chloride and betaine combined with various hydrogen
bond donors. A preliminary screening at set conditions (DES
concentration, solid : liquid ratio, temperature, time) revealed
choline chloride/(+)-diethyl L-tartrate as the most efficient
extractant for CBD with comparable performance to the less
environmentally friendly methanol, which was used as a control
sample. The highest polarity (experimentally determined)
which is exhibited by this DES, compared to its counterparts, is
a key indicator of its superior dissolving capacity towards the
polar CBD. Nevertheless, calculations of the hydrogen bond
ability of the evaluated DESs indicate that polarity alone is not
the decisive factor of the DES's extracting capacity.

The impact of the individual extraction parameters on the
process performance were individually evaluated. In order to
This journal is © The Royal Society of Chemistry 2023
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Table 7 Summary of extraction conditions with ionic liquids/deep eutectic solvents and respective results pertaining to the cannabis planta

Entry no. Input sample
Particle
size (mm) Conditions Extracted compounds Ref. no.

43 Cannabis sativa L., leaves (dried,
powdered), 0.2 g

0.25 68% DES (choline chloride/(+)-diethyl-L-
tartrate) in water, solid : liquid 1 : 24, 48 °
C, 55 min (with the aid of
ultrasonication)

bCBD: 1.2 158

44 Cannabis sativa L., inorescences
(ground), 0.02 g

n. r. 0.8 mL DES (L-menthol/acetic acid), 30 °
C, 10 min (with the aid of
ultrasonication)

bTHC: 6.32 � 0.72,
THCA: 7.92 � 1.44,
CBD: 0.40 � 0.08,
CBDA: 1.68 � 0.32

164

45 Cannabis sativa L., leaves (dried,
powdered)

0.25 Pure IL [C6mim][NTf2], solid : liquid 1 :
25, 60 °C, 50 min

bCBD: 0.72 159

a All concentrations of extracted compounds within the table are reported as %, regardless of the units in which they were originally reported by the
authors, in order to facilitate their comparison. b Reported as % of the input sample. (n. r. = not reported).
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maximize the hydrogen bond capacity of the DES, while main-
taining the viscosity at manageable levels, 70% of DES in water
is deemed the optimum option; too much water (exceeding
50%) eliminates the desirable hydrogen bond interaction
between the DES and the solute, whereas too little water (less
than 30%) complicates the separation due to the high viscosity
of the mixture. Similarly, driven by viscosity considerations, the
solid : liquid ratio for the separation was set at 1 : 25. An
increase in temperature favors the extraction (no CBD is
detected at samples in RT) by enabling the mass transfer and
diffusion processes, while it has the benecial effect of reducing
the system viscosity. However, it should be carefully adjusted to
avoid the degradation of heat sensitive natural compounds.
Prolonging the extraction process benets the extraction up to
a certain time point beyond which no further effect is observed.
Mildly acidic pH, in which the extraction system itself results, is
necessary to maximize the CBD yield (Fig. 16). An RSM
approach, veried that the selected conditions were indeed the
optimum to maximize CBD extraction.

Recovery of the CBD from the crude extract is feasible with
the aid of macroporous resins. The highest recovery is reported
with the microporous absorbent resin DM-130 (81%), resulting
in a dried sample of 29% purity.158
Fig. 16 Single factor effect on the extraction of CBD using choline
chloride/(+)-diethyl L-tartrate; (a) solid : liquid 1 : 20, 40 °C, 60 min, pH
not adjusted, (b) 70% DES, 40 °C, 60min, pH not adjusted, (c) 70% DES,
solid : liquid 1 : 25, 60 min, pH not adjusted, (d) 70% DES, solid : liquid
1 : 25, 50 °C, pH not adjusted, (e) 70% DES, solid : liquid 1 : 25, 50 °C,
60 min.158 Reprinted with permission from Elsevier.

This journal is © The Royal Society of Chemistry 2023
An environmentally benign approach relying on hydro-
phobic DESs was developed for the recovery of cannabinoids
(THC, CBD, THCA, CBDA) from ground cannabis inorescences
(Table 7, entry 44).164 Menthol and carboxylic acids were the
evaluated hydrogen-bond acceptor and hydrogen-bond donor,
respectively. The extraction process was performed near RT (30
°C) with the aid of ultrasonication. The highest yields for all
target cannabinoids were obtained with the DES comprising
menthol and acetic acid, except for THC for which menthol
combined with formic acid generated slightly higher yields.
Additionally, replacing menthol with other terpenes, estab-
lished menthol as the optimum hydrogen-bond donor to
maximize extraction yields. Comparison of the developed DES
extractant with commonly used organic solvents demonstrated
the superior performance, in terms of extraction, of the DES
(Fig. 17).164

Imidazolium-based ILs were evaluated as alternative solvents
for CBD extraction from powdered industrial hemp leaves
(Table 7, entry 45).159 Decarboxylation of CBDA provides the
desirable CBD. The rate of this conversion in the evaluated
imidazolium IL extractants is much higher than in methanol
Fig. 17 Comparison of the extraction yields (mg g−1) of target
cannabinoids obtained with different organic solvents and the
menthol : acetic acid (M : AA) hydrophobic DES.164 Reprinted with
permission from Elsevier.
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Table 8 Summary of solvent-based extraction conditions and respective results pertaining to the cannabis planta

Entry no. Input sample Solvent Conditions Extracted compounds Ref. no.

46 Cannabis, variety:
Bedrocan, female ower
tops (air dried, ground), 5 g

Naphtha, petroleum ether,
ethanol, olive oil –water,
olive oil

98 °C, 20–120 min, 4–
20 mL solvent per g
cannabis

bTHC: 5–33, THCA: 67–
95, cb-pinene: 7.5,
myrcene: 23.1, b-
phellandrene: 8.4, cis-
ocimene: 12.1,
terpinolene: 43.8,
terpineol: 5.2, db-
caryophyllene: 25.8,
humulene: 14.8, d-
guaiene: 14.4, g-
cadinene: 12.4,
eudesma-3,7-(11)-diene:
13.1, elemene: 19.5

121

47 Cannabis sativa L., seeds
(ground), 5 g

n-hexane 20–70 °C, 5–15 min, 3–
10 mL solvent per g
cannabis

eHempseed oil: 26.6–
30.4

165

48 Cannabis sativa L., seeds
(ground), 5 g

n-hexane 20–70 °C, 10 min, 3–
10 mL solvent per g
cannabis

eHempseed oil: 25.6–
30.0

146

49 Cannabis sativa L., female
inorescences (ground), 5 g

Olive oil 35–145 °C, 40–120 min,
10 mL solvent per g
cannabis

fTHC: 0.3–15, THCA:
0.01–15.5

122

50 Cannabis sativa L., aerial
parts of young and mature
hemp (ground), 5 g

H2O, EtOH (30–90%) RT, 24 h, 20 mL solvent
per g cannabis

gPhenols: 6.2–17.1,
h
avonoids: 1.8–11.2

127

51 Cannabis sativa L., hemp
press cake

200 mM NaCl, pH 12 RT, 30 min, pH
adjusted with NaOH or
HCl, 10% (w/w) press
cake suspension, RT,
12 h (aer pH
adjustment)

iTotal phenolic content:
81

172

a All concentrations of extracted compounds within the table are reported as %, regardless of the units in which they were originally reported by the
authors, in order to facilitate their comparison. b Reported as % of the total extracted THC + THCA content. c Reported as % of total monoterpene
content. d Reported as % of total sesquiterpene content. e Reported as % extracted oil from hemp seed. f Reported as % in olive oil extracts.
g Reported as mg of gallic acid equivalent per g dry weight hemp. h Reported as mg of catechin equivalent per g dry weight hemp. i Reported
as mg gallic acid equivalent per 100 g extract.
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due to the lower polarity of these ILs compared to methanol.
The solvation effect provided by ILs lowers the energy barrier
required for the conversion reaction. Additionally, ILs enhance
the stability of the extracted CBD via formation of hydrogen
bonding with the photooxidation site of CBD. Increasing of the
IL lipophilicity enhances the extraction of the lipophilic CBD;
the IL with the longest cation chain and a hydrophobic anion,
[C6mim][NTf2], was the optimum extractant with yields
exceeding 80%, under optimized conditions of temperature,
time and solid-to-liquid ratio. The majority of the extracted CBD
can be recovered by back-extraction with a mixture of organic
solvents or an AgNO3 solution (>90% recovered in both cases),
thus, enabling the recycling of the IL.159
2.3. Solvent-based extraction

The solvent-based extraction conditions and the respective
results that are discussed in this section are summarized in
Table 8.

Romano et al.121 evaluated different organic solvents for
cannabis oil extraction with the aim of obtaining an extract rich
700 | Nat. Prod. Rep., 2023, 40, 676–717
in health benecial compounds (cannabinoids, terpenes)
(Table 8, entry 46). Although sample pre-treatment via heating
(oven or water bath) lead to the decarboxylation of the target
cannabinoids, at the same time, it signicantly reduced the
terpene content, thus, sample heating prior to extraction was
disregarded. Although all the solvents tested (naptha, petro-
leum ether, ethanol, olive oil) extracted only small amounts of
THC, due to the relatively low extraction temperatures, olive oil
exhibited the capacity for maximum terpene extraction.121

The n-hexane extraction of hempseed oil has been optimized
by adjusting the parameters of extraction temperature, solvent-
to-seed ratio and extraction time (Table 8, entry 47).165

Outcomes of RSM indicate that increasing solvent-to-seed ratio
(up to 10 : 1), at xed temperature (20 °C), favors the hempseed
oil yield regardless of the extraction time, an effect which is
more noticeable at high solvent-to-seed ratios. The impact of
time is dependent on the solvent-to-seed ratio; although negli-
gible at low ratios, it becomes more pronounced as the ratio
increases by increasing the oil yield. At high temperatures (45 °
C; 70 °C), the hempseed oil yield increases up to a maximum
point (30.4%) beyond which it decreases when increasing both
This journal is © The Royal Society of Chemistry 2023
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Fig. 18 Radar chart for all investigated parameters in obtained extracts
of aerial parts of (A) young hemp and (B) mature hemp; EY – extraction
yield, TP – total phenols content, TF – total flavonoids content, EC50

(DPPH) – effective concentration obtained by DPPH assay and EC50

(RC) effective concentration obtained by reducing power assay.127

Open access, CC BY 4.0, https://creativecommons.org/licenses/by/
4.0/.
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extraction time and solvent-to-seed ratio. At the highest
extraction temperature (70 °C), the inuence of solvent-to-seed
ratio and extraction time are less appreciable since temperature
becomes the main inuencing factor. Increased temperatures
promote the oil solubility and diffusion rate, thus, an increase
in the oil yield is observed. Additionally, a multivariate data
analysis approach was used to determine the optimum extrac-
tion parameters; although the parameters do not differ
considerably from the RSM ones, the multivariate data analysis
approach was found to be a more accurate prediction model
than RSM, since the relative standard deviation between theo-
retical and experimentally obtained values was smaller.165

Kostić et al.146 published an investigation on the kinetic and
thermodynamic behavior of hempseed oil extraction via n-
hexane (Table 8, entry 48). Elevated temperatures (45 °C; 70 °C)
favor the oil yield, due to its increased solubility, while, from
a kinetic perspective, the yield initially increases dramatically
and progressively decelerates. The calculated temperature
extraction coefficient indicates an increase factor of approx. 1
for every increase of 10 °C. Additionally, lower seed-to-solvent
ratios (3 : 1; 6.5 : 1) promote oil extraction, since increasing
amounts of solvent improve its dissolution capacity. Thermo-
dynamic data support the endothermic nature of the
reaction.146

The growing demand for oil extracts of cannabis for medic-
inal purposes prompted Casiraghi et al. (Table 8, entry 49).122 to
investigate the extraction of valuable constituents with the aid
of olive oil. Prior to extraction, the impact of varying tempera-
tures (70–110 °C) on cannabinoid decarboxylation was evalu-
ated. A standardized medicinal sample comprising cannabis
inorescences was used for the experiments. Pre-heating
promotes the conversion of THCA to THC, thus, the corre-
sponding oil extracts are rich in THC, which is the pharmaco-
logically valuable constituent. In contrast, no heat pre-
treatment of the sample allows the recovery of oil-based
extracts with higher THCA content than the other approaches.
Careful selection of pre-treatment temperature can afford high
quality and quantity THC extracts. The extraction of THCA
along with THC observed at temperatures up to 100 °C can be
almost completely eliminated by further increase of the
temperature. Combination of high temperature (130 °C) and
prolonged heating time (40 min) elevates the THC amounts (up
to 15%); however, prolonged time leads to formation of degra-
dation products. Therefore, a compromise in the combination
of temperature and time can lead to the recovery of THC-rich
extracts of high quality.

Stability experiments indicated that the oil preparation is
stable for at least 3 weeks, if stored in the fridge.122

The potential for recovery of valuable compounds from aerial
parts of young and mature hemp via solvent extraction was
investigated by Drinić et al. (Table 8, entry 50).127 The study
focused on the extraction yield, total phenolic (TP) content, total
avonoid (TF) content, antioxidant activity, and reductive
capacity (Fig. 18). Solvent polarity has a positive impact on the
overall extraction efficiency; therefore, water was more effective
than aqueous ethanolic solutions of variable concentrations
(30–90%), since it can solubilize more efficiently the target
This journal is © The Royal Society of Chemistry 2023
compounds. The obtained yields (yield ranges) of young and
mature hemp were comparable. Nevertheless, TP and TF values
for young hemp were twice those of the mature one. Addition-
ally, an aqueous ethanolic solution (50%) afforded the highest
TP (17.1 mg g−1) and TF (11.2 mg g−1) contents, as well as the
highest antioxidant capacity.127

The effect of varying a number of parameters on the extrac-
tion efficiency of proteins from undelipidated hemp press-cakes
was evaluated (Table 8, entry 51).172 Hemp proteins are recov-
ered as aqueous extracts by simple suspension of the cake in
distilled water and concurrent stirring, followed by continuous
pH adjustment (to the desired level) and centrifugation. A
decisive factor in the protein extraction efficiency is the pH
level; a signicant increase in the yield is observed as the pH
exceeds 9 (8.4% at pH 8, 67.1% at pH 12), which is in line with
the previously reported increase in the yield of the major hemp
protein fraction, the globulins, at alkaline pH values.83,190 In
contrast, the minor hemp protein fraction, the albumins, are
preferentially extracted at pH below 6. Concerning the appear-
ance of the extractants, moving towards alkaline conditions
leads to increasing brown coloration and turbidity, which can
be attributed to progressive solubilization and/or modication
of phenolic compounds. In principle, the modication of the
ionic strength of the solution should impact the protein
extraction yield (either by salting-in effect at low concentrations
or salting-out effect at high concentrations), however, this effect
is very much dependent on the pH and the surface properties of
the proteins. Adjustment of the ionic strength by NaCl addition
at the studied pH range of 9–12 did not have any signicant
impact on the protein extraction yield, while low ratios of press-
cake to water (5–10 w/w %) are favorable. Even though alkaline
pH maximizes the protein extraction efficiency, at the same
time, this happens to the detriment of the nutritional and
organoleptic characteristics of the extracts due to the oxidation
of their phenolic compounds at these pH levels.172
2.4. Ultrasonication-assisted extraction

Ultrasound is regarded as mechanical waves of higher
frequency than the human-audible frequency (>20 kHz). It is
used to enhance the extraction of compounds of interest from
plant matter. Ultrasonication-assisted extraction (UAE)
Nat. Prod. Rep., 2023, 40, 676–717 | 701
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Table 9 Summary of ultrasonication-assisted extraction conditions and respective results pertaining to the cannabis plant seeds and seedcakesa

Entry no. Input sample Solvent Conditions Extracted compounds Ref. no.

52 Cannabis sativa L., seeds
(ground), 5 g

n-Hexane 25 °C, 100–300 W, 15–
40 min, 1–15 mL solvent
per g cannabis

bHempseed oil: 21.4–26.4 130

53 Cannabis sativa L., seeds
(ground), 10 g

n-Hexane 25 °C, 20–100 W, 10–30
min

cHempseed oil: 31.9–36.1 78

54 Cannabis sativa L., seed
cakes (ground), 5 g

Methanol : acetone : water
(7 : 7 : 6 v/v/v)

20–70 °C, 200 W, 20–
40 min, 8–20 mL solvent
per g cannabis

dFlavonoids: 5.6–38.3,
ephenols: 475.4–2563.5

128

55 Cannabis sativa L., seed
cake (ground), 5 g

Methanol : acetone : water
(7 : 7 : 6 v/v/v)

70 °C, 200 W, 20 min dFlavonoids: 6.4–19.2,
ephenols: 467.5–1328.9

129

56 Cannabis sativa L., cold-
pressed seed cake
(ground), 1 g

Methanol (70%), acetone
(80%), methanol : acetone
(1 : 1 v/v)

1 min, 3 × 9 mL solvent
per g cannabis

f4 main phenols: 2.2–2.8 135

57 Cannabis sativa L., owers,
leaves and husks (dried)

80% methanol 130 W, 15 min gTotal phenolic content:
312.452, htotal avonoids:
28.173, iferric reducing
antioxidant power: 18.79,
jyield: 11

166

a All concentrations of extracted compounds within the table are reported as %, regardless of the units in which they were originally reported by the
authors, in order to facilitate their comparison. b Reported as percentage of the amount extracted by the Soxhlet method. c Reported as % extracted
oil from hemp seed. d Reported in mg of gallic acid equivalent per 100 g fresh hemp. e Reported in mg of luteolin equivalent per 100 g fresh hemp.
f Reported as mg of catechin equivalents per g dry matter, extracted compounds: N-trans-caffeoyltryamine, cannabisin B (or isomers) and 2
unknown compounds. g Reported in mg of gallic acid equivalent per g of dry weight. h Reported in quercetin equivalents per g of dry weight.
i Reported in ascorbic acid equivalents per g of dry weight. j Reported as % of plant dry weight.

Fig. 19 Relationship between yield and various parameters: (a)
extraction time, (b) solvent-to-solid ratio, (c) acting on-off ratio and (d)
ultrasonic power.130 Used with permission, John Wiley and Sons,
©2011 Wiley Periodicals, Inc.

Natural Product Reports Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 4
/6

/2
02

6 
10

:1
9:

32
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
consumes small amount of energy and it has a low investment
cost; however, large solvent volumes might be required,
a ltration step is necessary and it might deteriorate target
compounds. The ultrasonic waves spread due to rarefaction and
compression and as a result negative pressure is generated.
Consequently, when the tensile strength of the solvent is
smaller than the generated pressure, vapor bubbles are created
that implode (cavitation), generating macroturbulences and
perturbation. This cavitation near to the liquid–solid interface
leads a fast-moving stream of liquid through the cavity at the
surface. The impact of these microjets on the surface, generate
erosion, particle breakdown and surface peeling, promoting the
liberation of compounds of interest from the plant matter,
hence, higher extraction efficiencies are obtained owing to the
augmentation of mass transfer. Therefore, cell disruption and
effective mass transfer are cited as major factors enhancing
extraction with ultrasonic power. Ultrasound permits changes
in processing conditions, as compared to other techniques
lower pressures and temperatures are employed, allowing the
extraction of thermolabile compounds.191

Regarding the most important parameters of ultrasound,
frequency, wavelength, amplitude, power and the shape of the
reactor play an important role in the extraction efficiency.192

The ultrasonication-assisted extraction conditions and the
respective results that are discussed in this section are
summarized in Table 9.

Lin et al.130 rst reported the effect of UAE on hempseed oil
yield (Table 9, entry 52). The inuence of the extraction time,
the solid-to-solvent ratio, the acting on–off ratio and the ultra-
sonic power were evaluated using single-factor experiments
(Fig. 19).
702 | Nat. Prod. Rep., 2023, 40, 676–717
Extraction duration of 30 min was sufficient to obtain the
maximum yield (86.5%), whereas any further increase in time is
detrimental to the yield, considering that longer extraction
times may promote the oxidation of unsaturated fatty acids
(UFAs) and their decomposition. An increase of solvent-to-solid
ratio initially leads to a signicant increase in the extraction
yield, but eventually the increase gets progressively less signif-
icant as the ratio further increases. With regard to the effect of
acting on–off, a ratio of 20 : 20 s s−1 afforded the highest yield
(88.20%). Either increase or decrease of the acting off ratio
generates lower yields; an increase implies inadequate use of
This journal is © The Royal Society of Chemistry 2023
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ultrasonic waves, while a decrease leads to degradation of UFAs
as a result of hot spots generated by the cavitation bubbles. The
positive inuence of ultrasonic power reaches a maximum value
at 200 W and any further increase leads to progressive decrease
of the yield. The optimum experimental conditions that maxi-
mize the obtained yield were determined using a three-variable,
four-level orthogonal design (L9(34)).193 In terms of yield, the
UAE outperformed the solvent-based extraction, however, no
signicant difference in the quality of the obtained oil was
observed, which implies that the UAE has no inuence on the
fatty-acid content. Additionally, the antioxidant activity of the
UAE-recovered oil was much higher.130

The impact of UAE on the recovered hempseed oil quality
and its antioxidant activity has also been reported, focusing on
the extraction of PUFAs and tocopherols, which are represen-
tative of the oil quality and its antioxidant activity, respectively,
with the aid of n-hexane (Table 9, entry 53).78 The effect of
different variables, namely, extraction time (10–30 min) and
ultrasound power level (20–100 W), was evaluated, while the
parameters of duty cycle (percentage of the total process time
during which the ultrasound signal is “on”) and temperature
were maintained constant. Increasing the ultrasound power
and time favors the oil extraction efficiency, due to the affinity of
hempseed oil for hexane and the advantageous effect of cavi-
tation on its diffusion. Nevertheless, the combined effect of
high ultrasound power, high temperature and long extraction
times, lead to a reduction in the oxidation stability of the oil,
since, under these conditions, thermal decomposition of long
chain fatty acids occurs. With respect to antioxidant scavenging
activity, longer extraction times and high ultrasound power,
lead to higher quantities of tocopherol and phenolic
compounds. By rising the ultrasound power from 20W to 100W
the extraction of antioxidants was incremented. A compromise
between ultrasound power and time needs to be found, so that
energy is reserved and oil quality is maintained; this objective is
achieved at the optimized conditions of 91 W and 10 min.
Although Soxhlet-based extraction with n-hexane slightly favors
the extraction yield (approx. by 4%), higher quality oil, charac-
terized by stability and antioxidant activity (higher tocopherol
content), can be derived via UAE.78

Ultrasonic assisted extraction (UAE) was applied for the
extraction of TP and TF compounds from defatted hemp seed
cake and other plant sources (Table 9, entry 54).128 The impact
of solvent volume, ultrasonication time (20–40 min) and
temperature (20–70 °C) was evaluated. The TP and TF yields
obtained from seed cakes with ultrasonication are dramatically
higher than the respective conventional extraction-based yields.
Additionally, UAE is more favorable than conventional solvent-
based extraction in terms of antioxidant capacity of the recov-
ered oil. Interestingly, the double amount of solvent (100 mL)
than the one used for maximum TP extraction (50 mL) is
required in order to obtain the maximum TF value. The ideal
UAE time proved to be 20 min; exceeding this time leads to
reduced recovery of polyphenols and lowers the antioxidant
activity of the oil, which could be attributed to the degradation
of polyphenols occurring at longer ultrasonication times.
Increased polyphenol yield is in line with rising temperature;
This journal is © The Royal Society of Chemistry 2023
highest TP and antioxidant activity are achieved at 70 °C, while
lower temperatures are ideal to acquire the maximum TF
yield.128

The effect of different pre-treatment approaches, namely,
microwave (MW) and pulsed electric eld (PEF), on the
ultrasonic-based extraction of polyphenolic compounds from
defatted hemp seed cake has been reported (Table 9, entry
55).129 The optimization of the MW and PEF processes was
performed with the aid of RSM. In the MW pre-treatment, the
inuence of MW power (440–1100 W), time (1–5 min) and
liquid-to-solid ratio (4 : 1–6 : 1) on the total phenolic and total
avonoid extraction was investigated. An increase of the liquid-
to-solid ratio and the processing time favors the extraction yield
for both phenolics and avonoids, whereas the positive impact
of increased MW power reaches a maximum value beyond
which it has a detrimental effect on the yields, possibly due to
the thermal degradation of the target compounds. In the PEF
pre-treatment, the inuence of frequency, voltage, ethanol
concentration and electroporation time on the extraction yields
was investigated. Short processing times and low voltage values
maximize the extraction of total avonoids, while additional
voltage increase further promotes the extraction of total
phenolics. The low frequency and the use of ethanol as a solvent
are advantageous for the yield, however, voltage is the factor
that exerts the most decisive inuence. The positive impact of
ethanol can be attributed to its polarity, which (i) enhances cell
permeability, thus, accelerating the extraction of polyphenols
and (ii) implies increased conductivity of the solvent, thereby
accelerating heat transfer to the cells.129

Liang et al.135 reported a study on the UAE of phenolic
compounds from cold-pressed hemp seed cake, particularly
focusing on the effect of solvent, preheating temperature, and
ultrasonication time (Table 9, entry 56). The developed process
was divided into two steps; preheating treatment followed by
UAE. Comparison of preheated hemp seed cakes with an
unheated control sample demonstrated the positive effect of
preheating on the TP yield in all the aqueous organic solvents
that were evaluated. Regardless of the employed preheating
conditions (temperature and exposure time), the highest TP
(4.29 mg of gallic acid equivalent per g of dry matter) yield was
obtained with an aqueous (80%) solution of acetone, which was
higher by 30% and 40% compared to aqueousmethanol and the
mix of the 2 solvents, respectively. While the TP yield is signif-
icantly affected by the employed solvent and the preheating
temperature, the preheating duration only has a negligible
effect.135

Ultrasonication-based extraction for the recovery of bioactive
compounds from cannabis inorescence proved to be an
approach of considerable merit, compared to conventional
extraction, in terms of associated time, energy and costs (Table
9, entry 57).166 Response surface methodology was used to
evaluate the effect of the input extraction parameters, namely,
time, input power and methanol concentration, on the output
responses, i.e., TP, TF, ferric reducing ability of plasma (FRAP)
and total yield. The optimum parameters were experimentally
veried and the respective outputs were compared to a control
extraction process, which relied on mixing of the sample with
Nat. Prod. Rep., 2023, 40, 676–717 | 703
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50% MeOH while elevated temperature and constant stirring
were applied.

Concerning TP extraction, the individual and combined
effects of time and solvent composition have a pronounced
positive effect; long sonication times favor the penetration of
the solvent in the material, while higher content of methanol
allows an increase in the solvent permeability. On the other
hand, sonication power, either alone or in combination with
solvent composition, has a negligible effect on TP extraction.

The most pronounced effect on TF extraction is brought
about the solvent; in contrast to THC extraction, lower meth-
anol content favors TF extraction. This observation can be
attributed to the dual effect of water on the extraction; (i)
expansion of the matrix resulting in an increase in the contact
area of solvent and matrix and (ii) generation of hydroxyl radi-
cals that further assist the extraction. Power and time, either
separate or combined, exert a moderately positive effect on the
TF extraction.

The ferric reducing ability of plasma seemed to be inde-
pendent of the input experimental parameters. The overall yield
is favored by lowering the methanol content due to the higher
diffusivity of water as opposed tomethanol, while it increases as
a function of time. High power, however, can lead to degrada-
tion of heat sensitive compounds, thus, resulting in lower
overall extraction, while its combined effect with either solvent
or time is dependent on the nature of the compounds present in
the sample.

Overall, the optimized output value of all evaluated
responses was signicantly higher than that of the control
extraction (Fig. 20), thus, proving the undeniable value of the
ultrasonication approach.166
2.5. Microwave-assisted extraction

Microwave-assisted extraction (MAE) is related to the generation
of a non-ionizing electromagnetic radiation with a frequency of
300 MHz to 300 GHz. The microwave effect relies on the
Fig. 20 Extraction yields obtained through ultrasonication (green) and
control (blue) extractions (TPC = total phenolic content, GAE = gallic
acid equivalents, DW = dry weight, TF = total flavonoids, QE =

quercetin equivalents, FRAP = ferric reducing antioxidant power, AAE
= ascorbic acid equivalents). The error bars indicate percentage
error.166 Usedwith permission, JohnWiley and Sons, ©2018 Institute of
Food Technologists®.
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conversion of electromagnetic energy into heat by the direct
inuence of dipole polarization and ionic conduction. The
molecules that possess a dipole moment align with the electric
eld, generating molecular friction, collisions and the release of
heat energy into the medium, causing fast dielectric heating.
The ionic conduction is also an important interaction that takes
place. The ionic conduction generates higher temperatures and
faster heating in solutions consisting of ions than the ones
without. The inuence of the electromagnetic waves can be
determined by the dielectric properties of the solvent. The
spreading of the heat all over the sample/matrix is promoted by
solvents that have high dielectric constant and high dissipation
factor, leading to higher extraction yields, however, non-polar
solvents remain unaffected by the microwaves.194

Microwave-assisted extraction is characterized by shorter
extraction time, higher extraction yield, higher selectivity and
better quality of the extracts. On the negative side, chemical
reactions could be enhanced and, depending on the extraction
conditions, chemical structures could be modied, negatively
affecting the yield. In addition, this technique is ineffective
when non-polar compounds are the target and when non-polar
solvents are employed. Moreover, it is not suitable for thermally
unstable compounds. Regarding this technique, several factors
play a main role, such as power and frequency of microwave,
duration of the microwave irradiation, extraction temperature
and pressure, moisture content and particle size of the plant
material, the nature and concentration of solvent and ratio of
solid to liquid.195

The microwave-assisted extraction conditions and the
respective results that are discussed in this section are
summarized in Table 10.

A MAE process for the efficient recovery of cannabinoids
from hemp nuts was developed by Chang et al. (Table 10, entry
58).143 and subsequently compared to other available extraction
methods, namely, heat reux extraction (HRE), Soxhlet extrac-
tion (SE), SFE and UAE. An RSM was employed in order to
obtain the optimumMAE conditions, using as input parameters
the solvent (methanol, ethanol, acetonitrile, isopropanol, ethyl
acetate), the microwave power, the temperature and the
extraction time (Fig. 21).

Of all the organic solvents tested, methanol afforded the
highest yield. In contrast, water performed quite poorly due to
its low solvating power towards cannabinoids and its large
dielectric constant which leads to sample damage aer expo-
sure to high-temperature. Therefore, methanol was selected for
further RSM optimization of the MAE process.

An increase in temperature favors the overall yield, however,
temperatures beyond 100 °C are not considered since they lead
to the degradation of cannabinoids. Specically, THCA and
CBDA progressively decarboxylate into THC and CBD, while
THC can further convert to CBN, thus, affecting the yields of the
carboxylated analogues by increasing the content of THC, CBD
and CBN. Additionally, terpenes are sensitive to high
temperatures.

Microwave power exerts a minor effect on the cannabinoid
yield. While prolonging the extraction time (10–30 min) has
This journal is © The Royal Society of Chemistry 2023
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Table 10 Summary of microwave-assisted extraction conditions and respective results pertaining to the cannabis planta

Entry no. Input sample Solvent Conditions Extracted compounds Ref. No

58 Cannabis sativa L., nuts, 1 g Methanol, ethanol,
acetonitrile, isopropanol,
ethyl acetate

40–160 °C, 100–1300 W, 5–
35 min, 12 mL solvent per g
cannabis

bTHC: (1.4–2.7) × 10−4,
CBD: (1.5–2.6) × 10−4,
CBN: (0.8–1) × 10−4

143

59 Cannabis sativa L.,
inorescences (crushed),
500 g

Distilled water 400–600 W, 46–100 min cEssential oil: 0.15, dCBD:
9.3

134

60 Cannabis sativa L., cultivar:
helena, leaves, blossoms,
inorescences and bracts
(ground)

Ethanol 10–30 min, 0.07–0.2 mL,
solvent per g cannabis

ePhenols: 0.9–2.7,
f
avonoids: 0.5–1.4, gTHC:
0.03–0.06, gCBD: 0.2–1.8

168

61 Cannabis sativa L., seeds
(ground), 15 g

n-Hexane 300–600 W, 5–15 min,
10 mL solvent per g
cannabis

hHempseed oil: 25.7–36.0 167

a All concentrations of extracted compounds within the table are reported as %, regardless of the units in which they were originally reported by the
authors, in order to facilitate their comparison. b Reported as % in hemp nut. c Reported as % in dried inorescences. d Reported as % in the hemp
essential oil. e Reported in mg gallic acid equivalent/mL extract. f Reported in mg catechin equivalent/mL extract. g Reported in mg mL−1 extract.
h Reported as % in hemp seeds.
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a positive impact on the extraction yield, exceeding the 30 min
mark seems to negatively affect it.

The optimized RSM output parameters were subsequently
experimentally veried and used in the ensuing comparative
study. Microwave-assisted extraction demonstrated superior
performance to the other methods in terms of obtained yield
(up to 0.00027% THC), extraction time, solvent consumption,
and simplicity of operation.143

An RSM-based approach for the optimization of the MAE of
valuable compounds from cannabis inorescences was evalu-
ated (Table 10, entry 59).134 The MAE approach was compared
with hydrodistillation (HD), in terms of quality of the obtained
essential oil. Concerning the MW experiments, microwave
irradiation power (400–600 W), extraction time (46–100 min)
and water added aer moistening were evaluated. The RSM
Fig. 21 Effect of (A) extraction solvent, (B) microwave power, (C)
temperature and (D) extraction time on the yields of cannabinoids.
Different letters (a, b, c, d, e) indicate a significant difference (one-way
ANOVA, p < 0.05).143 Open access, CC BY 4.0, https://
creativecommons.org/licenses/by/4.0/.

This journal is © The Royal Society of Chemistry 2023
output values indicated that higher microwave power and
longer extraction times augmented the essential oil yield and
the CBD content. However, an increase in water content,
decreased both. These theoretical predictions were experimen-
tally veried. Both MAE and HD extracted similar amounts of
oil, which were also similar with respect to their chemical make-
up. Higher amounts of CBD were obtained with MAE (9%),
while longer extraction time (almost double) was necessary in
HD.

Overall, MAE is advantageous over HD due to its higher
selectivity, shorter extraction time and reduced consumption of
water and energy.134

A microwave-assisted process was reported as a simple, fast
and environmentally benign approach for the extraction of
polyphenols and cannabinoids from ground Cannabis sativa L.
(leaves, blossoms, inorescence, bracts) (Table 10, entry 60).168

Evaluation of the inuence of different extraction parameters,
namely ethanol concentration, extraction time and solid-to-
liquid ratio, on several output variables (extraction yield, total
phenol and avonoid content, antioxidant activity IC50, reduc-
tive capacity EC50, CBD and THC content) was based on
a statistical model. The constructed response surfaces provide
a comprehensive overview of the effect that variations in the
combined extraction parameters exert on the individual output
variables.

An increase in ethanol concentration has a negative impact
on total yield and total phenol content, it positively inuences
total avonoid content, while it maximizes CBD extraction up to
a certain point (1.8 mg mL−1) beyond which it negatively
impacts it. Overall, increased solid-to-liquid ratios favor most
parameters, whereas total yield and CBD are positively inu-
enced aer a certain point.168

Rezvankhah et al.167 published a study on the recovery of
hempseed oil via MAE (Table 10, entry 61). The fatty acid
composition, antioxidant activity, as well as the physiochemical
and thermal properties of the oil extracted from Cannabis sativa
Nat. Prod. Rep., 2023, 40, 676–717 | 705

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2np00059h


Natural Product Reports Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 4
/6

/2
02

6 
10

:1
9:

32
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
were evaluated. An RSM approach was employed for the opti-
mization of the MAE extraction parameters. The MAE study
focused on the quantity and quality of the extracted oil; higher
MW power (450–600 W) and higher extraction time (15 min)
promotes the oil yield (up to 36%). However, time seems to have
a more signicant impact than MW power; increasing time
beyond a certain point, regardless of the employed MW power,
can lead to thermal decomposition of the oil. Higher oil yield
characterized by lower oxidation stability is obtained with SE;
thus, MAE affords oil of higher quality.

Similar amounts of PUFAs and MUFAs were obtained,
regardless of the employed extraction method, however, MAE is
the more efficient approach since shorter extraction times are
required. Additionally, MAE accesses a higher amount of total
tocopherols (930 vs. 833 mg kg−1).167
2.6. Pressurized-liquid extraction

Pressurized-liquid extraction (PLE) or accelerated-solvent
extraction is based on the use of high temperature (50–200 °
C) and pressure (35–200 bar) for the extraction of targeted
chemicals in solid or semi-solid samples. On the one hand, high
pressure positively inuences mass transfer by promoting cell
permeability. On the other hand, high temperatures enhance
diffusion of the solvent into the sample, as the viscosity of the
solvent is reduced. Moreover, it also increments the extraction
rate by augmenting the solubility of the targeted compound and
mass transfer. This technique is simple, provides a safe and fast
extraction, has low solvent consumption, shorter extraction
time, high reproducibility and accuracy. In addition, parame-
ters can bemodied and automatization is possible. However, it
is expensive, high temperatures may result in the degradation of
thermally labile compounds, the selectivity is governed by the
solvent, meaning exhaustive and nonselective extractions and
periodical cleaning of the equipment is necessary. With regard
to the extraction yields and rate, the main key parameters are
Table 11 Summary of pressurized-liquid extraction conditions and resp

Entry no. Input sample Solvent Condition

62 Cannabis sativa L.,
seeds (crushed), 5 g

Water 50–200 °C

63 Cannabis sativa L.,
buds, leaves and stems,
0.2 g

Isopropanol 500 mL so
cannabis

64 Cannabis sativa KC
Virtus, owers, leaves,
stems 7.5–43.2 g

Ethanol 25–100 °C
1000 min,
hemp per

65 Cannabis sativa Finola,
owers, leaves, stems
7.5–43.2 g

Ethanol 25–100 °C
1000 min,
hemp per

a All concentrations of extracted compounds within the table are reported a
authors, in order to facilitate their comparison. b Reported as % relative G
sample.

706 | Nat. Prod. Rep., 2023, 40, 676–717
the temperature, pressure, type of solvent and number of
cycles.191

The pressurized-liquid extraction conditions and the
respective results that are discussed in this section are
summarized in Table 11.

The recovery of valuable compounds from hemp with the aid
of pressurized hot water extraction (PHWE) has been re-
ported.139 Specically, the chemical make-up of untreated
samples and steam-treated at different temperatures (100–160 °
C) was evaluated. Fresh hemp stalk yielded the highest cellulose
content (49%), while decorticated bers attained the highest
lignin content (27%). Similar amounts of proteins are contained
in all plant parts. Higher amounts of cellulose and lignin were
detected in dried and fresh hemp stalk and decorticated bers,
however, similar hemicellulose content was obtained regardless
of the extracted plant part. By adjusting the temperature of
PHWE, different compounds can be accessed; higher tempera-
tures are ideal for hemicellulose extraction, while glucose and
pectins can be recovered at lower temperatures. The phenolic
compounds and fatty acids commonly found in industrial hemp
bast bers, were detected in the majority of the extracts.139

Nuapia et al.136 published a study on the selective extraction
of cannabinoids from Cannabis sativa L. seeds via PHWE,
aiming for higher extraction of CBD and lower extraction of
THC and CBN (Table 11, entry 62).136 The study focused on 5
cannabinoids: THC, CBN, CBD, CBC and CBG. Response
surface methodology (RSM) was used in order to get insight into
the inuence of the evaluated parameters, precisely, extraction
time, extraction temperature and collector vessel temperature.
The results showed that all 3 parameters have an impact on the
THC and CBN extraction. Specically, an increase in both
temperatures favors solubility, thus, the yields of CBD, CBC and
CBG increase. On the other hand, yields of THC and CBN
diminish, due to their probable vaporization at elevated
temperatures, as proven by their capture in methanol in the
trapping system. Consequently, the nal product has a high
ective results pertaining to the cannabis planta

s Extracted compounds Ref. no.

, 5–60 min bTHC: 0.02–3.2, CBD: 0.1–9.9,
CBN: 2 × 10−3 to 0.7, CBG: 0.03–
4.5, CBC: 0.03–6.7

136

lvent per g cTHC: 1.6–9.5 (buds), 0.087–0.72%
(leaves, stems), CBD: 0.015–0.024
(buds), <7.6 × 10−3 (leaves,
stems), CBN: 0.43–2.1% (buds),
0.09–0.97% (leaves, stems)

140

, 1–150 bar, 10–
0.045–0.1 g
g solvent

dTHC: 4.9–10.7, CBD: 0.1–0.37 196

, 1–150 bar, 10–
0.045–0.1 g
g solvent

dTHC: 8.2–19.8, CBD: 1.5–2.6 196

s %, regardless of the units in which they were originally reported by the
C-peak area. c Reported as % in total extract. d Reported as mg g−1 of dry

This journal is © The Royal Society of Chemistry 2023
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content of CBD, CBC and CBG and lower amounts of THC and
CBN.136

A cannabinoid extraction approach relying on a hard-cap
espresso machine, using 2-propanol, was developed as
a rapid, simple and cheap alternative for their recovery from
Cannabis sativa leaves, buds and stems (Table 11, entry 63).140

Following the verication of cannabinoid stability under
extraction conditions with the aid of standards, it was demon-
strated that the developed approach could quantitatively extract
all target cannabinoids (THC, CBD, CBN) within 40 s. The
addition of a lter on the sample-containing capsule allows the
simultaneous extraction and ltration of the cannabinoids from
the plant sample, thus, circumventing additional ltration or
centrifugation steps normally required for the recovery of the
cannabinoid extract from the solid plant material.140

In 2020, a PLE-based extraction method was reported for the
extraction of CBD and THC from two different varieties of C.
sativa (KC Virtus and Finola), using ethanol as solvent (Table 11,
entries 64 and 65).196 The research examined the inuence of
different parameters, such as temperature, extraction time, and
pressure on the extraction efficiency. Their results showed that
relatively low pressures and 100 °C were sufficient to extract the
cannabinoids with good yields. Approximately, 19.8 mg of CBD
per gram of dry hemp has been extracted from the leaves of
variety Finola.
2.7. Hydrodistillation

Hydrodistillation is a commonly used method for the extraction
of bioactive compounds from plants. The key difference
between steam distillation and hydrodistillation is that steam
distillation uses steam, whereas hydrodistillation uses water,
steam or the combination of both for the extraction. Since no
organic solvents are involved in this process, this can be
considered as an environmentally benign extraction method.
On the other hand, because of the relatively high temperature
needed in this method, volatile and thermo-labile compounds
may be lost during the process.197 The hydrodistillation condi-
tions and the respective results that are discussed in this section
are summarized in Table 12.
Table 12 Summary of hydrodistillation conditions and respective results

Entry no. Input sample Solvent Conditions

66 Cannabis sativa L.,
inorescences, (i. ground,
ii. fresh matter, iii.
powdered), 100 g

Water 240 min, 35
cannabis

67 Cannabis sativa L., cultivar:
Monoica, inorescences,
leaves, stalks

Water 240 min, 1–5
solvent

a All concentrations of extracted compounds within the table are reported a
authors, in order to facilitate their comparison. b Reported as % in the ext
fraction, based on GC-MS relative areas.

This journal is © The Royal Society of Chemistry 2023
Fiorini et al.148 reported a strategy for the enrichment of
hempseed oil, derived by distillation of industrial fresh and dry
hemp inorescences, in cannabidiol (Table 12, entry 66). In
order to maximize the enrichment efficiency, 5 different sample
pre-treatment methods were evaluated; (i) no prior pre-
treatment of fresh sample, (ii) drying for 1 month, (iii)
grinding, (iv) chopping and heating at 120 °C and (v) cutting
into small pieces and MW at 450 W (1 min) and 900 W (3 min).

Drying negatively impacts the extraction yield, since higher
yield was obtained from fresh inorescences; specically,
drying promotes the loss of monoterpenes.

While there was no signicant difference in the overall oil
yield between grinding and grinding combined with conven-
tional or MW heating, the maximum extraction of CBD (9.1% in
the extracted oil) was obtained with the aid of MW pre-
treatment. Concerning the terpene content of the extracted
oil, all pre-treatment approaches negatively impacted the
monoterpene extraction, however, favored the extraction of
sesquiterpenes.148

It has been demonstrated that microwave-assisted hydro-
distillation has a considerable impact on the speed and yield of
the extraction process (half time, triple yield) (Table 12, entry
67). Application of microwaves has the added advantage of
inducing extensive carboxylation of the cannabinoids, which
mostly remain in the residual biomass, thereby, providing more
active forms of these compounds, while the reduced extraction
time means that loss of volatile compounds and secondary
metabolite degradation can be circumvented. The terpenoid
fraction of MW-assisted hydrodistillation has a richer prole in
terms of variety. Prolongation of the extraction time enriches
the monoterpene content but, at the same time, the sesquiter-
pene content is decreased.198

2.8. Mechanical pressing

Mechanical pressing is regarded as a solid–liquid separation
process utilized for the extraction of oils from oilseeds. It is
preferentially used when the oil content is below 20%. This
technique uses mechanical pressure and there are 2 classica-
tions: whenever high temperature is applied (over 49 °C) it is
dened as hot-pressing and if temperature is equal or below
pertaining to the cannabis planta

Extracted compounds Ref. no.

mL water per g bCBD: 4.6–9.1, a-pinene: 0.5–8.1,
myrcene: 1–11.5, terpinolene: 0.5–
3.2, (E)-caryophyllene: 25–52, a-
humulene: 3.5–6.6, caryophyllene
oxide: 10–22.5

148

kg plant per L cCBD: 23.83, a-pinene: 10.78, b-
ocimene: 7.02, b-myrcene: 6.74, a-
terpinolene: 2.55, d-3-carene: 3.55,
limonene: 1.82, camphene: 1.65

198

s %, regardless of the units in which they were originally reported by the
racted hemp essential oil. c Reported as % CBD in the resulting volatile

Nat. Prod. Rep., 2023, 40, 676–717 | 707
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49 °C it is called cold-pressing. The pressing machine contains
one inlet for seeds and two outlets, one for the attained oil (also
known as oil-cake) and the other for the non-oiled cake.
Expellers, expanders and twin-cold systems fall into the cate-
gory of cold presses. Mechanical pressing is a simple, auto-
matic, low cost, environmentally friendly process, as no solvents
are used, and can be applied for a wide variety of applications.
However, the main drawbacks are its low yield and low repro-
ducibility of the obtained-product quality. Concerning the oil
yield, the most inuential factors are the parameters related to
the process, to name a few, nozzle size, screw rotational speed
and temperature. In addition, the pretreatment of the seeds is
also a key parameter, including peeling, drying, solvent or
enzymatic treatment.199

The mechanical pressing conditions and the respective
results that are discussed in this section are summarized in
Table 13.

The impact of cold pressing on the quality and extraction
efficiency of hempseed oil has been reported (Table 13, entry
68).123 Specically, the pressing rate efficiency appears to be
inuenced not only by the diameter of the press nozzle but the
hemp seed characteristics as well. Smaller nozzle diameters (4
mm) yield higher oil quantities, while hemp seeds that contain
lower volatile matter promote the rate efficiency. Based on
standard of quality, it was determined, by connecting the acidity
and peroxide value, that exclusively the oil processed from the
seeds with lower total volatile content meets the quality
requirements for alimentary and therapeutic purposes.123

Apart from the cold pressing parameters, the fertilization
techniques also appear to have an effect on the phenolic and
polyphenolic content of hempseed oil extracted with cold-
pressing (Table 13, entry 68).169 The impact of various parame-
ters, such as plant density, soil fertilization, foliar fertilization,
extraction temperature (40–70 °C) and nozzle diameter (8–12
mm), was evaluated by Faugno et al.169 It was demonstrated that
Table 13 Summary of mechanical pressing conditions and respective re

Entry no. Input sample Conditions

68 Cannabis sativa L., seeds Press nozzle d
mm

69 Cannabis sativa L., seeds,
1000 g

40–70 °C, pres
diameter: 8–12

70 Cannabis sativa L., seeds,
1000 g

50–70 °C, pres
diameter: 8 mm
speed: 22–32 r

71 Cannabis sativa L., seeds
(ground)

20 min, 294–41

72 Cannabis sativa L., hurds
(dried)

50 °C, 60% EtO
NaOH, feed ra
h−1, screw spe

73 Cannabis sativa L., dust
(dried)

50 °C, 60% EtO
NaOH, feed ra
h−1, screw spe

a All concentrations of extracted compounds within the table are reported a
authors, in order to facilitate their comparison. b Reported as % in hemp
gallic acid eq. per kg of raw organic material.
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foliar fertilization increased the extraction efficiency of phenolic
compounds.

Extracts derived from non-fertilized plants of different
densities, clearly show the impact of density on extraction effi-
ciency (Table 13, entry 69); higher abundance of metabolites
with a avonoid skeleton were present in the higher density
plants. High temperatures diminish the extraction of these
metabolites, however, when larger nozzle sizes are employed,
the effect of the temperature is less signicant. Soil fertilization
positively impacts the quality of the recovered hempseed oil
which is abundant in phenolic and polyphenolic constituents.
An overview of the mechanical screw press set-up used in the
experiments is depicted in Fig. 22.169

The effect of several parameters of mechanical screw
pressing on the yield of hempseed oil has also been reported
(Table 13, entry 70).137 The nozzle size was not considered (kept
constant), however, the press temperature, the screw speed and
the sample pre-treatment (heating vs. no heating) were varied.
The most inuential parameters on the oil yield were the screw
rotational speed, followed by the extraction temperature and
seed preheating. Regarding the extraction temperature, high
temperatures lead to higher yields (up to 23%). In preheated
and non-preheated samples, high rotational screw speed had
a signicant negative inuence on the yield. Higher extraction
of oil was obtained by combining lowest screw rotational speed,
with preheated seeds at high temperatures.137

An RSM approach was used by Aladić et al.163 in order to
determine the input parameter values of cold pressing that
maximize the extraction of high-quality oil; the input parame-
ters of nozzle size, temperature and frequency were employed.
Additional parameters, such as cold-press oil volume, oil aer
centrifugation, oil temperature, free fatty acid (FFA), insoluble
impurities (II) and amount of residual oil in the press cake, were
also considered.
sults pertaining to the cannabis planta

Extracted compounds Ref. no.

iameter: 4–10 bHempseed oil: 24–30 123

s nozzle
mm

bHempseed oil: 26, relative
content; phenols: 10–50,
non-phenolic compounds:
10–78, avonoids: 5–75

169

s nozzle
, screw

pm

bHempseed oil: 17–23 137

0 bar bHempseed oil: 28–33 147

H, 13%
te: 2.2–2.5 kg
ed: 200 rpm

cFerulic acid: 99, p-coumaric
acid: 1814, dpolyphenols: 5.8

171

H, 21%
te: 2.2–2.5 kg
ed: 200 rpm

cFerulic acid: 95, p-coumaric
acid: 1150, dpolyphenols: 9.0

171

s %, regardless of the units in which they were originally reported by the
seeds. c Reported in mg kg−1 of raw organic material. d Reported in g of

This journal is © The Royal Society of Chemistry 2023
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Fig. 22 Mechanical screw press for tobacco oil extraction used by
Faugno et al. and Crimaldi and co-workers.137,169 Reprinted with
permission from Elsevier.
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Larger nozzle sizes lead to a notable decrease of the amount
of obtained oil. The FFA amount is an indicator of oil quality;
lower amounts are correlated with high quality and long shelf
life. Low temperatures, high frequencies and bigger nozzle sizes
help maintain the FFA content at the desirable low levels. A
satisfactory quality can be attributed to the recovered oil, due to
the low co-extraction of impurities (0.33–0.49%).

With regard to the optimization of screw pressing of hemp
seed oil, several parameters were studied using RSM with the
aim to maximize the oil quality properties and the oil recovery.

Among all the natural antioxidants tested, oregano provides
the oil with the highest resistance towards oxidative
degradation.163

An alternative cold-pressing approach, i.e., enzyme-assisted
cold-pressing extraction, for recovery of hempseed oil has
been reported (Table 13, entry 71).147 Enzyme-treated hemp
seeds deliver signicantly higher oil yields than untreated ones.
Additionally, it was demonstrated that different enzymes favor
the extraction yields of different fatty acids and tocopherol
forms. In any case, the addition of an enzyme adjuvant is
essential to maximize the yield of g-tocopherol. The enzyme
treated hempseed oil contains higher amounts of pigments,
whereas its oxidation stability does not differ from the control
sample.147

A twin-screw extrusion was evaluated for its potential to
recover pharmaceutically valuable compounds from hemp by-
products. Specically, ferulic acid (FA) and p-coumaric acid (p-
CA) in hemp hurds and dust were targeted (Table 13, entries 72
and 73).171 Hurds proved to be a richer source of the target
compounds since they contain 3 times the amount found in
dust.

The extrusion process comprises the steps of (i) mixing the
solid sample with the liquid solvent, (ii) extracting and (iii)
separating the solid and liquid fractions, which are performed
in a continuous mode. An aqueous ethanolic solvent is used for
the solubilization of the target compounds, while the addition
of NaOH in the solvent favors their extraction yields. Both target
This journal is © The Royal Society of Chemistry 2023
compounds are not primarily encountered in their free form,
therefore, addition of a mildly basic NaOH solution is essential
to access the etheried FA and the both etheried and esteried
p-CA. Under these conditions, the polyphenol yield is also
signicantly increased, since NaOH breaks the intermolecular
hydrogen bonds, thereby releasing the phenolic compounds. An
additional advantage of NaOH is its ability to reduce the
viscosity of the mixture inside the extruder. Increasing the
temperature (from 50 °C to 100 °C) does not seem to have an
effect on the extraction yield, therefore, mild temperatures are
selected.

A fraction of the extracted compounds is retained in the solid
residue; however, they can be recovered by a second extraction
step with a polar solvent. While a single pass from the extruder
(15 min) can recover half of the amount of polyphenols that can
be recovered by alkaline batch extraction in 24 h, the respective
yields for FA and p-CA are 2–4 times lower. Nevertheless, this
trade-off is more than counterbalanced by the signicantly
lower amounts of NaOH (45 times less) used in the extrusion
process and the low solid-to-liquid ratio, both of which signify
economic and environmentally advantageous solvent
consumption. Additionally, compared to conventional
approaches, twin-screw extrusion is less time consuming and
less energy demanding.171
2.9. Comparative studies

A comparative study on essential oil extraction from Cannabis
sativa leaves using three different techniques, precisely, super-
critical uid extraction (SFE), steam distillation (SD) and
hydrodistillation (HD), was reported by Naz et al.144 The effect of
temperature on extraction efficiencies was evaluated, while in
SFE pressure was additionally considered. In the case of HD,
increased temperature implies elevated vapor pressure which
results in increased transfer rates, thus, higher extraction
yields. On the other hand, in the case of SD, extraction is favored
at lower temperatures which limit the negative impact of hydro
diffusion, hydrolysis and thermal degradation. Between the
two, higher oil yields were obtained with SD; lower hydrolysis
rate, resulting from smaller water amounts used, as opposed to
HD, minimizes thermal decomposition, thus, providing higher
essential oil yields.

Regarding SFE, increasing pressure has a positive impact on
the extraction efficiency of the oil components; scCO2 density
increases, thus, its dissolving ability is favored at elevated
pressures. The combination of high pressure and low temper-
ature is ideal to obtain high essential oil yield, which is also the
highest among the 3 techniques that were compared. The
natural aroma of the oil was preserved better when scCO2 was
employed, due to the higher percentage of extracted sesquiter-
penes. Supercritical uid extraction proved to be superior with
regard to extraction yields, isolation and recovery of target
compounds and energy consumption.144

In a subsequent study, the research group further expanded
their study to include Cannabis indica. Elevated temperatures in
HD negatively impact the extraction yield of the essential oil due
to possible thermal degradation occurring at higher
Nat. Prod. Rep., 2023, 40, 676–717 | 709
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Fig. 23 Extraction yields (%) obtained by various methods.145 Reprin-
ted by permission of Taylor & Francis Ltd.

Natural Product Reports Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 4
/6

/2
02

6 
10

:1
9:

32
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
temperature.145 However, this observation is contradictory to
what the authors previously reported; that high temperatures in
HD lead to higher extraction yields.144 In the case of SD, best
yield was obtained at 130 °C, however, compared to the HD the
yield was much lower.

This observed difference can be attributed to the lower
penetration capacity of the steam in the plant material in the
case of SD. While in HD the plant material is constantly
submerged in boiling water, in SD the steam needs to vaporize
and condense the water present in the plant material in order to
access the target compounds; thus, longer extraction times are
required, which can lead to thermal degradation of the target
constituents.

In the case of scCO2 extraction, an increase in temperature
up to a certain point increases the yield, however, any additional
increase beyond this point has no impact on the obtained yield.
This can be attributed to the decrease of the scCO2 density
beyond this temperature point, since scCO2 controls the
increase of the solute vapor pressure at the corresponding
pressure.

Regardless of the cannabis species, SFE afforded the highest
oil yield of all 3 techniques compared. In any case, higher oil
yield was obtained from Cannabis sativa than Cannabis indica,
which is a result of different factors regarding the biotype and
chemotype of the plant, geographical cultivation, climatic
conditions and extraction process. An overview of the yields
obtained by the compared methods is presented in Fig. 23.145

A comparative study of focused ultrasound extraction (FUSE)
and SFE on the recovery of cannabinoids and sesquiterpenes
from cannabis leaves and buds has been reported.

The sonication time, amplitude, sonication cycles and the
extracting solvent composition were varied during the optimi-
zation of the FUSE. As factorial fractionated design indicates,
the number of cycles has no signicant effect, hence the value
was set to the minimum. The highest value of amplitude is
achieved at a ratio of 1 : 1 solvent mixture, which had a positive
impact on the extraction of sesquiterpenes and cannabinoids.
For both, the sonication time did not have a signicant impact,
therefore, it was set to the minimum (5 min).

The SFE was optimized with central composite design (CCD).
Addition of co-solvent (EtOH) was deemed necessary to maxi-
mize the cannabinoid extraction, whereas lack of co-solvent and
low temperature extractions are more favorable for terpene
extraction. Cannabinoid extraction is not affected by changes in
710 | Nat. Prod. Rep., 2023, 40, 676–717
temperature. Supercritical uid extraction allowed the frac-
tionation in 2 different extracts; one rich in terpenes and the
other in cannabinoids.

While higher extraction yields are accessible with FUSE, SFE
offers the advantage of fractionation, which enables the sepa-
ration of cannabinoids and terpenes.141

De Vita et al.142 published a comparative investigation of
different methods, i.e., UAE, MAE and an emulsion-based
extraction for the recovery of main cannabinoids (THC, THCA,
CBD, CBDA, and CBN) from commercially available hemp
varieties and medical cannabis samples.

Regarding the UAE, the inuence of solvent and extraction
time was studied. Use of ethanol, combined with shorter
extraction times, favors the cannabinoid extraction. Overall, for
the commercially available hemp, conventional ethanol-
assisted extraction was more favorable for CBDA, THCA and
total CBD, while the optimized UAE extraction was more effi-
cient for the other cannabinoids. In the case of the medical
samples, ethanol-based extraction was more efficient than the
optimized UAE for all target cannabinoids.

With regard to MAE, the effect of extraction time, extraction
temperature, ramp time and solvent was evaluated. Prolonged
extraction time and elevated temperature extracts an amount of
CBD that is 4 times higher than the conventional extraction,
while employing ethanol and short ramp time favors this
outcome. Conversely, by increasing the time and temperature of
extraction, a signicant decrease in the CBDA yield is observed,
which may be attributed to the transformation of CBDA into its
decarboxylated analogue, i.e., CBD, during the MAE process.
Contrary to CBDA, an increase in temperature promotes THCA
extraction. Overall, MAE obtained a higher amount of THC and
THCA compared to the conventional extraction. Between MAE
and UAE, higher extraction efficiency for CBD and THC is ob-
tained with UAE.

Regarding the emulsion-aided extraction (Tween 20 in H2O),
the inuence of the solvent, the extraction time and the
extraction temperature were evaluated. Both THC and CBD
yields were lower compared to the ones obtained with conven-
tional extraction. Apart from that, total THC was comparable in
all the emulsion-based extractions, regardless of the employed
extraction parameters. Interestingly, higher CBD than CBDA
quantities were present in the tween-based extract, even though
in the conventional ethanolic extract CBDA was 5 times higher
than CBD.142

Brighenti et al.42 compared the efficiency of solvent extrac-
tion (SE), dynamic maceration (DM), ultrasound-assisted
extraction (UAE), microwave-assisted extraction (MAE) and
supercritical uid extraction (SFE) on the recovery of cannabi-
noids from inorescences.

Concerning the optimization of the extraction conditions,
methanol and ethanol were the most appropriate solvents for
the extraction of cannabinoids, followed by acetone, MeOH/
CHCl3 (9 : 1) and hexane. Each of the evaluated techniques were
optimized in terms of extraction time and temperature. UAE
and SFE had the poorest performance of all compared methods
in terms of extracted amounts of CBDA, CBD and CBGA. While
similar amounts of CBGA were obtained with both DM and
This journal is © The Royal Society of Chemistry 2023
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Fig. 24 Extraction yields obtained through different extraction
processes.170 Reprinted with permission from Elsevier.

Fig. 25 Cannabinoids related publications based on the database of
SciFindern (search term: cannabinoids, 10.05.2022).
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MAE, CBD yields were favored by MAE and CBDA by DM.
Considering all the aforementioned, DM was selected as the
best extraction method for non-intoxicating cannabinoids.42

A comparative study of different extraction approaches for
hemp seed oil and their industrially-relevant nancial assess-
ment was performed. The following extraction techniques were
evaluated; Soxhlet (SOX), percolation (PER), supercritical uid
extraction (SFE), ultrasonication (ULT), pyrolysis (PYR), ULT
treated SOX (UTS) and SOX treated ULT (STU).

Maximum extraction efficiency is obtained via UTS (Fig. 24),
however, SFE provides product of the highest purity. Aside from
efficiency, the prole of the obtained fatty acids is signicantly
affected by the extraction method of choice. SFE and SOX are
not only the most efficient in terms of extraction but they also
provide the ideal ratio (3.22 and 2.40, respectively), from a die-
tary perspective, of u-6 to u-3 acids. In contrast, the high ratio
obtained via UTS (9.24) renders it unsuitable for the extraction
of fatty acids intended for nutritional purposes.

Concerning industrial upscaling, all the evaluated tech-
niques are considered to be nancially viable. Despite the high
cost of SFE, the expected prot (high market value due to the
high purity of the product), which exceeds 10-fold the prot of
the other processes, more than counterbalances the high cost.
The use of ultrasonication is the main reason that ULT and UTS
exhibit the highest power consumption.170
3. Conclusion

In the last few years, there has been an increasing interest
worldwide in cannabis-derived phytochemicals, mainly due to
their medical potential, as well as their merit/role in the
production of industrially valuable products (Fig. 25). Despite
this dramatic boost, the extraction of high value-added prod-
ucts is still in its early stages, as new bioactive compounds are
constantly discovered, and their identication and isolation
remain challenging tasks. In this review, the extraction of
phytochemicals present in cannabis plant with the aid of
conventional techniques and more sophisticated ones has been
discussed.

Evidently, the extraction of phytochemicals is a complex
process and, up till now, progress in extraction of target
compounds has been achieved with various levels of
This journal is © The Royal Society of Chemistry 2023
performance/effectiveness. It has been demonstrated that by
substituting the conventional solvent extraction techniques
with modern strategies has led to reduction of extraction time,
decrease of solvent consumption, high extraction yields,
increased selectivity, fractionation and stability of targeted
compounds.

Nevertheless, there are still numerous questions that need to
be addressed. The conducted research has mainly focused on
valuable compounds, such as cannabinoids, essential oils and
pigments, however, complete characterization of the extracts is
notably absent. While high recovery of desirable compounds is
the main objective, it is equally important to include data on the
possible presence of contaminants, such as degradation prod-
ucts and/or residual pesticides and growth regulators, which
apart from lowering the quality of the derived extracts, could
also have a harmful effect if used in products intended for
human consumption. Additionally, a concise interpretation of
the obtained results could be useful; the impact of the extracted
amount of each valuable compound on the extract quality,
organoleptic features and stability should be clearly stated.

Regarding sample storage and preparation prior to extrac-
tion, both can drastically inuence the chemical prole of the
starting material and the yield and composition of the collected
extract, as demonstrated in the research discussed in this
review. Therefore, a reconciliation in the inconsistencies
regarding storage conditions (fridge, freezer, RT, dark, light)
and sample preparation (particle size, moisture content) is
necessary in order to accurately evaluate the obtained results
and compare the experimental outcomes of different research
efforts. Furthermore, the merit of the developed extraction
approaches could benet from their further application to
various cannabis sources (bers, owers, seeds, processing
residues) and different cannabis varieties.

Reliable quantication of the extracts is of paramount
importance and the development of a unied and validated
analytical approach could mitigate quantication errors and
deviations, which is especially important for extracts intended
for medicinal applications. Additionally, a unied approach
should be introduced regarding the input material character-
ization and the reported quantication results; we believe that
this would signicantly facilitate future research work and
effectively simplify the comparison between different extraction
approaches.
Nat. Prod. Rep., 2023, 40, 676–717 | 711
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Table 14 Summary of advantages and disadvantages for different extraction techniques

Extraction method Principle Advantages Disadvantages

Supercritical uid Improved extraction efficiency due
to low viscosity & high diffusivity

� Non-toxic & non-ammable � Limited to non-polar and weakly
polar compounds

� No solvent residues � Energy-demanding
� Easy separation from product � Special equipment required

Ionic liquids & deep eutectic
solvents

Liquids with low vapour pressure,
that consist of ions

� Tuneable properties � High cost

� High extraction yields � Viscosity issues
� Improved safety

Solvent-based Soxhlett extraction Organic solvents � Low investment costs � Large solvent consumption
� High reproducibility � Use of persistent/ammable

chemicals
Ultrasound-assisted Local hotspots generated via

cavitation
� Low energy consumption � Large solvent consumption

� Low investment costs Use of persistent/ammable
chemicals

Microwave-assisted Direct conversion of
electromagnetic energy to heat

� Short extraction time � Ineffective for non-polar target
compounds

� High extraction yields � Not suitable for thermally instable
compounds

Pressurized liquid High temperature (enhances
solvent diffusion due to reduced
viscosity) and pressure (promotes
cell permeability) is applied

� Fast � High cost

� Low solvent consumption � Degradation of thermo-labile
compounds may occur

� High reproducibility
Hydrodistillation Water and/or steam is applied for

the extraction
� No organic solvent � Volatile and thermo-labile

compounds may be lost
� Energy-intense

Mechanical pressing Mechanical pressure � Simple � Low yields and reproducibility
� Low cost
� No solvent-free
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We should point out, that there is no universal extraction
technique, as each extraction technique has advantages and
disadvantages (Table 14). Moreover, it is dependent on the part
of the plant used and the nature of the target compound.
Considerable attention needs to be paid to the aim of the
investigation at hand and the target compounds when deciding
on the pretreatment approach of the input material and the
extraction technique. Scientists, motivated by the increased
demand of extracting bioactive compounds present in plants,
are in continuous search for suitable and more sophisticated
extraction techniques. However, a combination of processes
may be the beautiful and rewarding future of the extraction of
cannabis-related bioactive compounds.
4. Abbreviations
AD
712 | Nat. Prod. R
anno Domini

AgNO3
 Silver nitrate

ANOVA
 Analysis of variance

BC
 Before Christ

Cannabis
sativa L.
Cannabis sativa Linnaeus
CBC
 Cannabichromene
ep., 2023, 40, 676–717
CBCA
T

Cannabichromenic acid

CBD
 Cannabidiol

CBDA
 Cannabidiolic acid

CBE
 Cannabielsoin

CBG
 Cannabigerol

CBGA
 Cannabigerolic acid

CBL
 Cannabicyclol

CBN
 Cannabinodiol

CBT
 Cannabitriol

CCD
 Central composite design

CHCl3
 Chloroform

[C6mim][NTf2]
 1-Hexyl-3-methylimidazolium

bis(triuoromethylsulfonyl)imide

DES
 Deep eutectic solvent

DM
 Dynamic maceration

EAE
 Enzyme-assisted extraction

EFA
 Essential fatty acids

EtOH
 Ethanol

EU
 European Union

FA
 Ferulic acid

FFA
 Free fatty acid

FRAP
 Ferric reducing ability of plasma

FUSE
 Focused ultrasound extraction

g
 Grams
his journal is © The Royal Society of Chemistry 2023
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GC-FID
This journal is © T
Gas chromatography-ame ionization detector

GLA
 Gamma-linolenic acid

HD
 Hydro distillation

HDPE
 High-density polyethylene

H2O
 Water

II
 Insoluble impurities

IL
 Ionic liquid

LDL
 Low-density lipoprotein

MAE
 Microwave assisted extraction

MeOH
 Methanol

mg
 Milligrams

MUFA
 Monounsaturated fatty acids

MW
 Microwave

NMR
 Nuclear magnetic resonance

RSC
 Response surface methodology

p-CA
 p-Coumaric acid

PCA
 Principal component analysis

PEF
 Pulsed electric eld

PER
 Percolation

PLE
 Pressurized-liquid extraction

ppm
 Part per millions

PUFA
 Polyunsaturated fatty acid

PYR
 Pyrolysis

RSM
 Response surface methodology

scCO2
 Super critical carbon dioxide

SD
 Steam distillation

SDA
 Stearidonic acid

SE
 Solvent extraction

SFE
 Supercritical uid extraction

SOX
 Soxhlet

SPE
 Solid phase extraction

STU
 Soxhlet treated ultrasonication

TF
 total avonoids

THC
 D9-Tetrahydrocannabinol

THCA
 D9-Tetrahydrocannabinolic acid

TP
 Total phenolics

Tween 20
 polysorbate 20

UAE
 Ultrasound assisted extraction

UFA
 Unsaturated fatty acid

UK
 United Kingdom

ULT
 Ultrasonication

UN
 United Nations

US(A)
 United States of America

UTS
 Ultrasonication treated Soxhlet
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Phytochemistry, 1975, 14, 814–815.

88 E. Lemberkovics, P. Veszki, G. Verzar-Petri and A. Trka, Sci.
Pharmacol., 1981, 49, 401–408.

89 L. Hood, M. Dames and G. Barry, Nature, 1973, 242, 402–
403.

90 V. Mediavilla and S. Steinemann, J. Ind. Hemp, 1997, 4, 80–
82.

91 J. Novak and C. Franz, J. Essent. Oil Res., 2003, 15, 158–160.
92 E. B. Russo, Br. J. Pharmacol., 2011, 163, 1344–1364.
93 J. M. McPartland and E. B. Russo, J. Cannabis Ther., 2001, 1,

103–132.
94 M. Hesami, A. Baiton, M. Alizadeh, M. Pepe,

D. Torkamaneh and A. M. P. Jones, Int. J. Mol. Sci., 2021,
22, 5671.

95 B. Farinon, R. Molinari, L. Costantini and N. Merendino,
Nutrients, 2020, 12, 1935.

96 M. Kuddus, I. A. Ginawi and A. Al-Hazimi, Emir. J. Food
Agric., 2013, 736–745.

97 E. Small and D. Marcus, in Trends in New Crops and New
Uses, Alexandria, VA, 2002, pp. 284–326.

98 E. Small, in Natural bers and composites, Studium Press,
Houston, 2014, pp. 29–64.

99 E. Kreuger, T. Prade, F. Escobar, S.-E. Svensson,
J.-E. Englund and L. Björnsson, Biomass Bioenergy, 2011,
35, 893–900.

100 L. Nissen, A. Zatta, I. Stefanini, S. Grandi, B. Sgorbati,
B. Biavati and A. Monti, Fitoterapia, 2010, 81, 413–419.

101 D. Gibb, M. Shah, P. Mir and T. McAllister, Can. J. Anim.
Sci., 2005, 85, 223–230.

102 A. Mustafa, J. McKinnon and D. Christensen, Can. J. Anim.
Sci., 1999, 79, 91–95.

103 A. Hessle, M. Eriksson, E. Nadeau, T. Turner and
B. Johansson, Acta Agric. Scand., Sect. A, 2008, 58, 136–145.

104 J. W. Roulac, Hemp horizons: the comeback of the world's
most promising plant, Chelsea Green Publishing Company,
Vermount, United States, 1st edn, 1997.

105 S.-Y. Li, J. D. Stuart, Y. Li and R. S. Parnas, Bioresour.
Technol., 2010, 101, 8457–8460.

106 R. Weightman and D. Kindred, Review and analysis of
breeding and regulation of hemp and ax varieties available
for growing in the UK, ADAS Centre for Sustainable Crop
Management, Boxworth, Cambridge, 2005.

107 The science of cannabis and hemp storage, https://
bovedainc.com/the-science-of-cannabis-and-hemp-
storage/, accessed October, 2020.

108 P. L. Atkins, J. AOAC Int., 2019, 102, 427–433.
109 L. Zamengo, C. Bettin, D. Badocco, V. Di Marco, G. Miolo

and G. Frison, Forensic Sci. Int., 2019, 298, 131–137.
110 D. J. Harvey, J. Ethnopharmacol., 1990, 28, 117–128.
111 P. Lerner, The precise determination of

tetrahydrocannabinol in marihuana and hashish, United
Nations Office on Drugs and Crime, Vienna, Bull. Narc.,
1969, 21, 39–42.

112 K. Grafström, K. Andersson, N. Pettersson, J. Dalgaard and
S. J. Dunne, Forensic Sci. Int., 2019, 301, 331–340.

113 C. Lindholst, Aust. J. Forensic Sci., 2010, 42, 181–190.
This journal is © The Royal Society of Chemistry 2023
114 R. N. Smith and C. G. Vaughan, J. Pharm. Pharmacol., 1977,
29, 286–290.

115 J. W. Fairbairn, J. A. Liebmann and M. G. Rowan, J. Pharm.
Pharmacol., 1976, 28, 1–7.

116 K. D. Roth, N. A. Siegel, R. W. Johnson Jr, L. Litauszki,
L. Salvati Jr, C. A. Harrington and L. K. Wray, J. Anal.
Toxicol., 1996, 20, 291–300.

117 T. Moreno, F. Montanes, S. J. Tallon, T. Fenton and
J. W. King, J. Supercrit. Fluids, 2020, 161, 104850.

118 M. Sexton, K. Shelton, P. Haley and M. West, Planta Med.,
2018, 84, 234–241.
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168 Z. Drinić, J. Vladić, A. Koren, T. Zeremski, N. Stojanov,
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