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Abstract: The quest for sustainable and environmentally friendly fuel feedstocks has led to the explo-
ration of green solvents for the extraction of bio-o0il from various biomass sources. This review paper
provides a comprehensive analysis of the challenges and future research outlooks for different cate-
gories of green extraction solvents, including bio-based solvents, water-based solvents, supercritical
fluids, and deep eutectic solvents (DES). The background of each solvent category is discussed, high-
lighting their potential advantages and limitations. Challenges such as biomass feedstock sourcing,
cost fluctuations, solvent properties variability, limited compatibility, solute solubility, high costs, and
potential toxicity are identified and examined in detail. To overcome these challenges, future research
should focus on alternative and abundant feedstock sources, the development of improved solubility
and separation techniques, optimization of process parameters, cost-effective equipment design,
standardization of DES compositions, and comprehensive toxicological studies. By addressing these
challenges and advancing research in these areas, the potential of green extraction solvents can be
further enhanced, promoting their widespread adoption and contributing to more sustainable and
environmentally friendly industrial processes.

Keywords: green solvents; extraction; bio-based solvents; water-based solvents; supercritical fluids;
deep eutectic solvents; challenges; future research; sustainability; industrial processes

1. Introduction

Recognizing the urgent need to move away from fossil fuels and reduce greenhouse
gas emissions, societies around the world have been steadily increasing their demand
for renewable energy sources in recent years [1]. Climate change, energy security, and
the depletion of conventional energy sources are all contributing factors to this increase
in demand [2,3]. Consequently, there has been a lot of focus on investigating renewable
energy sources such as biomass-based biofuels.

The growing demand for sustainable energy sources has spurred interest in the pro-
duction of bio-oil from biomass as a renewable alternative to fossil fuels [4]. Bio-crude
extraction involves the conversion of biomass feedstocks into valuable liquid fuels through
various thermochemical and biochemical processes [5-7]. The versatility of bio-crude
extraction allows the use of various biomass sources such as agricultural residues, energy
crops, and forestry waste, providing a sustainable alternative to fossil fuels. The signifi-
cance of bio-crude lies in its potential to reduce reliance on finite fossil fuel resources and
mitigate climate change by reducing carbon dioxide emissions [7,8]. As a renewable energy
source, bio-crude offers a pathway towards achieving energy security, diversification, and
a transition to a low-carbon economy. Furthermore, bio-crude production can contribute to
waste management by utilizing agricultural and forestry residues that would otherwise go
to waste [9-14].

In recent years, there has been a significant focus on developing efficient and envi-
ronmentally friendly methods for bio-crude extraction, with particular attention given
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to the selection of solvents used in the extraction process [15-17]. Conventional meth-
ods for bio-crude extraction typically involve the use of organic solvents, such as, hex-
ane [14], acetone [18], dichloromethane (DCM) [19], methanol [20], and toluene [21]. While
these solvents have been widely employed due to their effectiveness in extracting bio-
oil, they come with certain limitations that hinder their sustainability and environmental
compatibility [22].

Firstly, conventional organic solvents are often derived from fossil fuels, contributing
to carbon emissions and the depletion of finite resources. Additionally, the production
and use of these solvents can have adverse environmental impacts, including air pollution,
water contamination, and potential health risks [23,24]. For example, DCM, a volatile
organic compound (VOC), contributes to air pollution, ozone depletion, and environ-
mental contamination. Methanol can contaminate water bodies and harm aquatic life.
Improper disposal or accidental release of hexane and toluene can lead to soil and water
pollution [19-21,23,24]. Furthermore, the disposal of spent solvents presents challenges in
terms of waste management and potential ecological harm. Therefore, there is an urgent
need to develop and adopt sustainable solvents that minimize environmental impacts and
promote the ecological viability of bio-crude extraction.

Green solvents, such as bio-based (derived from renewable sources), water-based
(dissolved in water), supercritical fluids (above their critical point), and deep eutectic
solvents (formed by mixing two or more components), offer alternatives to conventional
organic solvents for bio-oil extraction. These solvents are characterized by being non-toxic,
non-volatile, recyclable, and biodegradable. Ideally, they are made from easily accessible
materials, and their synthesis is cost-effective [25,26]. They can enhance the efficiency and
sustainability of the extraction process, contributing to the overall environmental profile
of bio-crude production. Their use aligns with the growing demand for renewable and
eco-friendly solutions in the energy sector, making them essential players in the transi-
tion towards a more sustainable future [27]. Green solvents offer a promising approach
to enhance the sustainability of bio-crude extraction by minimizing the environmental
impact of solvents. Additionally, green solvents can reduce carbon emissions and the
overall ecological footprint associated with the extraction process [25-27]. However, not
all green solvents are without limitations. Challenges include cost: The production and
implementation of green solvents on a large scale can be economically challenging. Many
bio-based and environmentally friendly solvents may have higher production costs com-
pared to conventional organic solvents, which can affect their widespread adoption in
industrial applications, and compatibility issues with green solvents can vary depending
on the type of solvent used. For example, bio-based green solvents derived from renewable
biomass sources, may have different interactions with various biomasses during extraction
processes. Similarly, water-based green solvents, or DES, may have unique interactions
with biomasses, affecting their effectiveness in extracting bio-oil components. Some green
solvents may have limitations in terms of their solubility or extraction efficiency for certain
biomass feedstocks, which need to be addressed for their widespread implementation in
the bio-crude production industry [26,28].

Therefore, the main objective of this review is to compare the advancements from
conventional solvents to green solvents for bio-oil extraction and evaluate their potential.
It will provide a detailed analysis of the challenges, opportunities, and future research
directions in the development and usage of green solvents, including bio-based solvents,
water-based solvents, supercritical fluids, and DES for bio-oil extraction. The paper aims to
highlight the advantages and limitations of green solvents, discuss their environmental and
health impacts, and propose strategies to optimize their performance, scalability, and overall
sustainability. Through this thorough comparison with conventional solvents commonly
used in bio-oil extraction processes, the review will underscore the advancements achieved
by utilizing green solvents, emphasizing their potential in enhancing the bio-oil extraction
process while minimizing environmental impact.
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2. Traditional Solvents vs. Green Solvents

Oil is typically extracted using one of three traditional methods: hydraulic pressing,
expeller pressing, or solvent extraction (SE). SE is one such technique that has seen extensive
use due to its low cost and numerous practical applications.

2.1. Solvent Extraction with Traditional Organic Solvents

In SE, traditional solvents commonly used in bio-crude extraction processes include
petroleum-based solvents such as hexane, toluene, and chloroform. These solvents have
been traditionally favored due to their ability to efficiently extract bio-crude from
biomass [29]. Organic solvent efficiency is determined by molecular structure-based se-
lectivity for desired compounds and chemicals [30]. The polarity and classification of the
solvent used have a significant impact on the extracted or fractionated chemicals from
bio-oil. It functions on the principle of the difference in solubility between two mutually
incompatible liquids or phases. Organic solvent extraction relies on the solubility of organic
compounds in the solvent, which allows for their dispersion and subsequent separation

into a denser organic fraction via settling. Figure 1 is a diagrammatic representation of
the SE.
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Figure 1. Schematic diagram of the SE.

After that, the organic solvent will evaporate, leaving behind the extracted materials.
Physical and chemical solvents have been studied and reported for use in the extraction
and fractionation of bio-oil through solubility properties [31].

Table 1 provides a summary of recent research on organic solvents used in bio-oil
fractionation and extraction. These research works looked at different solvents and how
they could be optimized for extraction to establish the base knowledge and viability of
organic solvent extraction.

Table 1. Bio-oil extraction using different conventional organic solvents.

Feedstocks

Bio-Oil

Temperature (°C) Extraction Solvents Extraction Yield Ref.

Production Process (wt.%)

Biomass

Microalgae

Hydrothermal Liquefaction

Alcohols (i.e., methanol)
Alkanes (i.e., n-hexane)
Acetic acids
Furfural
Thermal Liquefaction 25-70 Diethyl ether 24-65 [32]
Toluene
Ethylbenzene
Water
Water/methanol mixture

(HTL) 250-310 Dichloromethane (DCM) 23 [33]
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Table 1. Cont.

Bio-0Oil o . Extraction Yield
Feedstocks Production Process Temperature (*C) Extraction Solvents (wt. %) Ref.
Sewage sludge (SS) HTL 350 DCM 9.34 [34]
ss Catalytic-HTL (catalyst and 350 DCM 61.51
ethanol as solvent)
Acetone 30.41
Liquefaction in subcritical Ethanol 23.45
Rubberwood sawdust water 280-320 DCM 28.14
Ethyl acetate (EA) 27.66 [35]
Acetone 30.29 g
Liquefaction in subcritical Ethanol 25.15
Rubberwood sawdust ethanol 280-320 DCM 29.76
EA 31.69
. . . 500 with heating rate
Pine wood Catalytic-Pyrolysis (100/min) DCM 61.1-72 136]
. . . 500 with heating rate
Pine wood Non-catalytic Pyrolysis (100/min) DCM 71.6
Pine sawdust Fast Pyrolysis 500 Acetone ~36* [37]
Pine sawdust Catalytic-Pyrolysis 550 Acetone 53.4 -
Delonix regia . .
(Lignocellulosic biomass) Catalytic-Pyrolysis 600 DCM 26.48 3]
Delonix regia Non-catalytic Pyrolysis 600 DCM 27.18
Olive mill waste water Fast Pyrolysis 500 DCM 60 [39]
sludge
Spent coffee grounds .
traditional Pyrolysis 700 DCM 12.64 [40]
Spent coffee grounds .
decaffeinated Pyrolysis 700 DCM 9.90
EA 3.79
DCM 3.63
. 550 with heating rate Carbon tetrachloride 1.02
Jatropha Curcas seed cake Slow Pyrolysis (5/min) Diethyl ether 250 [31]
Benzene 2.02
hexane 2.34
Rice straw Pyrolysis 500 DCM 41-47 [4421]’
YarrO\A.na lipolytica SE+ Room Temperature Methanol /Hexane 10-28 [43]
(oleaginous yeast) (RT)
Sweet melon seeds SE* RT n-Hexane 0.5-1 [44]
Citrus seeds (mandarin) SE (Soxhlet) * 60 n-Hexane 27.61 [45]
Citrus seeds (bitter orange) SE (Soxhlet) * 60 n-Hexane 36.42
Wastewa.ter scum of dairy SE 25.50 Hexane 48-54 [46]
industry
Wet SS SE RT Hexane 38-41 [14]
Dewatered SS SE RT Hexane 30 [47]
Dried SS SE (Soxhlet) * n-Hexane 0.94-1.75 [48]
Lyophilized algae SE (Soxhlet) * n-Hexane 13.41 [49]
n-Hexane 279
Chukrasia tabularis L. . Petroleum ether 27.7
(C. tabularis) seed SE (Soxhlet) Chloroform 24
Acetone 15
n-Hexane 32 [50]
Chukrasia tabularis L. _ . Petroleum ether 30
(C. tabularis) seed AUH ~ + SE (Soxhlet) Chloroform 26
Acetone 15.2
n-Hexane 41-46
Seeds of Jatropha curcas SE*t 25-80 Petroleum ether 39-44 [51]
Ethanol 37-41
Karanja Seed . 22-34
Algae SE (Soxhlet) 50 n-Hexane 40-50 [52]

* The yield of heavy bio-oil under oxygen equivalence ratio (6.47%), defined as the residue of bio-oil after
evaporation. * pretreatment requires such as crashing, grinding, drying, etc., before extraction. = autoclave-
assisted ultrasonic homogenization.

2.2. Environmental and Health Concerns Associated with Traditional Solvents

Traditional organic solvents, commonly used in various industries such as manu-
facturing, painting, cleaning, and pharmaceuticals, have been associated with several
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environmental and health concerns. These solvents, often based on petroleum-derived
compounds, pose risks to both ecosystems and human well-being. Solvents, also known as
volatile organic compounds (VOCs), are also found in a wide variety of building materials,
including paints, paint strippers, thinners, and glues [53,54].

The primary reasons why these compounds are classified as VOCs are because of their
low boiling point and high volatility. Furthermore, the United States Environmental Protec-
tion Agency (EPA) and the World Health Organization (WHO) classify VOCs into three
distinct groups based on their boiling points. The terms “very volatile organic compounds
VVOCs” (or “wicked volatile organic compounds”), “volatile organic compounds”, and
“semi-volatile organic compounds (SVOCs)” are used to describe these substances [55].
However, the US EPA does not make a distinction between VOCs and VVOCs, and instead
uses a wide range of definitions, including;:

“VOC means any compound of carbon, excluding carbon monoxide, carbon
dioxide, carbonic acid, metallic carbides or carbonates, and ammonium carbon-
ate, which participates in atmospheric photochemical reactions, except those
designated by EPA as having negligible photochemical reactivity”.

“VOCs, are organic chemical compounds whose composition makes it possible for
them to evaporate under normal indoor atmospheric conditions of temperature
and pressure” [56].

Certain solids and liquids release VOCs as gases into the environment. Some of
the chemicals that make up VOCs have been linked to both short- and long-term health
problems. The concentrations of many VOCs are reliably higher (up to ten times higher)
inside than they are outside [57]. However, SVOCs are slowly released from their sources
and then segregate into the gas phase, airborne particle phase, and dust phase. The most
common persistent organic compounds (SVOCs) found indoors are phthalates and flame
retardants (FRs). Asthma and other allergy-related health problems have been linked
to phthalate exposure, with consistent evidence coming from both epidemiological and
experimental studies [58].
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Table 2. Classification and Environmental and Human health Hazards associated with traditional organic solvents.

Solvents Classification

Environmental and Human Health Hazards

Boiling Range (°C)

Environmental Concerns

Human Health Concerns

Ref.

Methanol

DCM

VVOCs <0 to 50-100 °C

Ethanol

Chloroform

Water Pollution: Methanol contaminates water, harms
aquatic ecosystems.
Groundwater Contamination: Leaked methanol endangers
groundwater quality.
Atmospheric Pollution: Methanol worsens smog and
formaldehyde formation.

Toxicity: Highly toxic if ingested or absorbed.
Inhalation: Respiratory irritation and CNS depression.
Fire Hazard: Flammable and explosive. Handle with care.

[55,56,59-64]

Improper disposal contaminates water, threatens aquatic life.
DCM contributes to ozone depletion, damaging the
ozone layer.

DCM pollutes air, contributes to ozone and smog formation.

DCM is a potential human carcinogen, linked to liver and
lung cancer.
Inhalation causes dizziness, headaches, confusion, and potential
neurological damage.
Metabolized in the liver, DCM can cause liver toxicity and affect
kidney function.

[65-68]

VOC emissions contribute to ozone and smog formation.
Energy-intensive production and crop cultivation impact land
and water, and cause deforestation.

Improper handling contaminates water and soil,
harming ecosystems.

Flammability and Fire Hazard: Highly flammable, requires
proper storage and fire safety.
Inhalation Risks: Respiratory irritation, CNS depression,
potential organ damage.
Impaired Judgement and Addiction: Excessive use leads to
intoxication, impaired coordination, addiction.

[69-72]

Persistence and Bioaccumulation: Chloroform harms
ecosystems and aquatic life by persisting and bioaccumulating.
Water Contamination: Improper disposal pollutes water,
threatens drinking water supplies.

Ozone Depletion: Chloroform contributes to upper
atmosphere ozone depletion.

Carcinogenic Potential: Probable human carcinogen linked to
liver, kidney, and bladder cancers.
Central Nervous System Effects: Inhalation causes dizziness,
confusion, potential unconsciousness.
Liver and Kidney Damage: Chronic exposure leads to toxicity in
liver and kidneys.

[73-76]

n-Hexane

Ethyl ether

Air Pollution: Volatile emissions contribute to ozone and smog
formation in VOC-rich areas.
Soil and Water Contamination: Improper disposal harms soil,
water, and aquatic life.
Hazardous Waste Generation: Hexane use creates hazardous
waste, needs proper disposal to prevent pollution.

Inhalation Hazards: Headaches, dizziness, respiratory irritation.
Prolonged exposure leads to neuropathy.
Flammability: Highly flammable, fire and explosion hazards.
Follow proper handling.

Occupational Health Risks: Prolonged exposure causes
neurological disorders. Implement safety measures.

[55,77-80]

VOC Emissions: Contributes to ground-level ozone and smog
formation, degrading air quality.
Flammability: Highly flammable, forms explosive mixtures.
Improper handling poses fire and explosion risks.

Inhalation Hazards: Respiratory irritation, dizziness,
CNS depression.
Narcotic Effects: Drowsiness, loss of consciousness.
Environmental Persistence: Short lifespan, but improper
disposal causes contamination.

[81-84]
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Table 2. Cont.
o Environmental and Human Health Hazards
Solvents Classification Boiling Range (°C) v z Ref.
Environmental Concerns Human Health Concerns
VOC Emissions: Degrades air quality, contributes to ozone Inhalation Hazards: Respiratory irritation, coughing, CNS
and smog formation. depression with excessive exposure.
Acetone Water Contamination: Improper disposal harms Skin and Eye Irritation: Contact causes dryness, redness, eye [85-89]
aquatic ecosystems. irritation. Use protective measures. :
Effects on Ozone Layer: Negligible ozone depletion potential, =~ Flammability: Highly flammable, low flash point. Follow proper
not regulated. storage, fire safety.
Air Pollution: VOC contributes to ozone and smog formation. Carcinogenicity: Human carcinogen linked to
. .. . blood-related cancers.
Water and Soil Contamination: Improper disposal pollutes . . .
o Blood Disorders: Affects cell production, causes anemia,
Benzene water and soil, risks ecosystems. . . . . [90-95]
. . - . impaired immune function.
Toxic Effects on Plants and Animals: Impairs growth, reduces . -,
. . . Neurological and Developmental Effects: Headaches, cognitive
crop yields, harms aquatic organisms. - - : e
impairment, potential developmental abnormalities.
Air Pollution: Contributes to ozone, smog, degrading Irritation and Sensitization: Causes skin, eye, respiratory
VOCs 50-100 to 240-260 air quality. irritation; risk for individuals with respiratory conditions.
Furfural Water Contamination: Improper disposal harms water, risks Occupational Hazards: Workers at risk; implement [96-99]
aquatic organisms. safety measures.
Soil and Ecosystem Impacts: Potential effects on soil, microbial Carcinogenic Potential: Further research needed on genotoxic
activity. Further study needed. and carcinogenic effects.
Water Contamination: Impropgr dlspo§al confaminates water, Inhalation Hazards: Irritates respiratory system, worsens
harms aquatic organisms. re-existing conditions
Acetic acid Acidification: Disrupts ecosystems, impacts aquatic life. . P 5 ) [100-102]
. R Skin and Eye Irritation: Causes burns, eye damage on contact.
Hazardous Waste Generation: Proper disposal prevents . - . .
. . Corrosive Properties: Damages tissues with prolonged contact.
environmental pollution.
Air Pollution: VOC emissions contribute to ozone, Flammability and Explosion Hazard: Highly flammable, forms
smog formation. explosive mixtures.
Petroleum ether Water and Soil Contamination: Improper handling Inhalation Hazards: Respiratory irritation, CNS effects with [103-105]

contaminates, harms ecosystems.
Persistence: Petroleum ether can persist, contaminate
soil, water.

prolonged exposure.
Skin and Eye Irritation: Causes dryness, redness, temporary
vision disturbances.
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Table 2 displays the full catalog of organic extraction solvents, categorizing them
according to their potential hazards to human and environmental health.

The abovementioned environmental and health concerns associated with traditional
organic solvents, such as petroleum-based solvents, emphasize the urgent need for green
solvents in various applications [106]. Conventional solvents have been linked to air
pollution, water contamination, soil degradation, and potential health hazards, posing
risks to both the environment and human well-being [107]. In response to these challenges,
the adoption of green solvents has gained prominence. Green solvents are designed to
be more environmentally friendly, sustainable, and less harmful to human health. Green
solvents encompass a range of compounds, some of which are derived from renewable
resources, while others are synthesized using sustainable methods. They generally have
lower toxicity profiles and provide a safer alternative to conventional solvents [108]. By
transitioning to green solvents, industries can reduce their ecological footprint, improve
worker safety, comply with stringent regulations, and contribute to a more sustainable
future. Additionally, the development of green solvents drives innovation and research in
solvent chemistry, leading to the discovery of new solvents with improved performance and
efficiency in applications such as bio-crude extraction [106]. The need for green solvents is
thus evident, as they offer a path towards a more sustainable and responsible approach to
solvent usage, mitigating the environmental and health concerns associated with traditional
organic solvents.

2.3. Introduction to Green Solvents and Their Advantages

Green solvents, also known as environmentally friendly or sustainable solvents, have
emerged as a viable alternative to traditional organic solvents due to their reduced envi-
ronmental impact and improved safety profiles. Green solvents are designed to minimize
or eliminate the use of hazardous and toxic substances, making them more sustainable
and less harmful to human health and the environment. They offer a range of advan-
tages, including lower toxicity, lower volatility, and higher biodegradability compared to
conventional solvents [109].

One of the key features of green solvents is their reduced environmental impact. These
solvents are typically derived from renewable resources, such as biomass, agricultural
waste, or bio-based feedstocks, which helps reduce the dependence on fossil fuels and
promote a more sustainable approach to solvent usage [106,109]. Green solvents also
exhibit lower vapor pressures, which reduces their emission into the atmosphere, thereby
minimizing air pollution and the formation of ground-level ozone [109].

In addition to their environmental advantages, green solvents prioritize the safety and
well-being of workers and end-users. Many traditional solvents are associated with health
risks, including respiratory irritation, skin sensitization, and potential carcinogenicity.
Green solvents, on the other hand, are designed to have lower toxicity profiles, minimizing
the potential harm to human health [106,109]. Furthermore, green solvents contribute to
the overall sustainability and efficiency of industrial processes. They can enhance process
efficiency by reducing the need for energy-intensive operations, such as distillation or
solvent recovery, due to their lower boiling points and increased recyclability [109]. These
solvents also offer opportunities for waste reduction and resource conservation, as they
can be easily recovered and recycled, reducing waste generation and promoting a circular
economy [106].

The development and utilization of green solvents have gained significant attention in
various industries, including pharmaceuticals, chemicals, and biofuels. Regulatory bodies
and industry initiatives are driving the adoption of green solvents to meet sustainability
goals and reduce the environmental footprint of chemical processes [109].

3. Classification of Green Solvents

Green solvents can be classified into different categories based on their properties
and origins. One common classification scheme divides green solvents into four main



Energies 2023, 16, 5852

9 of 45

categories: bio-based solvents, water-based solvents, supercritical fluids, and deep eutectic
solvents [110], as shown in Figure 2.
Bio-based Solvents:

e  Composition: Bio-based solvents are derived from renewable biomass sources, such
as plants, algae, or microorganisms.

e  Properties: Bio-based solvents are typically non-toxic and biodegradable, and have
low VOC content. They offer favorable health and environmental profiles compared
to petroleum-based solvents.

e  Applications: Bio-based solvents find applications in various industries, including
extraction processes, cleaning agents, coatings, and personal care products [110-114].

Water-based Solvents:

o  Composition: Water is the primary component of water-based solvents, often supple-
mented with small amounts of other solvents or additives.

o  Properties: Water-based solvents are non-toxic, non-flammable, and have low VOC
emissions. They are readily available, inexpensive, and have high heat capacity.

e Applications: Water-based solvents are extensively used in industries such as paints
and coatings, adhesives, cleaning products, and textile manufacturing [111-113,115].

Supercritical Fluids:

e  Composition: Supercritical fluids are typically gases or liquids that are above their
critical temperature and pressure, resulting in a distinct supercritical state.

e  Properties: Supercritical fluids are a hybrid between a gas and a liquid. Their solvating
power is adjustable, they have low viscosity, and high diffusivity. The most popular
choice for supercritical fluids is supercritical carbon dioxide (CO5).

e  Applications: Supercritical fluids are widely employed in extraction processes, such
as herbal extraction, decaffeination, and essential oil extraction. They are also uti-
lized in various fields, including pharmaceuticals, food processing, and materials
science [110-113,116].

Deep Eutectic Solvents (DES):

e Composition: DES are liquid solvents composed of a eutectic mixture of two or
more components, typically a hydrogen bond donor (HBD) and a hydrogen bond
acceptor (HBA) [117]. These components can include both bio-based and non-bio-
based compounds.

e  Properties: They often have low toxicity, low volatility, and high thermal stability. DES
can be tailored to possess specific characteristics, such as tunable polarity, viscosity,
and solubility, by selecting different combinations of HBD and HBA components [118].

e Applications: DES find applications across various industries and processes. They
have been used as green solvents in extraction processes for natural products, such
as extraction of bioactive compounds from plant materials. DES have also shown
promise in catalysis and electrochemistry, and as reaction media for organic synthesis.
In addition, DES have been explored for their potential in industrial applications such
as metal processing, biomass conversion, and separation processes [119].

Listed below is an in-depth description of each class of environmentally friendly
solvents.
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Figure 2. The scheme of green solvent classification.

3.1. Bio-Based Solvents

The term “bio-based extraction solvents” refers to solvents that are produced from
renewable biomass sources. These solvents are utilized in extraction processes to separate
desired compounds or components from various materials. Bio-based extraction solvents
offer several advantages over conventional solvents, including lower environmental impact,
reduced toxicity, and potential biodegradability [112,113]. There are several bio-based
extraction solvents, such as ethyl lactate [120], limonene [121], 2-methyltetrahydrofuran
(2-MeTHEF) [122], y-valerolactone (GVL) [123], dimethyl carbonate (DMC) [124], Ionic
liquids (ILs) [125], terpenes (e.g., pinene, terpinene, etc.) [126] which are reported in
literature. The detailed explanation about these solvents is discussed below.

3.1.1. Ethyl Lactate

Ethyl lactate is primarily composed of two isomers: L-lactic acid and D-lactic acid,
which are produced through the fermentation of renewable resources. The esterification
of lactic acid with ethanol yields ethyl lactate. The schematic diagram of the ethyl lactate
production is shown in Figure 3.

H3C S

CHs,
OH

Fermentation Esterification Ethyl Lactate

Figure 3. The production of ethyl lactate process from renewable sources.
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This solvent exhibits a unique combination of desirable properties, making it suitable
for various extraction processes. Ethyl lactate possesses excellent solvating power and
can dissolve a wide range of organic compounds, including natural products, essential
oils, and pharmaceutical compounds. It is commonly used as a solvent in the extraction
of natural products, such as plant-derived bioactive compounds, due to its ability to
selectively extract target compounds while leaving behind unwanted impurities. One of
the advantages of ethyl lactate is its low toxicity compared to traditional solvents. It has
a relatively low vapor pressure and does not contribute significantly to volatile organic
compound (VOC) emissions. This makes it safer for workers and reduces potential harm
to the environment. Additionally, ethyl lactate is biodegradable, further enhancing its
sustainability profile [120].

3.1.2. Limonene

Limonene is obtained through the steam distillation or cold-press extraction of citrus
peels. It is composed of two isomers: d-limonene and l-limonene. D-limonene is the
more common and commercially available isomer. Due to its natural origin, limonene
is considered a sustainable and renewable solvent option. Limonene exhibits excellent
solvency power and can dissolve a wide range of organic compounds. It is particularly
effective in extracting non-polar compounds, such as essential oils, terpenes, and hydrocar-
bons. This makes it a suitable solvent for various applications, including natural product
extraction, flavor and fragrance production, and cleaning formulations. One of the notable
advantages of limonene is its low toxicity and environmentally friendly characteristics. It
has low volatility and low vapor pressure, reducing the risk of inhalation exposure. The
United States Food and Drug Administration (FD) has classified limonene as a “Generally
Recognized as Safe (GRAS)” substance, meaning it is safe for use in food and cosmetics.
Moreover, limonene is readily biodegradable, which means it can break down naturally in
the environment without causing long-term harm. This biodegradability contributes to its
reduced environmental impact compared to petroleum-based solvents [121].

3.1.3. 2-Methyltetrahydrofuran (2-MeTHF)

2-MeTHF is typically produced through the hydrogenation of levulinic acid, as de-
picted in Figure 4. The production process involves several steps. First, biomass feedstock,
such as lignocellulosic materials or waste streams, is subjected to pretreatment to break
down the complex polymers into simpler sugars. These sugars are then fermented to
produce levulinic acid through microbial or enzymatic processes. Once levulinic acid is ob-
tained, it undergoes hydrogenation in the presence of a catalyst to convert it into 2-MeTHEFE.
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Figure 4. The schematic diagram of 2-MeTHF and GVL production from biomass.

This synthesis route allows for the utilization of renewable feedstocks, reducing
reliance on fossil resources. One of the key advantages of 2-MeTHEF is its excellent solvency
power for a wide range of organic compounds. It is useful in many extraction processes
because it dissolves both polar and non-polar substances. It has been used in the extraction
of bioactive compounds, natural products, and chemicals from biomass. Compared to its
predecessor, THF, 2-MeTHF offers improved stability and lower flammability, making it
a safer alternative. It has a higher boiling point, wider liquid range, and is less prone to
form peroxides, enhancing its handling and storage characteristics. 2-MeTHF also exhibits
lower toxicity compared to other commonly used solvents. It has a lower vapor pressure,
reducing the risk of inhalation exposure. Studies have shown that 2-MeTHF is less toxic
to aquatic organisms and has a lower impact on the environment compared to traditional
solvents [122,127].

3.1.4. y-Valerolactone (GVL)

GVL can be made by dehydrating levulinic acid derived from biomass in the presence
of an acid catalyst (as shown in Figure 4). It can also be obtained as a co-product of the sugar
platform, where glucose is converted into levulinic acid and GVL in the presence of acid
catalysts. This synthesis route allows for the utilization of renewable resources and offers a
sustainable alternative to petroleum-based solvents. One of the significant advantages of
GVL is its versatile solvency power. It is effective at dissolving both polar and non-polar
organic compounds. This makes it suitable for various extraction processes, such as the
extraction of lignin, cellulose, and other valuable compounds from biomass. GVL exhibits
a high boiling point, which allows for its efficient recovery and recycling during extraction
processes. It has a lower vapor pressure compared to traditional solvents, reducing the
risk of inhalation exposure and improving workplace safety. Furthermore, GVL has been
recognized for its low toxicity compared to other commonly used solvents. It has a lower
impact on human health and the environment, making it a more sustainable option. GVL is
biodegradable, which means it can naturally break down in the environment, minimizing
its long-term ecological impact [123,128].

3.1.5. Dimethyl Carbonate (DMC)

Dimethyl carbonate (DMC) is a bio-based extraction solvent that has gained attention
as a green solvent alternative to traditional petroleum-based solvents. It is a clear, colorless
liquid with a pleasant odor. DMC is produced through the reaction of methanol with
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carbon dioxide (CO;), making it a sustainable option as it utilizes CO, as a feedstock and
reduces reliance on fossil resources. DMC offers several advantages as a green solvent. It
has a low toxicity profile and is considered safe for use in various applications. It has a
low vapor pressure and low volatility, reducing the risk of inhalation exposure. DMC also
exhibits good solvating power for a wide range of organic compounds and can dissolve
both polar and non-polar substances effectively.

One of the significant advantages of DMC is its environmentally friendly nature.
It is biodegradable, meaning it can naturally break down in the environment without
causing long-term harm. Additionally, DMC has a low impact on air quality and does not
contribute significantly to VOCs emissions. These properties make DMC a desirable option
for industries seeking to reduce their environmental footprint. DMC finds application as
a solvent in various fields, including pharmaceuticals, coatings, adhesives, and cleaning
products. It is also used as a reactant in the synthesis of chemicals and as a fuel additive
due to its high oxygen content. Its compatibility with existing infrastructure and processes
further supports its potential as a green solvent alternative [124,129,130].

3.1.6. Ionic Liquids (ILs)

The special properties of ionic liquids (ILs) have made them a popular choice as
a green solvent for bio-based extraction processes. ILs are composed of ions, typically
consisting of organic cations and inorganic or organic anions. Their name, “ionic liquids”,
comes from the fact that they are liquids at or near room temperature. Advantages of ILs
include high solubility for a wide variety of compounds, low volatility, and the ability to
modify the IL's properties. They have low vapor pressure, reducing the risk of inhalation
exposure and making them safer to handle. Additionally, ILs have high thermal stability,
allowing them to be used at elevated temperatures without significant degradation.

One of the notable advantages of ILs is their tunable nature. The combination of
different cations and anions provides the ability to tailor the physical and chemical prop-
erties of ILs to suit specific applications. This includes adjusting their solvating power,
polarity, viscosity, and other characteristics to meet the requirements of different extraction
processes. ILs exhibit high solubility for a wide range of compounds, including polar and
non-polar substances. This property makes them suitable for the extraction of various
target compounds from different sources, such as natural products, pharmaceuticals, and
biofuels. ILs can selectively dissolve specific compounds, allowing for efficient separation
and purification. Moreover, ILs are considered environmentally friendly due to their negli-
gible volatility and low toxicity. They have a reduced impact on air quality, as they do not
readily evaporate into the atmosphere. ILs are also biodegradable, and some ILs derived
from renewable sources offer a sustainable alternative to traditional solvents [125,131,132].

3.1.7. Terpenes

Terpenes are naturally occurring compounds found in the essential oils of plants. They
are typically extracted from plant material through methods such as steam distillation
or cold-press extraction. Pinene and terpinene are examples of terpenes that have been
investigated for their potential as green solvents. Terpenes offer several advantages as
extraction solvents. They have low toxicity profiles, making them safer to handle com-
pared to traditional solvents. They have excellent solvating power and can dissolve many
different kinds of organic compounds, both polar and non-polar. That is why they are
great for obtaining the desired results when it comes to natural remedies, essential oils, and
bioactive compounds.

One of the notable features of terpenes is their pleasant aroma. Their characteristic
scents can be beneficial in applications where odor is a consideration, such as the formu-
lation of fragrances, cosmetics, and personal care products. Terpenes can also contribute
to the sensory experience of food and beverage products. In addition to their low tox-
icity and biodegradability, terpenes are derived from renewable plant sources, making
them a sustainable alternative to petroleum-based solvents. The use of plant sources
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for their production is consistent with green chemistry and aids in the transition to less
resource-intensive methods [126].

3.2. Water-Based Solvents

Water-based green solvents refer to solvents where water acts as the primary solvent,
providing a sustainable and environmentally friendly alternative to traditional organic
solvents. These solvents leverage the unique properties of water, such as its abundance, low
cost, low toxicity, and high boiling point, making them suitable for various applications
while minimizing the environmental impact. Water-based green solvents offer several
advantages over organic solvents, including reduced flammability, reduced health and
safety risks, and lower emissions of VOCs. They are widely used in green chemistry
practices, as they align with the principles of sustainability, waste reduction, and hazard
minimization [115,133]. There are several water-based solvents such as water [115,134],
aqueous solution of acids (e.g., acetic acid, citric acid) [135,136], aqueous solution of
bases (e.g., sodium hydroxide, ammonia) [137,138], aqueous alcohol solution (e.g., ethanol,
methanol) [137,139-141] and aqueous organic solvents (e.g., water/ethanol, water/
acetone) [138,142] which are reported in the literature and a brief description is given below.

3.2.1. Water

Water-based extraction involves utilizing water as the primary solvent for extract-
ing target compounds from various sources, such as plants, food products, and natural
materials. Water acts as a polar solvent, making it particularly effective in extracting po-
lar compounds, including sugars, organic acids, phenolic compounds, and hydrophilic
bioactive compounds. One of the advantages of water as an extraction solvent is its low
toxicity. Compared to organic solvents, water is generally considered safe for human
consumption and has minimal health risks. This is especially important in applications
where the extracted compounds are intended for use in food, pharmaceuticals, or cosmetics.
Water-based extraction methods can be performed under mild conditions, reducing the
need for high temperatures or harsh chemical reagents. This not only saves energy but
also helps preserve the integrity and bioactivity of the extracted compounds. Water-based
extraction is often preferred for sensitive compounds that may degrade under harsher
extraction conditions. Furthermore, water is a sustainable and readily available solvent. Its
abundance and low cost contribute to its attractiveness as an extraction solvent, providing
economic benefits and reducing reliance on non-renewable resources [115,134].

3.2.2. Aqueous Solution of Acids

Aqueous solutions of acids are commonly used as extraction solvents due to their
ability to selectively dissolve and extract specific compounds. The acid component provides
acidic conditions, which can influence the solubility and extraction efficiency of different
substances. Acids such as acetic acid and citric acid are particularly popular due to their
low toxicity, wide availability, and compatibility with food and pharmaceutical applications.
In the case of acetic acid, its presence in water forms acetic acid-water mixtures that can
enhance the solubility of polar and semi-polar compounds. Acetic acid-water mixtures can
be used for the extraction of various natural products, including organic acids, polyphenols,
and pigments.

Similarly, citric acid, a weak organic acid, can form aqueous solutions with desirable
extraction properties. Citric acid solutions are known for their chelating abilities and
pH-dependent extraction selectivity. These solutions can be used for the extraction of metal
ions, alkaloids, and other compounds that exhibit pH-dependent solubility characteristics.
The pH of the acid solution plays a crucial role in the extraction process, as it can influence
the solubility and interaction of the target compounds. By adjusting the pH of the acid
solution, specific compounds can be selectively extracted or precipitated, providing a
means to isolate desired components from complex mixtures [135,136].
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3.2.3. Aqueous Solutions of Bases

Aqueous solutions of bases are commonly used in extraction processes due to their
ability to alter pH and enhance solubility of target compounds. Sodium hydroxide and am-
monia are frequently utilized bases in aqueous solutions for extraction purposes. Sodium
hydroxide (NaOH) is a strong base that can increase the pH of an aqueous solution, result-
ing in alkaline conditions. Alkaline solutions can enhance the extraction efficiency of certain
compounds, particularly those that are acidic in nature. Alkaline conditions can deproto-
nate acidic functional groups, thereby increasing their solubility. This is especially useful for
the extraction of organic acids, phenolic compounds, and other acid-sensitive substances.

Ammonia (NH3) is a weak base that can also be used in aqueous solutions for ex-
traction purposes. Similar to sodium hydroxide, ammonia can modify pH and solubility
of compounds. Ammonia-based solutions are particularly effective in the extraction of
nitrogen-containing compounds, such as alkaloids and amines. The alkaline conditions
provided by ammonia can facilitate the solubility and extraction of these nitrogen-rich
compounds. By adjusting the concentration of the base and the pH of the solution, aqueous
solutions of bases allow for selective extraction of specific compounds. The pH-dependent
solubility of various substances can be exploited to selectively extract desired components
from complex mixtures [137,138].

3.2.4. Aqueous Alcohol Solutions

Aqueous alcohol solutions combine the properties of water and alcohol, providing an
effective solvent system for extraction. Ethanol and methanol are commonly used alcohols
in aqueous solutions for extraction purposes. The presence of alcohol in the aqueous
solution can enhance the solubility of both polar and non-polar compounds. Alcohols
can disrupt intermolecular interactions, allowing for the extraction of a wider range of
compounds compared to water alone. This makes aqueous alcohol solutions particularly
suitable for the extraction of various natural products, including bioactive compounds,
phenolic compounds, and essential oils.

Ethanol, as a polar alcohol, can effectively solubilize polar and semi-polar compounds.
It is commonly used in extraction processes for its ability to extract a diverse range of
compounds, including flavonoids, alkaloids, and terpenes. Ethanol also acts as a co-solvent
with water, further expanding its solubilizing power. Methanol, another commonly used
alcohol, is highly polar and can efficiently dissolve both polar and non-polar compounds.
Methanol-based extraction solvents are often employed in the extraction of bioactive
compounds, natural products, and metabolites.

The use of aqueous alcohol solutions allows for the adjustment of the polarity of
the solvent system by changing the concentration of alcohol. This flexibility provides
control over the extraction selectivity and efficiency, allowing for the extraction of specific
compounds or classes of compounds from complex mixtures [137,139-141].

3.2.5. Aqueous Organic Solvents

Aqueous organic solvents are solvent systems that consist of a combination of wa-
ter and an organic solvent, such as ethanol or acetone. These mixtures provide a ver-
satile extraction solvent option, leveraging the solubilizing power of both water and
organic solvents.

Water/ethanol mixtures are commonly used as extraction solvents due to their ability
to solubilize a wide range of compounds. Ethanol, as an organic solvent, can dissolve
both polar and non-polar compounds, including bioactive compounds, flavonoids, and
phenolic compounds. The addition of water to ethanol improves the solubility of polar
compounds, expands the range of compounds that can be extracted, and provides a more
environmentally friendly solvent system.

Water/acetone mixtures are also utilized as extraction solvents in various applications.
Acetone, an organic solvent, is particularly effective at dissolving non-polar compounds
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and lipophilic substances. The addition of water to acetone enhances its solubility for polar
compounds and expands its extraction capabilities.

Aqueous organic solvent systems allow for control over the polarity and solubility
characteristics of the solvent system by adjusting the ratio of water to organic solvent.
This flexibility enables tailored extraction selectivity and efficiency, making these solvent
systems suitable for the extraction of specific compounds or classes of compounds from
complex mixtures. The use of aqueous organic solvents offers several advantages, including
enhanced extraction efficiency, expanded solubility range, and reduced reliance on purely
organic solvents. These solvents also align with the principles of green chemistry by
reducing the use of hazardous organic solvents and promoting sustainable extraction
processes [137,141,142].

3.3. Supercritical Fluids

The properties of both liquids and gases are present in supercritical fluids, which are
substances that are kept above their critical temperature and pressure. In the context of
green solvents, supercritical fluids, particularly supercritical carbon dioxide (scCO5), are
considered environmentally friendly solvents for various applications. Supercritical fluids,
including scCO,, offer several advantages as green solvents. They have low toxicity and
are non-flammable, making them safer to handle compared to traditional organic solvents.
Additionally, supercritical fluids can be easily separated from the extracted compounds,
allowing for their efficient recovery and recycling.

Both polar and non-polar compounds are soluble in supercritical fluids due to their
exceptional solvating properties. By adjusting the temperature and pressure, the solvat-
ing power of supercritical fluids can be fine-tuned, enabling selective extraction of target
compounds while leaving impurities behind. One of the key environmental benefits of
supercritical fluids is their low environmental impact. Supercritical carbon dioxide is
abundant, non-toxic, and non-polluting, making it a sustainable alternative to organic
solvents derived from fossil fuels. Furthermore, the use of supercritical fluids eliminates
or significantly reduces the need for VOCs, leading to reduced emissions and air pollu-
tion [110-113,116,142].

3.3.1. Supercritical Carbon Dioxide (scCO;)

Supercritical carbon dioxide (scCO5,) is carbon dioxide above its critical temperature
(31.1 °C) and critical pressure (74 bar), where it possesses properties of both a gas and a
liquid. These conditions enable scCO; to function as an efficient and selective extraction
solvent. One of the major advantages of scCO; is its low critical temperature, which
allows for the extraction of temperature-sensitive compounds without degradation. This
makes it particularly suitable for extracting heat-sensitive bioactive compounds and natural
products, such as essential oils and flavors. scCO;’s solvating power is so high that it can
dissolve both polar and non-polar compounds. Extraction conditions, such as pressure,
temperature, and the addition of a co-solvent, can be adjusted to maximize its solvating
power. This versatility enables the selective extraction of specific compounds from complex
matrices [143,144].

Another advantage of scCO; is its environmental friendliness. Carbon dioxide is a
byproduct of many manufacturing procedures, so it is abundant, safe, and nonflammable.
It can replace dangerous organic solvents in the extraction process, lowering both the
environmental and health risks. scCO, also offers advantages in terms of easy solvent
removal and product recovery. The extracted compounds and scCO; can be easily separated
by lowering the pressure after extraction. This facilitates downstream processing and
minimizes the need for extensive post-extraction purification steps [142-144].

3.3.2. Supercritical Water (scH,O)

Supercritical water (scHpO) offers several advantages as an extraction solvent. Firstly,
its high temperature and pressure (p > 22.064 MPa, T > 373.946 °C) enhance the solubility
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and diffusivity of solutes, allowing for efficient extraction of various compounds. scH,O is
especially effective at extracting polar and ionic compounds due to its high polarity in the
supercritical state. One of the notable features of scH,O is its unique ability to undergo
ionization, resulting in the generation of reactive hydroxyl radicals. These radicals can
promote the degradation of organic pollutants or complex molecules, making scH,O a
potential solvent for waste treatment and environmental remediation applications [145,146].

Furthermore, scH,O offers benefits in terms of selectivity. The solubility of different
compounds in scH,O varies with temperature and pressure, allowing for the selective
extraction of specific target compounds from complex matrices. This selectivity can be fine-
tuned by adjusting the extraction conditions, offering control over the extraction process.
Organic pollutants, natural products, and bioactive compounds can all be extracted using
supercritical water. Various heat-sensitive substances, including essential oils and phenolic
compounds, have been extracted using this method [147,148].

3.3.3. Supercritical Ethanol (scEtOH)

When ethanol is heated and compressed beyond its critical temperature (243 °C) and
critical pressure (6.38 MPa), it changes phase and takes on characteristics of both a gas and
a liquid, giving rise to the term “supercritical ethanol” (scEtOH). In this state, ethanol has
enhanced solvating power and can efficiently extract various compounds from different
matrices. Supercritical ethanol has a higher solvating power compared to subcritical ethanol
due to its increased density and diffusion coefficient. This facilitates the removal of polar
and non-polar compounds, expanding its usefulness. Ethanol is known for its ability to
extract a variety of bioactive compounds, including natural products, pharmaceuticals,
and flavors. In its supercritical state, ethanol can further enhance its extraction capabilities,
improving the extraction efficiency and selectivity [149,150].

Extracting essential oils, bioactive compounds from plant material, and other com-
pounds from natural products are just some of the many applications of supercritical
ethanol in the extraction process. The specific conditions of temperature and pressure
can be adjusted to optimize the extraction process and target specific compounds of in-
terest [151,152]. While the use of supercritical ethanol as an extraction solvent is not as
extensively documented as supercritical carbon dioxide, it shows potential for various
applications and can be further explored in research and development [153].

3.3.4. Supercritical Propane (scCsHg)

Propane that has been subjected to conditions above its critical temperature (96.7 °C)
and critical pressure (42.5 bar) is said to be supercritical, or scC3Hg for short. In this state,
propane can possess unique solvating properties and may be explored as an extraction
solvent in certain applications. Propane is known for its non-polarity and low critical
temperature, which may limit its solvating power compared to other supercritical fluids.
However, it can still potentially be utilized for the extraction of non-polar compounds and
lipophilic substances [154,155]. The use of supercritical propane as an extraction solvent
may have applications in specific industries or processes where its solvating properties and
unique characteristics can provide advantages over other solvents. Supercritical propane
shows promise as an extraction solvent, but there is a lack of data on its use so far; more
study is needed to fully understand its capabilities.

3.3.5. Supercritical Nitrogen (scNjp)

Supercritical nitrogen (scNj) is nitrogen that has been subjected to conditions above
its critical temperature (—147.1 °C) and critical pressure (33.5 bar), at which it becomes a
hybrid between a gas and a liquid. In this state, nitrogen may possess unique solvating
properties and can potentially be used as an extraction solvent in specific applications.
Nitrogen is an inert gas and generally considered nonpolar, which may limit its solvating
power for polar compounds compared to other supercritical fluids. However, it can still
potentially be used for the extraction of nonpolar or low-polarity compounds [156,157].
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The use of supercritical nitrogen as an extraction solvent may have applications in
certain industries or processes where its inertness and specific solvating properties can
provide advantages over other solvents. However, it is important to note that the literature
on supercritical nitrogen as an extraction solvent is limited, and further research and
development would be necessary to explore its full potential.

3.4. Deep Eutectic Solvents

Solvents that fall into the category of “deep eutectic solvents” (DES) are eutectic mix-
tures of two or more components, typically a hydrogen bond donor (HBD) and an acceptor
(HBA). These solvents exhibit unique properties that make them attractive alternatives
to conventional organic solvents. DES can be composed of bio-based or non-bio-based
components, and they possess characteristics such as low toxicity, low volatility, high
thermal stability, and tunable physical properties. The formation of DES occurs when the
mixture of HBD and HBA components forms a eutectic system, characterized by a lower
melting point than the individual components alone. The hydrogen bond interactions
between the components contribute to the unique properties of DES, including their ability
to dissolve a wide range of solutes.

Many different fields, such as catalysis, extraction, electrochemistry, and separation
processes, have taken an interest in DES because of their potential utility. These solvents
offer advantages such as high solubility for polar and non-polar compounds, tunable
properties through the selection of different HBD-HBA combinations, and their ability
to serve as reaction media for a variety of chemical reactions. The mixtures of choline
chloride and urea, glycerol, and ethylene glycol are all examples of DES. Applications
utilizing these DES have included biomass pretreatment, metal extraction, and organic
synthesis [117-119].

3.4.1. Choline Chloride-Urea

Choline chloride—urea DES is made by reacting the quaternary ammonium salt choline
chloride with the hydrogen bond acceptor urea. This DES exhibits a unique eutectic
behavior, characterized by a lower melting point compared to the individual components.
Choline chloride—urea DES has been extensively studied for its excellent solubility power,
which makes it effective against a wide variety of organic and inorganic compounds
in need of dissolution. It has been explored in various applications, such as biomass
processing, metal extraction, and catalysis. In biomass pretreatment, choline chloride—urea
DES has been shown to effectively dissolve cellulose, aiding in the extraction of valuable
components [158,159].

3.4.2. Choline Chloride-Glycerol

When choline chloride and the hydrogen bond donor glycerol are mixed together,
they form choline chloride—glycerol DES. This DES has many positive characteristics
that make it an attractive choice, such as its low volatility, high thermal stability, and
high solvating power. Choline chloride-glycerol DES has been widely investigated for
its potential applications in extraction processes, synthesis of nanoparticles, and organic
transformations. Because of its versatility as a solvent, it has been put to use in the
environmentally friendly extraction of natural products such as bioactive compounds from
plants [160].

3.4.3. Choline Chloride-Ethylene Glycol

The reaction between choline chloride and ethylene glycol produces choline chloride—
ethylene glycol DES. The viscosity, solubility, and thermal stability of this DES are just
a few of its remarkable characteristics. Choline chloride—ethylene glycol DES has been
investigated for various applications, including solvent extraction, catalysis, and biomass
processing. Its potential as a solvent for removing valuable compounds from plants such
as essential oils and bioactive molecules has been demonstrated. The ability of choline
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chloride—ethylene glycol DES to dissolve and extract target compounds efficiently makes it
a promising solvent in green extraction processes [161].

The overall production flow of chemical reactions for DES production has been sum-
marized in Figure 5. The choline chloride salt (HBA) contributes a hydrogen ion, which
binds with the hydrogen of the hydroxyl group (HBD) in the DES to form a hydrogen bond.
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Figure 5. Overall Reactions mechanism for DES Production.

3.5. Properties of Green Solvents

Green solvents, as opposed to traditional solvents, are safer for human health and
the environment because they are made from renewable resources. The unique prop-
erties and characteristics of these solvents make them desirable for a wide range of
uses. Green solvents’ key properties and characteristics are illustrated and explained in
Figure 6 [158,162-164].

Renewable Source: Renewable plant materials, biomass, or food waste are the building
blocks of green solvents. They are more environmentally friendly than solvents made from
fossil fuels, which deplete natural resources and increase greenhouse gas production.

Low Toxicity: In comparison to traditional solvents, green solvents are safer to use.
They pose less of a threat to human health and the environment because of their lower
volatility and lower levels of hazardous components.

Biodegradability: Green solvents are biodegradable, meaning they can be broken down
by microbes or enzymes in the environment. This feature lessens their ability to persist
in ecosystems and the damage they do to groundwater, surface water, and atmospheric
chemistry.

Low VOCs Content: Chemical compounds that can evaporate into the air are called
VOCs. Cleaner indoor and outdoor air, less smog, and fewer health risks are all benefits of
using green solvents because of their typically low VOC content.

High Solubility Power: Many environmentally friendly solvents have high solubility
and can be used to dissolve a wide variety of organic and inorganic compounds. Because
of this quality, they can be used in a wide range of contexts, such as extraction, synthesis,
and formulation.

Selectivity: Some environmentally friendly solvents can be selective toward a given
compound or group of compounds, allowing for more precise extraction and separation.
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This selectivity can improve process efficiency by zeroing in on useful components and
eliminating unnecessary purification steps.

Non-Flammability: In comparison to traditional solvents, many eco-friendly options
are less flammable. This quality makes handling, storage, and transport less likely to
result in fires.

Biodegradab

Low Volatile
Organic

g
Solubility
Power

Figure 6. Key properties of the green solvents.

Compatibility: Most environmentally friendly solvents work well with a wide variety
of substrates, from metals to plastics to even natural fibers. Because of this compatibility,
they can be used in many different fields without posing a threat to machinery or degrading
raw materials.

Reduced Carbon Footprint: Green solvents help cut down on pollution and carbon
dioxide emissions. Carbon dioxide (CO,) emissions from their production and use are lower
than those of traditional solvents, lending support to climate change mitigation efforts.

Regulatory Compliance: The standards for health, safety, and environmental pro-
tection that go into making green solvents are rigorous. To guarantee their usefulness
in particular contexts and their conformity with applicable rules, they are put through
extensive testing and evaluation.

Some of the physiochemical properties of green solvents are listed in detail in
Table 3. Green solvents are a more sustainable and environmentally friendly alternative to
traditional solvents due to their unique properties and characteristics.
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Table 3. Physicochemical Properties of Green solvents.

Solvents Molar I\/Eass Solubility in Water Boﬂn:g Point Meltlgg Point Density (g/mL) Vapor Pressure Viscosity Appearance Ref.
(g-mol—1) Q) Q)
Water 18 100 0 1.000 at 3.98 °C 23.8 mmHg at 25 °C 0.8949 mPa-s at 25 °C colorless [165,166]
Ethanol 46.07 106 mg/mL at 25 °C 78.24 —1144 0.7893 at 20 °C 10 kPa at 29.2 °C 1.074 mPa-s at 25 °C colorless [167,168]
EA 88.1 8.3 g/100 mL at 20 °C 77.1 —83.6 8382? Z: ;g og 73.0 Torr at 20 °C 0.45 cP at 20 °C colorless [169,170]
. o 0.7133 at 20 °C o o
Diethyl ether 74.12 6.05 g/100 mL at 25 °C 34.55 —116.3 0.7076 at 25 °C 442 Torr at 20 °C 0.24 cP at 20 °C colorless [171,172]
MTBE ** 88.2 42 ¢/100 mL at 20 °C 55 —109 0.74 at 25 °C 27 kPa at 20 °C 0.36 cP at 25 °C colorless [173]
MeTHE * 86.13 15 /100 mL at 25 °C 80.2 136 0.854 at 25 °C e 4mPa-sat25°C colorless  [174,175]
DME ++ 46.07 71g/Lat20°C —24 —141 0.735 (liquid, at —25 °C) 592.8 kPa at 25 °C colorless gas [176,177]
Cyclohexane 84.161 immiscible 80.7 6.47 0.7739, liquid at 25 °C 78 mmHg at 20 °C 1.02cPat17°C colorless [178,179]
Benzene 78.114 immiscible 80.5 55 0.8765 at 20 °C 12.7 kPa at 25 °C 0.6076 cP at 25 °C colorless [180]
Carbon disulfide 76.13 slightly soluble 46.5 —111.5 1.266 at 25 °C 48.1 kPa at 25 °C 0.363 cP at 20 °C colorless [181]
Glycerol 92.094 miscible 290 17.9 1.26 at 25 °C 0.40 Pa at 50 °C 1.412 Pa-s at 20 °C colorless [182,183]
GVL 100.116 100 mg/mL 205 —31 1.0546 at 20 °C 3.5 kPa at 80 °C colorless [184,185]
CPME + 1.1 g/100 g at 23 °C 106 —140 0.86 at 25 °C 59.9 hPa at 25 °C 0.57 cP at 20 °C colorless [186,187]
p-limonene 136.238 insoluble 176 —74.35 0.844 at 25 °C 190 Pa at 20 °C 0.8462 mPa-s at 25 °C colorless [188,189]
p-cymene 134.222 insoluble 177 —68 0.86at25°C 1.5 mmHg at 20 °C 0.81-7.1 mm? /s colorless [190]
DMC 90.078 13.9 g/100 mL at 25 °C 90 2-4 1.069 at 25 °C 18 mmHg at 21.1 °C 0.625 cP at 20 °C colorless [191]
Ethyl lactate 118.131 miscible 154.2 —25 1.0328 at 20 °C 1.16 mmHg at 25 °C 0.0261 cP at 20 °C colorless [192]

* Methyltetrahydrofuran, ** Methyl tert-Butyl Ether, ++ Dimethyl ether, + Cyclopentyl methyl ether.
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4. Performance Evaluation of Green Solvents

Use of green solvents is on the rise as businesses try to reduce their environmental
impact. Efficiency, selectivity, safety, and overall sustainability can only be grasped through
a thorough assessment of green solvents’ performance. In order to better understand
the performance evaluation factors for green solvents, this study will focus on the most
important considerations and methodologies. As can be seen in Figure 7, a number of
criteria have been used to evaluate green solvents’ performance.

Extraction
Yields

Economics
Feasibility

Performance
Evaluation

Solvent
Power

Energy
Requirements

Figure 7. Various aspects for the Performance Evaluation of the green solvents.

4.1. Solvent Power

“

A solvent’s “solvent power” is its capacity to dissolve and extract desired compounds
from a wide range of matrices. It is an essential metric for gauging the efficacy of eco-
friendly solvents. The effectiveness of a solvent can be evaluated based on its solubilization,
extraction, and selective properties.

4.1.1. Solubility Parameters

Solubility parameters are quantitative measures used to describe the solvating power
of solvents and their compatibility with different solutes. These parameters take into
account various intermolecular forces, such as dispersion forces, dipole-dipole interactions,
and hydrogen bonding. Understanding solubility parameters is essential for predicting
solute-solvent interactions and solubility behavior. Hansen solubility parameters (HSP) are
widely used in the field of green solvents. The HSP approach divides solubility parameters
into three components: 5D (dispersion forces), 5P (polar forces), and 6H (hydrogen bonding
forces) [193]. By comparing the HSP values of solvents and solutes, one can predict the
solubility or compatibility between them. When the HSP values of a solvent and solute are
similar, they are more likely to be miscible and form a homogeneous solution.

The Hildebrand solubility parameter is another commonly used parameter that repre-
sents the cohesive energy density of solvents and solutes, providing an overall measure of
intermolecular forces [194]. The Hildebrand parameter (5) is calculated as the square root
of the cohesive energy density. Kamlet-Taft parameters are a set of solubility parameters
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that provide information about solvents’ polarity, hydrogen-bonding ability, and dipolarity.
These parameters, including the polarity parameter (7*), the hydrogen-bonding acidity
parameter (o), and the hydrogen-bonding basicity parameter (f3), help assess solute-solvent
interactions and predict solubility behavior [195].

By utilizing solubility parameters, researchers and chemists can select green solvents
that have compatible solubility characteristics with their target solutes. This approach aids
in the development of efficient and sustainable processes while reducing the use of harmful
or less environmentally friendly solvents.

Interactions with Different Solute Classes

The solubility power of green solvents can vary depending on the nature of the solute.
Different solute classes, such as polar compounds, non-polar compounds, and amphiphilic
molecules, exhibit varying degrees of solubility in green solvents. Polar compounds, which
possess dipole moments or hydrogen-bonding capabilities, tend to dissolve well in polar
green solvents. Examples of polar green solvents include water, alcohols (e.g., ethanol),
and certain bio-based solvents. The polar nature of these solvents enables them to interact
with polar solutes through dipole-dipole interactions or hydrogen bonding, facilitating
solubility. Non-polar compounds, on the other hand, have limited solubility in polar
solvents but are more soluble in non-polar or low-polarity green solvents. Non-polar
solvents, such as supercritical carbon dioxide (scCO;) or hydrocarbons (e.g., limonene),
can dissolve non-polar compounds effectively due to their similar intermolecular forces,
including dispersion forces.

Amphiphilic molecules, which possess both polar and non-polar regions, may exhibit
solubility in a wider range of green solvents. These solutes can interact with both polar and
non-polar solvents, depending on the specific composition and structure. Intermolecular
interactions, such as hydrogen bonding, -t stacking, and dipole-dipole interactions, also
play a significant role in solute—solvent interactions and solubility. The compatibility of
solute and solvent based on these interactions determines the solubility behavior and the
ability of green solvents to effectively dissolve specific solutes [196].

4.1.2. Bio-Oil Extraction Yields Using Green Solvents

Green solvents’ efficiency in extracting target compounds from biomass or raw ma-
terials can be evaluated in large part by measuring the yield of their solvent power, or
extraction. It measures how much of the target compounds were successfully extracted,
thus providing an indication of the solvent’s efficiency. Several factors affect the extrac-
tion yield. These include the extraction conditions, the extraction methods used, and the
interactions between the solute and the solvent [140,142]. Table 4 summarizes data from
relevant studies to provide a comprehensive overview of the performance of green solvents
in extracting desired compounds and further illustrates the extraction yields achieved using
these solvents.

The quantity of bio-crude obtained from biomass during extraction is highly sensitive
to the solvent used. Green solvents can produce high yields of bio-crude oil (Table 4). The
components of biomass are more easily soluble in these solvents, leading to more effective
extraction and larger quantities of bio-crude. The extraction of bio-crude has traditionally
relied on the use of traditional solvents, many of which are derived from petroleum.
However, their non-renewable quality and potential toxicity raise environmental concerns.
It is possible that the extraction yields and bio-crude quality would suffer if conventional
solvents such as hexane or dichloromethane were used.

Green solvents perform as well as, or even better than, conventional solvents when
comparing bio-crude extraction yields. Increasing bio-crude yields is possible through the
use of green solvents, which are in line with sustainable practices. The extraction process
can be fine-tuned to obtain bio-crude with desirable properties by choosing the appropriate
green solvent.
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Table 4. Bio-oil extraction yields using green and conventional extraction solvents.
Feedstocks Process Extraction Green Solvents Extraction Yield (wt.%) Conventional Solvents Extraction Yield (wt.%) Ref.
Rapeseed oil SE Fatty acids MeTHF 45.96 n-Hexane 46.34 [197]
MeTHF 14.56
CPME 15.33
IPA - 15.48
ethanol 15.02
. . . ethyl acetate 14.05
Oleaginous Yeast Biomass SE Lipids ethyl lactate 15.23 n-Hexane 14.04 [198]
DMC 14.94
p-cymene 15.57
d-Limonene 13.67
x-pinene 13.97
Rice bran SE Oil d-limonene 15.8 n-Hexane 18.9 [199]
Fennel seed SE Oil MeTHF ~20 n-Hexane ~15.3 [200]
Anise seed SE Oil MeTHF ~23 n-Hexane ~15.1
Carum carvi seeds SE QOil MeTHF ~16 n-Hexane ~12 [201]
d-limonene 1.29
Microalgae (C. vulgaris) SE Oil a-pinene 0.91 n-Hexane 0.88 [202]
p-cymene 1.52
Ethyl acetate 11.7
. . Ethyl lactate 20.8
Microalgae (Chlorella vulgaris) CPME+ 9.4 n-Hexane 7
. MeTHF 14.8
SE oil Ethyl acetate 13.6 [203]
. . Ethyl lactat 31.1
Microalgae (Nannochloropsis sp.) gPl\E;[(;Ea € 114 n-Hexane 9.8
MeTHF 19.1
Spent coffee ground 16.8
Tea leaf waste . s 16.2 )
Orange peel SE DME Bio-crude L1qu1f1ed DME 6.2 [204]
Gramineous weed 5.8
Spent coffee ground 16.8 17.2
Tea leaf waste SE DME Bio-crude Liquified DME 16.2 n-Hexane 1.9 [205]
Orange peel 6.2 0.9
. , .. MeTHF 69.8
Wet microalgae (Chlorella pyrenoidosa) SE Lipids CPME 68.0 [206]
. . FFA 99.2
Dried rapeseed (Brassica napus) SE Sterols MeTHF 91.9 [197]
Almond (dry) 95.7
Corn (dry) SE Lipids p-limonene 95.3 [207]
Olive (dry) 93.2
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Table 4. Cont.
Feedstocks Process Extraction Green Solvents Extraction Yield (wt.%) Conventional Solvents Extraction Yield (wt.%) Ref.
Dried %Zl‘:;l}e:rﬁ(f hoenix SE Lipids MeTHF 82.5 [208]
Brassica napus straw SE HTL Bio-crude Ethyl acetate + Ethanol 2211 [209]
Ethyl acetate 20 DCM 24
Carbon disulfide 17 n-Hexane 3
Cyclohexane 9 Petroleum ether 4
Duckweed Lemna minor (L. minor) SE HTL Bio-crude Benzene 18 [210]
IPA 26
Diethyl ether 17
Dichloroethane 19
MTBE 29-37 DCM 26-35
Microalgae (Nannochloropsis sp.) SE HTL Bio-crude Ethyl acetate 19-45 nAI;Ig;anx;e ;g_;g [211]
Chloroform 32-40
Fennel seed SFE -- Qil Sc-CO, ~15 n-Hexane ~15.3 [200]
Anise seed SFE Oil SC-CO, ~17 n-Hexane ~15.1
Carum carvi seeds SFE Oil SC-CO, ~12 n-Hexane ~12 [201]
Algae (Nannochloropsis salina sp.) SFE Oil SC-CO, 31.37 [212]
Grape Seed SFE C:ﬁ;“oﬂf " SC-CO, 1232 [213]
Cotton Seed SFE Oil SC-H,O 21.7-56 [214]
Jojoba Seed SFE QOil SC-H,0O 94 [215]
Citrus hystrix DC. leaves SFE Oil SC-H,O 2.14 [216]
ChCI-KOH DES (1:4) ~ 43.53
De-oiled Jatropha curcas cake SE HTL Bio-crude Chctﬁgﬁ%ﬁ ](31E3S) (Nl 4~ 322;) [217]
ChCl-FeCl3 (1:3) ~ 30.80

- isopropanol, -- supercritical fluid extraction, ~ co-solvents DCM was mixed with 5% DES (v/v).
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4.1.3. Selectivity

Solvents made from renewable biomass have unique solvation properties that allow for
selective extraction of target compounds. Green solvent selectivity is affected by properties
such as chemical make-up, polarity, and interactions with biomass components. These
solvents can have varying degrees of affinity for different biomass components, facilitating
selective extraction of the compounds of most interest.

Selectivity toward various classes of bioactive compounds has been demonstrated
by bio-based solvents such as ethanol, ethyl lactate, and terpenes. For instance, ethanol
has seen extensive use in the pharmaceutical industry for the isolation of phenolic com-
pounds, flavonoids, and alkaloids from plants [218,219]. Selectivity in ethyl lactate ex-
traction of lipids and fatty acids from microalgae for bio-crude production has been
demonstrated [198,203]. Terpenes, such as limonene and pinene, exhibit selectivity to-
wards essential oils and other volatile compounds found in plants [198,202,220]. These
bio-based solvents offer targeted extraction of specific compounds, reducing the need
for additional purification steps and improving the overall efficiency of the bio-crude
extraction process.

DES also exhibit remarkable selectivity due to their unique molecular interactions.
The combination of HBD and HBA components in DES forms a eutectic mixture with
tailored properties. The choice of HBD-HBA components can influence the selectivity
of DES towards different types of compounds. For example, choline chloride—ethylene
glycol DES has shown selectivity in extracting bioactive compounds, such as essential oils,
from various plant materials [221-223]. Choline chloride—urea DES has been found to be
selective for the extraction of cellulose and lignin from biomass [224-226]. DES’s ability to
modulate its selectivity through the choice of components makes them versatile solvents
for targeted extraction of specific biomolecules.

Compared to conventional solvents, green solvents exhibit superior selectivity due to
their unique interactions with biomass components. Conventional solvents, such as hexane
or dichloromethane, are often less selective and extract a broader range of compounds,
including undesired impurities. This can lead to the need for additional purification steps,
reducing the overall efficiency of the bio-crude extraction process.

The selectivity of green solvents contributes to the production of high-quality bio-
crude with a targeted composition, reducing the need for extensive downstream processing.
Moreover, the selectivity of green solvents minimizes the extraction of non-desirable
components, resulting in cleaner and more environmentally friendly extraction processes.

4.2. Energy Requirements

When comparing green solvents for extraction processes, it is important to take into
account energy needs and optimize the process. Because of their reduced negative effects
on the environment and longer lifespan, green solvents such as bio-based solvents and
deep DES are increasingly popular. The extraction process must be optimized for energy
efficiency after determining the energy needs of the target population.

4.2.1. Reduced Energy Consumption

Compared to traditional solvents, green solvents may require less energy to operate,
making them an attractive option for use in extraction processes. Because of their special
properties, green solvents help reduce energy consumption, making them a more sustain-
able and cost-effective option. Several studies, including those depicted in Figure 8, have
brought attention to the fact that eco-friendly solvents require less energy to use.

Lower Boiling Points: When compared to traditional solvents, green solvents typically
have lower boiling points, which results in faster extraction kinetics and less energy required
during the heating phase [227,228]. For example, the use of green solvents such as ethanol or
supercritical carbon dioxide (scCO;,) with lower boiling points, for instance, can drastically
cut down on the amount of energy required for heating and evaporation.
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Enhanced Solubility Power: The high solubility power of green solvents facilitates
the rapid and complete removal of desired compounds. This quality allows for more
rapid mass transfer, which shortens the extraction process and saves on energy [163]. Ionic
liquids and DES are two examples of green solvents that have shown promising results in
a variety of extraction processes due to their high solubility power [164].

* Enabling
efficient
extraction

e Faster
extraction
kinetics

Enhanced
Solubility
Power

Lower
Boiling
Points

Lower
Heat
Capacities

Easy
solvent
recovery

* Less energy
for heating
or cooling

Figure 8. Different parameters or causes of green solvents for the reduced energy consumption.

Lower Heat Capacities: Typically, green solvents have lower heat capacities than
traditional solvents. Therefore, less energy is needed for heating or cooling during extrac-
tion [162]. Green solvents’ lower heat capacities mean less energy is required to bring them
up to the desired temperature and the process can be completed more quickly.

Solvent Recovery: Due to their distinct properties, green solvents such as supercrit-
ical fluids and some ionic liquids provide the added benefit of simple solvent recovery.
Solvent recovery and reuse greatly improve process sustainability by lowering energy
consumption [162,227].

4.2.2. Economics Feasibility and Scalability

When considering green extraction solvents, it is important to look at more than just
their efficiency and impact on the environment. The practicality and commercial viability of
these solvents depend critically on their cost-effectiveness and ability to be scaled. However,
related research, analysis, and data have not been reported just yet.

The price of the environmentally friendly extraction solvent is a major factor in the
budget. To be economically viable, the price must be comparable to that of traditional
solvents. Raw material costs, production methods, and the relationship between supply
and demand all play a role. It is important to carefully evaluate potential problems
with sourcing and price fluctuations when using green solvents made from renewable
resources [229].

The cost-effectiveness of extracting with environmentally friendly solvents is directly
related to the efficiency and yield achieved. If the extraction process is more effective,
more of the desired compounds will be recovered from the starting material, which could
cut down on expenses. Improving economic results is one of the benefits of optimizing
extraction conditions and methods [230].

Economic viability depends on the ease with which solvents can be recovered and
reused. Recoverable and reusable green solvents reduce the frequency with which new
solvents must be purchased, saving money in the long run. The effectiveness, cost, and
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effect on solvent quality of recovery technologies such as distillation, adsorption, and
membrane separation should be assessed [231].

The viability and widespread use of green extraction solvents depends on their ability
to be scaled up. It can be difficult to scale up laboratory or pilot-scale processes for full-scale
industrial use. To ensure scalability without compromising economic feasibility, factors
such as raw material availability, process efficiency, equipment design, and energy needs
must be carefully considered [230].

5. Environmental Concerns: Challenges and Limitations

Given their lower toxicity and longer shelf life, green solvents have emerged as
a potentially useful alternative for bio-crude extraction. The use of these materials in
extraction processes, however, is not without difficulties. Detailed information about the
challenges is discussed below.

5.1. Safety, Health and Environmental Issues

Since green extraction solvents are safer for both people and the environment, they
are increasingly being used instead of traditional solvents. However, it is crucial to keep in
mind the potential threats to health, safety, and the environment that their use poses. The
“CHEMZ21 selection guide for classical and less classical solvents” was used to generate
Table 5, which displays the outcomes of environmental concerns associated with green
solvents [232,233]. The order of the solvents is as follows:

Recommended (or Preferred): Assuming there are no chemical incompatibilities with
the process conditions, these solvents are recommended as the first choice for testing in a
screening exercise.

Problematic: These solvents are suitable for use in the lab or the kilolab. However,
particular measures may be necessary or substantial energy consumption may result from
their implementation in pilot plants or at production scale.

Hazardous: Scalability issues are particularly problematic for these types of solvents.
During the R&D phase of a process, replacing these solvents should be a top priority.

Highly Hazardous: Even in a laboratory setting, it is best to avoid using these solvents.

To ensure safe and efficient operations, it is crucial to take the rankings into account
and choose solvents that are compatible with the requirements and constraints of the
extraction process.

A comparison to other resources is used to determine the order of prevalence of
the most frequently used solvents. In order to determine which new-generation and
bio-derived solvents are desirable, a set of criteria must be established before they can
be included in the CHEM21 guide. This evaluation needs to be in sync with the stand-
ing of “Registration, Evaluation, Authorization, and Restriction of Chemicals (REACh)”
-registered solvents that are widely used in industry [234]. Safety, Health, and Environment
(SH&E) criteria are typically prioritized in solvent selection guides, with additional Indus-
trial or Regulatory constraints considered as an option. The criteria have been streamlined
and combined to reduce their number from five to three, with one each for safety, health,
and the environment. Each criterion receives a score between 1 and 10, with 10 being
the highest possible risk. A preliminary ranking can be obtained by combining these
three SH&E scores, with solvents being classified as either recommended, problematic, or
hazardous. The difference between hazardous and highly hazardous solvents cannot yet
be determined; however, a solvent with a score of 10 in any category is likely to fall into the
latter category [232].
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Table 5. Safety, Health and Environmental concerns related to green extraction solvents.
Solvents Safety Score Health Score Environmental Score Ranking by Default lli)a‘nklng. by Qverall Health and
iscussion Environmental Concerns
Water 1 1 1 Recommended Recommended Water and bio-based green
Ethanol 4 3 3 Problematic Recommended traction solvents (%ffer
EA 5 3 3 Recommended Recommended ex rgc d toxicit d
Diethyl ether 10 3 7 Hazardous Highly Hazardous efvi?gre\m;xtlacll ii;ar;c t
MTBE 8 3 5 Hazardous Hazardous Concerns include V};atei‘
MeTHF 6 5 3 Problematic Problematic ollution. human health
DME 7 10 3 Hazardous Hazardous egects (in}{alation and skin
W . Cyclohexane 6 3 7 Problematic Problematic ntact) loical imbact
ater- and Bio-Based Benzene 6 10 3 Hazardous Highly Hazardous contact), ecological imp C;
solvents Carbon disulfide 9 7 7 Hazardous Highly Hazardous on a?}atl{; .T.Ctosyfs tems, an
Glycerol 1 1 7 Problematic Problematic s:rsu;uﬁ) c{ulc}t,i(())n sl(;?gCl;‘g
GVL 1 5 7 Problematic Problematic was te};nana emént se}:fe "
CPME 7 2 5 Problematic Problematic & d ! h y
p-limonene 4 2 7 Problematic Problematic measurets., ?rfl resfearc dare
p-cymene 4 5 5 Problematic Problematic essreer; ling‘f)fea;szn
DMC 4 1 3 Recommended Recommended P ’
Ethyl lactate 3 4 5 Problematic Problematic Deep Eutectic Solvents
ChCl (HBA) - - - (DES) extraction solvents
DES Solvents Gly (HBD1) ] ] ] Not a hazardous substance [235] present low toxicity and
ChCl/Gly - - - All DESs were toxic [236] biodegradability.
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Table 5 shows that among various bio- and water-based green solvents, only water,
EA, and DMC are recommended. DES, on the other hand, are a novel class of solvent
that has garnered attention from scientists thanks to its eco-friendly characteristics and
its adaptability to a wide variety of uses. There are a wide variety of described DES,
making it difficult to provide a definitive characterization or broad generalization of their
properties. This is especially crucial when considering the (eco)toxicity data available for
these compounds [236,237].

5.2. Other Challenges and Limitations

Green solvents, including bio-based solvents, water-based solvents, supercritical fluids,
and DES, offer promising alternatives to conventional solvents for extraction processes.
However, these green solvents are not without their challenges and limitations. Some
examples are:

Bio-based Solvents [229]:

Sourcing and availability of biomass feedstock;

Cost fluctuations and economic feasibility;

Variability in solvent properties due to biomass composition;
Limited compatibility with certain solute classes.

Water-based Solvents:

Limited solubility for hydrophobic compounds;

Potential formation of emulsions in biphasic systems;
Difficulty in extracting polar compounds;

Challenges in separating solvent from water after extraction.

Supercritical Fluids [143]:

High energy requirements for maintaining supercritical conditions;
Limited solubility for certain compounds;

High capital costs associated with supercritical fluid extraction equipment;
Challenges in recovering and recycling supercritical fluids.

DES [118]:

Limited understanding of long-term environmental impacts;
Challenges in optimizing DES properties for specific applications;
Potential for high viscosity and reduced mass transfer rates;
Limited availability of DES with desired properties.

5.2.1. Bio-Based Solvents Challenges

Bio-based solvents, derived from renewable biomass sources, offer a more sustainable
alternative to conventional solvents. However, they also present certain challenges that
need to be addressed for their widespread adoption. One key challenge is the availability
and consistency of feedstock for the production of bio-based solvents. The reliance on
agricultural crops or waste biomass as raw materials can be influenced by factors such as
seasonal variations, land availability, and competition with food production [238].

Another challenge is the cost-effectiveness and competitiveness of bio-based solvents
compared to their conventional counterparts. The production processes for bio-based
solvents often involve additional steps such as biomass pretreatment, enzymatic hydrol-
ysis, or fermentation, which can increase production costs [239]. Achieving cost parity
with conventional solvents remains a significant hurdle that needs to be overcome for
wider adoption.

Additionally, the performance and functionality of bio-based solvents can vary com-
pared to conventional solvents. Bio-based solvents may have different solvency power,
boiling points, or viscosities, which can impact their compatibility with existing industrial
processes and equipment [240]. Adapting and optimizing processes to accommodate the
specific characteristics of bio-based solvents can require additional research and develop-
ment efforts.



Energies 2023, 16, 5852

31 of 45

Furthermore, the sustainability of bio-based solvents should be carefully assessed
throughout their life cycle. This includes evaluating the environmental impacts associated
with feedstock cultivation, solvent production, and disposal or recycling processes. It is
important to ensure that bio-based solvents deliver genuine sustainability benefits, such as
reduced greenhouse gas emissions, minimized resource depletion, and reduced toxicity
compared to conventional solvents [241].

5.2.2. Water-Based Solvents Challenges

Water-based green solvents, also known as aqueous solvents, offer several advantages
such as low toxicity, environmental friendliness, and ease of availability [242]. However,
they also present specific challenges that need to be addressed for their successful applica-
tion in various processes. Some of the key challenges associated with water-based green
solvents include:

Limited Solubility: Water has limited solubility for many non-polar and hydrophobic
compounds. This can pose challenges when trying to extract or dissolve certain target
compounds that are not readily soluble in water. Strategies such as the addition of co-
solvents or surfactants can be employed to enhance the solubility of non-polar solutes in
water [224,243,244].

Extraction Efficiency: Compared to organic solvents, water-based green solvents may
have lower extraction efficiencies for certain compounds. The polar nature of water may
hinder the extraction of non-polar or low-polarity compounds. Optimization of extraction
parameters such as temperature, pH, and extraction time can help improve the extraction
efficiency of water-based solvents [245].

Stability and Shelf Life: Water-based green solvents can be susceptible to micro-
bial growth and degradation over time, which can impact their stability and shelf life.
Contamination by microorganisms can affect solvent quality and introduce variability in
performance. Proper storage conditions and the use of preservatives or additives can help
maintain the stability and extend the shelf life of water-based green solvents [131].

Corrosion and Compatibility: Water-based solvents can exhibit corrosive properties,
especially in the presence of certain ions or corrosive compounds. Compatibility with
equipment and materials used in industrial processes can be a concern. Understanding
the corrosion behavior and compatibility of water-based solvents with various materials is
crucial to prevent equipment damage and ensure safe and effective operation [246].

Energy Consumption: Water-based extraction processes may require additional en-
ergy input compared to organic solvent-based processes. For example, the use of high
temperatures or the need for extensive purification steps to remove impurities can increase
energy consumption. Optimization of extraction conditions and the development of energy-
efficient processes are important considerations for minimizing energy requirements [245].

5.2.3. Supercritical Fluid Challenges

Supercritical fluids, such as supercritical carbon dioxide (scCO,), offer unique proper-
ties that make them attractive as green solvents for various extraction processes. However,
they also present specific challenges that need to be addressed for their effective application.
Some of the key challenges associated with supercritical fluid green solvents include:

Limited Solubility: Supercritical fluids have limited solubility for polar and high-
molecular-weight compounds. This can pose challenges when trying to extract target
compounds that are highly polar or have large molecular sizes. Modifying the extraction
conditions, such as adjusting pressure and temperature, or adding co-solvents, can help
enhance solubility and improve extraction efficiency [247].

High Equipment and Operational Costs: Supercritical fluid extraction requires special-
ized equipment that can handle high pressures and temperatures, which can be expensive
to acquire and maintain. The high equipment and operational costs associated with su-
percritical fluid extraction can hinder its widespread adoption, particularly for small-scale
applications [248].
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Process Optimization and Scalability: The optimization of extraction parameters, such
as pressure, temperature, and flow rate, is crucial to achieve desired extraction efficiencies
and selectivity. Scaling up supercritical fluid extraction processes from laboratory to
industrial scale can be challenging due to the need for efficient heat transfer, precise control
of parameters, and equipment design considerations [249].

Safety Concerns: Supercritical fluids, especially those used at high pressures, can
present safety risks if not handled properly. The high pressure and temperature condi-
tions require appropriate safety measures to prevent accidents. Safety protocols, training,
and adherence to guidelines and regulations are essential to ensure the safe operation of
supercritical fluid extraction systems [247].

Environmental Impact: While supercritical fluids are considered environmentally
friendly compared to conventional solvents, their production and disposal can still have
environmental implications. The energy-intensive nature of supercritical fluid extraction
processes and the management of waste solvents require careful consideration to minimize
the overall environmental impact [248].

5.2.4. DES Challenges

DES are a class of green solvents that have gained attention for their unique properties
and potential applications in various fields, including extraction processes. However, DES
also present specific challenges that need to be addressed for their effective utilization.
Some of the key challenges associated with DES as green solvents include:

Limited Solubility: DES may have limited solubility for certain solutes or classes of
compounds. The selection of suitable DES components and their proportions is crucial
to achieve the desired solubility and extraction efficiency. Additionally, the solubility of
solutes in DES can be influenced by factors such as temperature, pressure, and the presence
of co-solvents or additives [250,251].

Viscosity and Mass Transfer Limitations: DES often exhibit high viscosities compared
to conventional solvents, which can hinder mass transfer rates and extraction efficiencies.
The high viscosity of DES may restrict the diffusion of solutes and slow down the extraction
process. Strategies such as optimizing temperature, selecting appropriate DES components,
or utilizing assisted extraction techniques can help overcome these limitations and improve
mass transfer rates [252].

Limited Stability and Reusability: Some DES may have limited stability, especially
under certain extraction conditions or prolonged use. Factors such as thermal stability,
chemical reactivity, and water content can affect the stability of DES. Continuous research is
being conducted to develop more stable DES systems and enhance their reusability, thereby
improving the economic and environmental sustainability of their use [117].

Toxicity and Safety Considerations: Although DES are generally considered greener
and safer alternatives to conventional solvents, their toxicity and safety profiles need to
be thoroughly evaluated. Some DES components may still exhibit toxicity, and proper
handling, storage, and disposal practices should be followed to minimize risks. Compre-
hensive risk assessments and adherence to safety guidelines are essential when working
with DES [250].

Process Optimization and Scalability: Optimizing DES extraction processes and scaling
them up to industrial levels can be challenging. The selection of suitable DES components,
determination of optimal operating conditions, and consideration of equipment design
and process efficiency are important factors for successful scale-up. Continuous efforts are
being made to develop efficient and scalable DES extraction technologies [226,253].

6. Future Research and Outlook

The field of green solvents continues to evolve, and future research holds great po-
tential for further advancements. Numerous areas of focus can drive the development
and implementation of green solvents in various industries. Future research can explore
the synthesis of novel green solvents with improved properties and performance, such as
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enhanced selectivity, efficiency, and stability. Additionally, efforts can be directed towards
optimizing extraction processes to improve the overall sustainability and economic feasibil-
ity of green solvents. Further investigations into the environmental impact and life cycle
assessment of green solvents can provide valuable insights for decision-making and guide
the development of more sustainable extraction techniques. Furthermore, exploring the
compatibility of green solvents with a broader range of solutes and materials can expand
their applicability in different extraction processes. By addressing these research areas,
future studies can contribute to the continued advancement and adoption of green solvents,
promoting sustainable and environmentally friendly practices across various industries.
The detailed future outlook for the green solvents is described below.

6.1. Bio-Based Solvents

Given the challenges and limitations associated with bio-based green extraction sol-
vents, future research can focus on addressing these issues and exploring new avenues for
improvement. Here are some potential research outlooks:

Biomass feedstock optimization: Further research can be conducted to identify alterna-
tive biomass feedstocks that are more readily available, sustainable, and cost-effective. This
includes exploring non-food feedstocks, waste materials, or biomass from non-arable land.

Process optimization and cost reduction: Developing more efficient and cost-effective
extraction processes is crucial for the economic feasibility of bio-based solvents. Research
can focus on optimizing extraction conditions, improving solvent recovery methods, and
reducing energy consumption to minimize overall costs.

Solvent property standardization: Due to the variability in biomass composition,
the properties of bio-based solvents can vary, which may affect their performance and
applicability. Future research can focus on standardizing the properties of bio-based
solvents to ensure consistency and reliability in extraction processes.

Compatibility with solute classes: Bio-based solvents may have limited compatibility
with certain solute classes, restricting their applicability in certain extraction processes.
Further research can investigate ways to enhance the compatibility of bio-based solvents
with a wider range of solutes, expanding their utility.

Life cycle assessment and sustainability analysis: Conducting comprehensive life cycle
assessments (LCAs) and sustainability analyses can provide a holistic understanding of
the environmental impact and sustainability of bio-based green extraction solvents. This
research can help identify potential improvements and guide decision-making towards
more sustainable extraction processes.

Development of novel bio-based solvents: Research efforts can be directed towards the
development of novel bio-based solvents with improved properties and performance. This
can involve exploring new biomass sources, employing innovative synthesis techniques,
and tailoring solvent structures to enhance selectivity, efficiency, and compatibility.

6.2. Water-Based Solvents

Considering the challenges and discussions surrounding water-based green extraction
solvents, several future research directions can be pursued to enhance their effectiveness
and overcome limitations. Firstly, research can focus on developing new water-based
solvents or modifying existing ones to improve their solubility and selectivity for a wider
range of solutes. This can involve the exploration of innovative solvent formulations and
the integration of additives or modifiers to enhance their performance. Additionally, efforts
can be directed towards optimizing extraction conditions, such as temperature, pressure,
and pH, to maximize the efficiency of water-based solvents and improve extraction yields.
Moreover, the development of efficient and cost-effective methods for solvent recovery and
recycling can significantly enhance the sustainability and economic feasibility of water-
based extraction processes. Further studies can also investigate the environmental impact of
water-based solvents, including their potential for water pollution or ecosystem disruption,
and propose mitigation strategies to minimize any adverse effects. Additionally, exploring
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the integration of water-based solvents with other green technologies, such as ultrasound-
assisted or microwave-assisted extraction, can potentially enhance the extraction efficiency
and reduce extraction times. By addressing these research directions, future studies can
contribute to the continuous improvement and broader adoption of water-based green
extraction solvents, promoting sustainable and environmentally friendly practices in the
field of extraction processes.

6.3. Supercritical Fluids
Supercritical Fluid Sources and Availability:

e Exploration of alternative sources for supercritical fluids with high availability
and sustainability.

e  Development of innovative methods for extracting and producing supercritical fluids
from renewable resources.

Process Optimization and Cost Reduction:

e  Optimization of supercritical fluid extraction processes to enhance efficiency and
reduce energy consumption.
e  Development of cost-effective methods for supercritical fluid generation and recovery.

Solvent Property Enhancement:

e  Modification of supercritical fluid properties through the addition of modifiers or
co-solvents to improve selectivity and extraction efficiency.

e Investigation of new solvents or solvent blends with tailored properties for specific
extraction applications.

Environmental Impact and Sustainability:

e  [Evaluation of the environmental impact and carbon footprint of supercritical fluid
extraction processes.

e Implementation of sustainable practices in supercritical fluid production, such as using
renewable energy sources and reducing waste generation.

Scale-up and Industrial Application:

e Investigation of scale-up strategies for supercritical fluid extraction processes to facili-
tate commercial production.

e Application of supercritical fluid extraction in various industries, such as pharmaceu-
ticals, food processing, and natural product extraction.
Process Integration and Optimization:

e Integration of supercritical fluid extraction with other green technologies to enhance
overall process efficiency and sustainability.

e Development of innovative extraction techniques and equipment to improve the
performance and versatility of supercritical fluid extraction.

6.4. DES Solvents
DES Composition and Properties:

e  Exploration of novel DES compositions to expand the range of solvents available for
different extraction applications.

e Investigation of the influence of DES composition and structure on extraction efficiency,
selectivity, and solute compatibility.

Sustainability and Environmental Impact:

e Development of environmentally friendly and sustainable methods for synthesiz-
ing DES.

e  Assessment of the environmental impact and biodegradability of DES to ensure their
safe and sustainable use.

Process Optimization and Efficiency:
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e  Optimization of DES extraction processes through the study of extraction parameters,
such as temperature, pressure, and solvent-to-feed ratio.

e Development of innovative extraction techniques and equipment to improve the
efficiency and scalability of DES-based extraction processes.

Solvent Recovery and Recycling:

e Development of efficient and cost-effective methods for the recovery and recycling of
DES to minimize waste generation.

e  Exploration of techniques for regenerating and reusing DES to enhance the economic
feasibility and sustainability of the extraction process.

Solute Compatibility and Selectivity:

e Investigation of the solute-solvent interactions in DES-based extraction processes to
enhance selectivity and improve the extraction of target compounds.

e  Understanding the influence of DES composition on solute compatibility and the
extraction of different classes of compounds.

Scale-up and Industrial Application:

e Evaluation of the scalability of DES-based extraction processes for
industrial applications.

e  Demonstration of the feasibility and economic viability of DES extraction on a larger
scale in various industries, such as pharmaceuticals, biotechnology, and natural prod-
uct extraction.

These future research outlooks aim to address the challenges associated with bio-based,
water-based, supercritical fluid, and DES green extraction solvents and provide a pathway
for their practical implementation. By focusing on these research areas, scientists and
engineers can further optimize the performance, sustainability, and economic feasibility of
DES-based extraction processes.

7. Conclusions

In conclusion, this review paper highlights the significance of green solvents in bio-
oil extraction, focusing on bio-based solvents, water-based solvents, supercritical fluids,
and deep eutectic solvents. These green solvents offer environmentally friendly and
sustainable alternatives to conventional solvents. To fully realize their potential, addressing
challenges in biomass feedstock sourcing, economic feasibility, solvent properties variability,
compatibility, and scalability is crucial. By advancing research in biomass supply chains,
process optimization, and solvent design, the adoption of green solvents can pave the way
for a greener and more sustainable future in extraction processes.
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