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Abstract
Solvents play a central role in chemical synthesis, separation, and processing, yet
they account for a major fraction of waste and environmental burden generated by
the chemical and pharmaceutical industries. Conventional organic solvents are
often volatile, toxic, flammable, and derived from non-renewable petrochemical
resources. In recent years, the concept of sustainable solvents and green reaction
media has gained significant attention as part of the broader framework of green
chemistry. Sustainable solvents aim to reduce environmental impact while
maintaining or improving reaction efficiency, selectivity, and safety. This review
provides a comprehensive overview of the principles guiding solvent sustainability,
classifications of green solvents, and recent developments in alternative reaction
media such as water, supercritical fluids, ionic liquids, deep eutectic solvents, and
bio-based solvents. The advantages and limitations of each solvent class are
critically discussed with selected case studies from organic synthesis, catalysis, and
industrial processes. In addition, solvent selection guides, life cycle assessment,
and regulatory considerations are examined. The review also highlights current
challenges, including cost, scalability, toxicity uncertainties, and recycling issues,
along with future perspectives toward truly sustainable solvent systems. Although

significant progress has been achieved, the transition from traditional solvents to
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greener alternatives remains an evolving process that requires interdisciplinary

collaboration between chemists, engineers, and policymakers.

Keywords: Green chemistry, sustainable solvents; reaction media; bio-based

solvents, ionic liquids, deep eutectic solvents

INTRODUCTION

Solvents are indispensable in chemical sciences, serving as reaction media, extraction agents, and
cleaning fluids. It is estimated that solvents constitute nearly 80-90% of the mass used in typical
chemical reactions, especially in pharmaceutical and fine chemical industries. Despite their utility,
traditional organic solvents such as benzene, toluene, dichloromethane, and N,N-
dimethylformamide pose serious environmental and health hazards due to toxicity, volatility, and
persistence. The disposal and emission of these solvents contribute to air and water pollution,

occupational hazards, and climate change.

The growing awareness of environmental degradation and stricter regulations have driven the
chemical community to seek greener alternatives. Sustainable solvents and green reaction media
are designed to minimize negative environmental impact while supporting efficient chemical
transformations. This approach aligns closely with the principles of green chemistry, particularly

the prevention of waste, safer solvents and auxiliaries, and the use of renewable feedstocks.

This review focuses on the evolution of sustainable solvents, their classification, and their role in
modern chemical synthesis. Rather than presenting solvents as universally “green” or “non-green,”
the discussion emphasizes context-dependent sustainability, recognizing that solvent choice

depends on toxicity, life cycle impact, energy demand, and application-specific performance.

PRINCIPLES OF SOLVENT SUSTAINABILITY
The sustainability of a solvent cannot be evaluated based on a single characteristic such as toxicity
or renewability. Instead, it is a multidimensional concept that integrates physicochemical behavior,

environmental fate, health impacts, and process efficiency. A solvent that performs well in one

12 Page 11-22 © MANTECH PUBLICATIONS 2018. All Rights Reserved



MANIECH Journal of Research in Applied Chemistry

Publications Volume 1, Issue 1, January-June, 2018

aspect may be problematic in another, making holistic assessment essential. The key principles

guiding solvent sustainability are discussed below.

Low toxicity and ecotoxicity are among the most critical requirements for sustainable solvents.
Traditional organic solvents often pose acute or chronic health risks, including neurotoxicity,
carcinogenicity, and reproductive toxicity. In addition, solvent release into the environment can
adversely affect aquatic and terrestrial ecosystems. Sustainable solvents should exhibit minimal
toxicity to humans and low persistence or bioaccumulation in the environment. However, toxicity
data are not always complete, especially for newer solvent systems such as ionic liquids and deep

eutectic solvents, which creates uncertainty in sustainability claims.

Low volatility is another important consideration, as volatile organic solvents contribute
significantly to air pollution and occupational hazards. High vapor pressure solvents increase the
risk of inhalation exposure, flammability, and formation of ground-level ozone. Solvents with low
volatility reduce atmospheric emissions and improve workplace safety. While low volatility is
often associated with greener solvents, it may also complicate solvent recovery and purification,

showing that trade-offs are sometimes unavoidable.

Renewable origin, preferably from biomass, is increasingly emphasized in solvent design. Bio-
based solvents derived from sugars, starch, cellulose, or terpenes reduce dependence on fossil
resources and can lower greenhouse gas emissions. Examples include ethanol, ethyl lactate, and
2-methyltetrahydrofuran. Nevertheless, renewability alone does not guarantee sustainability, as
large-scale biomass production may compete with food resources or involve intensive land and

water use. Therefore, feedstock sourcing must be carefully evaluated.

High recyclability and reusability significantly enhance solvent sustainability. Solvents that can
be easily recovered and reused reduce waste generation and overall process costs. Techniques such
as distillation, phase separation, or membrane-based recovery are commonly employed. In some
cases, solvent losses during recycling can outweigh their environmental benefits, particularly if

recovery requires high energy input.
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Energy-efficient production and use is a key but sometimes overlooked principle. The synthesis
of certain alternative solvents may involve multiple reaction steps, hazardous reagents, or high
temperatures, leading to substantial energy consumption. A solvent may appear green during use
but still have a large environmental footprint due to energy-intensive manufacturing processes.
This highlights the importance of considering the entire life cycle rather than only the application

stage.

Compatibility with catalytic and selective reactions is also essential, especially in modern
chemical synthesis. Sustainable solvents should support high reaction rates, selectivity, and
catalyst stability. Poor solvent—catalyst compatibility can lead to lower yields, increased waste,
and higher energy demand. In many cases, greener solvents enable novel reactivity or enhanced

selectivity, but in others they may require process redesign.

To address these complexities, Life Cycle Assessment (LCA) has become a widely accepted tool
for evaluating solvent sustainability. LCA considers the environmental impact of a solvent from
raw material extraction and synthesis to use, recycling, and final disposal. Importantly, LCA
studies have shown that a solvent classified as “green” due to low toxicity may still exhibit a high
carbon footprint if its production is energy-intensive. Therefore, solvent sustainability should
always be assessed in a comprehensive and context-dependent manner rather than through isolated

criteria.

CLASSIFICATION OF SUSTAINABLE SOLVENTS

Table 1. Major classes of sustainable solvents and key characteristics

Solvent Class Examples Key Advantages Main Limitations

) Limited solubility of
Water H-0 Non-toxic, cheap, abundant )
organics

Supercritical fluids scCO: Tunable properties, recyclable|| High pressure equipment
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Solvent Class Examples Key Advantages Main Limitations

Low vapor pressure,

Ionic liquids Imidazolium salts . Cost, toxicity concerns
designable
Deep eutectic ) o
ChCl-based DES Easy preparation, low cost High viscosity
solvents
) Ethyl lactate, ) . o
Bio-based solvents ) Renewable, biodegradable Stability, availability
limonene

WATER AS A GREEN REACTION MEDIUM

Water is widely regarded as the most environmentally benign solvent and is often described as the
ideal green reaction medium. Its non-toxicity, non-flammability, low cost, and natural abundance
make it highly attractive from both environmental and economic perspectives. In addition, water
has a high heat capacity, which allows better thermal control during reactions, reducing the risk of

thermal runaway and improving process safety.

Historically, water was largely avoided in organic synthesis because many organic substrates are
poorly soluble in it and because numerous reagents, catalysts, and intermediates are sensitive to
moisture. Organometallic reagents, acid chlorides, and many transition-metal catalysts were
considered incompatible with aqueous conditions. As a result, organic chemistry developed
primarily in nonpolar or aprotic organic solvents. However, this perception has changed

significantly over the past two decades.

The emergence of aqueous-phase and “on-water” reactions has demonstrated that water can
actively participate in and even enhance chemical transformations. In on-water reactions, reactants
are insoluble in water, yet reactions proceed rapidly at the water—organic interface. This
phenomenon is often attributed to the hydrophobic effect, which forces nonpolar reactants into
close proximity, effectively increasing their local concentration. As a result, reaction rates can be
higher in water than in conventional organic solvents, even though the reactants are not fully

dissolved.
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A wide range of reactions have been successfully carried out in water or water-rich mixtures. Aldol
condensations in aqueous media often show improved selectivity and reduced side reactions.
Diels—Alder cycloadditions, once thought to require strictly anhydrous conditions, have shown
remarkable rate accelerations in water due to hydrophobic interactions and hydrogen bonding
effects. Similarly, several metal-catalyzed cross-coupling reactions, including Suzuki—Miyaura
and Heck reactions, have been adapted to aqueous systems through the use of water-tolerant

catalysts or ligand-modified metal complexes.

Water also offers advantages in biocatalysis and enzymatic reactions, as enzymes naturally operate
in aqueous environments. The use of water as a solvent aligns well with principles of green
chemistry by minimizing the need for toxic organic solvents and simplifying waste treatment. In
some cases, products precipitate directly from the reaction mixture, allowing easy isolation by

filtration and reducing the need for solvent-intensive purification steps.

Despite these benefits, water is not a universal solvent for all reactions. The poor solubility of
many organic compounds remains a major limitation, often requiring the use of co-solvents or
surfactants. Emulsion formation can complicate product recovery and scale-up. Additionally,
some catalysts and reagents still suffer from hydrolytic degradation, limiting their lifetime in

aqueous systems.

In summary, water has evolved from being considered unsuitable for organic synthesis to
becoming a highly valuable green reaction medium. While challenges related to solubility and
compatibility persist, continued advances in catalyst design, phase-transfer techniques, and
reaction engineering are expanding the scope of water-based chemistry and reinforcing its role in

sustainable chemical processes.

SUPERCRITICAL FLUIDS
Supercritical fluids have gained considerable attention as alternative green reaction media, with
supercritical carbon dioxide (scCO:) being the most extensively studied and applied. A

substance enters the supercritical state when it is subjected to temperatures and pressures above its
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critical point, beyond which distinct liquid and gas phases no longer exist. For carbon dioxide, this
occurs at relatively mild conditions (31.1 °C and 7.38 MPa), making it particularly attractive for

industrial applications.

In its supercritical state, CO. exhibits a unique combination of gas-like and liquid-like
properties. The low viscosity and high diffusivity resemble those of gases, allowing rapid mass
transfer and efficient penetration into solid matrices. At the same time, its density and solvating
ability are closer to those of liquids, enabling dissolution of a wide range of nonpolar and
moderately polar compounds. Importantly, the solvent strength of scCO: can be finely tuned by
adjusting temperature and pressure, offering a level of control that is difficult to achieve with

conventional solvents.

From an environmental and safety perspective, scCO: has several advantages. It is non-toxic, non-
flammable, inexpensive, and readily available, often obtained as a by-product from industrial
processes. After completion of a reaction or extraction, CO: can be easily removed simply by
depressurization, leaving behind solvent-free products and eliminating the need for solvent-
intensive purification steps. This characteristic significantly reduces solvent waste and

downstream processing costs.

Supercritical CO:. has been widely used in extraction processes, most notably in the
decaffeination of coffee and tea, extraction of essential oils, and purification of natural products.
In polymer processing, scCO: serves as a plasticizer, foaming agent, and medium for polymer
impregnation and particle formation. In the field of chemical synthesis, it has been applied in
catalytic hydrogenation, oxidation, and enzymatic reactions, where enhanced mass transfer

and improved catalyst accessibility often lead to higher reaction rates and selectivity.

Despite these advantages, the application of supercritical fluids is not without limitations. One of
the primary challenges is the requirement for high-pressure equipment, which increases capital
costs and demands strict safety measures. This can limit adoption, particularly in small-scale or

resource-constrained settings. Additionally, scCO: has limited solvating power for highly polar
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or ionic compounds, which restricts its use in reactions involving polar substrates or catalysts. To
overcome this, co-solvents such as alcohols are sometimes added, but this partially compromises

the green nature of the system.

In conclusion, supercritical fluids, especially scCO-, represent a powerful and environmentally
friendly alternative to conventional organic solvents. Their tunable properties, ease of removal,
and favorable safety profile make them suitable for a range of industrial and laboratory
applications. However, broader adoption will depend on continued technological advancements
that reduce equipment costs and expand solubility ranges, ensuring that the benefits of supercritical

media can be realized more widely in sustainable chemical processing.

IONIC LIQUIDS

Ionic liquids (ILs) are a class of molten salts composed entirely of cations and anions that remain
liquid at or near room temperature. Unlike conventional salts such as sodium chloride, the bulky
and asymmetric nature of their ions prevents efficient crystal packing, resulting in low melting
points. The early interest in ionic liquids as green solvents arose mainly from their negligible
vapor pressure, which eliminates solvent loss through evaporation and significantly reduces air

emissions and flammability hazards.

One of the most attractive features of ionic liquids is their structural tunability. By selecting
different combinations of cations (e.g., imidazolium, pyridinium, ammonium, phosphonium) and
anions (e.g., halides, tetrafluoroborate, acetate), it is possible to tailor properties such as polarity,
viscosity, hydrophobicity, and coordinating ability. This “designer solvent” concept allows ionic
liquids to be optimized for specific applications, including -catalysis, separations, and

electrochemical processes.

Ionic liquids have demonstrated excellent performance in several important areas of chemistry. In
biomass processing, certain ILs can dissolve cellulose and lignocellulosic materials, enabling
more efficient conversion of biomass into fuels and value-added chemicals. In electrochemistry,

their wide electrochemical windows and high ionic conductivity make them suitable for batteries,
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supercapacitors, and electrodeposition processes. In homogeneous and heterogeneous catalysis,
ionic liquids often enhance catalyst stability and selectivity, and in some cases allow easy

separation and recycling of catalysts.

Despite these advantages, the initial assumption that ionic liquids are inherently green has been
increasingly questioned. Toxicity and biodegradability have emerged as major concerns, as
many commonly used ionic liquids exhibit harmful effects on aquatic organisms and show limited
biodegradation. Furthermore, the synthesis of ionic liquids can involve multiple steps, hazardous
reagents, and significant energy consumption, which contributes to a higher environmental

footprint than originally anticipated.

Another challenge is the environmental persistence of some ionic liquids. Due to their high
stability, certain ILs can accumulate in the environment if released, posing long-term ecological
risks. These issues highlight the importance of evaluating ionic liquids using comprehensive

sustainability metrics rather than relying solely on properties such as low volatility.

In response to these concerns, current research has shifted toward the development of task-specific
ionic liquids and bio-derived ionic liquids. Task-specific ILs are designed to perform a particular
function, such as catalysis or metal extraction, thereby reducing the required solvent quantity. Bio-
derived ionic liquids, synthesized from renewable and biodegradable components, aim to combine

the functional advantages of ILs with improved environmental compatibility.

In summary, ionic liquids represent a powerful and versatile class of alternative solvents with
significant potential in green chemistry. However, their sustainability is highly dependent on
molecular design, synthesis routes, and end-of-life behavior. Continued efforts toward safer,
biodegradable, and renewable ionic liquids are essential to ensure that their use truly aligns with

the principles of sustainable chemistry.
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DEEP EUTECTIC SOLVENTS

Deep eutectic solvents (DES) are formed by mixing two or more components, typically a hydrogen
bond donor and acceptor, resulting in a melting point significantly lower than that of individual
components. Choline chloride-based DES are among the most studied due to their low cost and

ease of preparation.

DES share many advantages with ionic liquids but are often less toxic and more biodegradable.
They have been applied in metal extraction, organic synthesis, and enzymatic reactions. High

viscosity and water sensitivity, however, can affect mass transfer and reaction kinetics.

BIO-BASED AND RENEWABLE SOLVENTS

Bio-based solvents are derived from renewable biomass sources such as sugars, starch, and
terpenes. Examples include ethanol, ethyl lactate, 2-methyltetrahydrofuran, and limonene. These
solvents are generally biodegradable and have lower life cycle carbon emissions compared to

petrochemical solvents.

In pharmaceutical synthesis, bio-based solvents are increasingly replacing traditional ethers and
chlorinated solvents. Still, issues related to feedstock competition, land use, and variable purity

need to be carefully managed to ensure genuine sustainability.

SOLVENT SELECTION GUIDES AND INDUSTRIAL ADOPTION

To assist chemists in choosing greener solvents, several solvent selection guides have been
developed by pharmaceutical companies and research organizations. These guides rank solvents
based on health, safety, and environmental criteria. While useful, such guides are not universal

and may vary depending on regulatory frameworks and industrial priorities.

Industrial adoption of sustainable solvents is growing, driven by regulatory pressure and economic
incentives. Nevertheless, full replacement of hazardous solvents remains challenging due to legacy

processes and scale-up constraints.
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CHALLENGES AND FUTURE PERSPECTIVES

Despite substantial progress, several challenges hinder the widespread adoption of sustainable
solvents. These include uncertainty in long-term toxicity data, high initial costs, limited
availability, and recycling difficulties. Moreover, a solvent that is green in one application may

not be suitable in another.

Future research should focus on holistic solvent design, combining performance with life cycle
sustainability. Advances in computational screening, machine learning, and process intensification

are expected to accelerate the discovery and implementation of next-generation green solvents.

CONCLUSION

Sustainable solvents and green reaction media represent a critical component of modern green
chemistry. From water and supercritical fluids to ionic liquids, deep eutectic solvents, and bio-
based alternatives, a wide range of options is now available to reduce the environmental impact of
chemical processes. While no solvent is universally green, informed selection based on life cycle
assessment and application-specific requirements can significantly improve sustainability.
Continued collaboration between academia and industry, supported by clear regulatory
frameworks, will be essential for transitioning toward safer and more sustainable solvent systems

in the coming decades.
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