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1. Introduction

In today's chemical industry, the application of green solvents is gradually becoming a key factor in promoting sus-
tainable chemical development. With the increasing global awareness of environmental protection, the field of chem-
ical synthesis urgently needs to reduce its dependence on traditional organic solvents, which often have disadvantages
such as toxicity, flammability, and difficulty in degradation, posing a threat to the environment and human health.
According to a report by the Association of International Chemical Manufacturers (AICIS), the use of traditional
organic solvents results in tens of thousands of tons of volatile organic compounds (VOCs) being emitted globally
each year, which seriously affect air quality [1]. Therefore, the development and application of green solvents can
not only help reduce the negative impact of the chemical industry on the environment, but also improve the efficiency
and selectivity of chemical reactions, thereby achieving a win-win situation for economic benefits and environmental
protection.

2. Definition and Classification of Green Solvents
2.1 Definition of Green Solvents

Green solvents, as an important component of sustainable chemistry, are defined as solvents that effectively promote
organic synthesis reactions while minimizing environmental impact. These solvents typically possess low toxicity,
biodegradability, or renewability, playing a crucial role in reducing the negative environmental impact of the chem-
ical industry. For example, water, as the simplest green solvent, has replaced traditional organic solvents in many
organic synthesis reactions, not only because it is non-toxic, colorless, and odorless, but also because it is widely
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available and inexpensive. According to one study, organic reactions using water as a solvent can reduce their envi-
ronmental impact index (E-factor) to one-tenth that of traditional organic solvents. Furthermore, supercritical carbon
dioxide (scCO2), as a non-traditional green solvent, exhibits excellent solubility and reaction medium properties in
certain reactions, while avoiding the use of organic solvents and reducing waste generation. Green solvents are one
of the key tools for achieving this goal.

2.2 Classification and Characteristics of Green Solvents

Green solvents, as an important component of sustainable chemistry, are diverse in type, each possessing unique
environmentally friendly characteristics. For example, aqueous synthesis, using water as a solvent, is non-toxic, non-
flammable, inexpensive, and readily available, making it an ideal green choice for organic synthesis. Supercritical
fluid technology, especially supercritical carbon dioxide, is widely used in the synthesis of fine chemicals due to its
liquid-like solubility and gas-like diffusivity near its critical point. Biodegradable solvents, such as certain esters and
alcohols, can be decomposed by microorganisms in the natural environment, reducing long-term impacts on ecosys-
tems. lonic liquids, with their near-zero vapor pressure and tunable solubility, offer new possibilities for organic
synthesis while reducing emissions of volatile organic compounds (VOCs). These green solvents share the common
characteristic of having a low environmental burden, contributing to the advancement of the chemical industry to-
wards a more sustainable future.

3. Advantages of green solvents in organic synthesis
3.1 Environmental friendliness

In the field of organic synthesis, the environmental friendliness of green solvents is one of its most significant ad-
vantages. With the global emphasis on sustainable chemistry, the use of green solvents has not only reduced the
dependence on traditional organic solvents, but also significantly reduced the negative impact of the chemical indus-
try on the environment. For example, aqueous synthesis uses water as a solvent, and its non-toxic, harmless, and
renewable properties make it an ideal green solvent. According to research, aqueous synthesis can reduce waste
generation by up to 90% compared to traditional organic solvents [2]. In addition, supercritical fluid technology,
especially supercritical carbon dioxide, has become an environmentally friendly option because it is easy to separate
from the product after the reaction and can be recycled. The use of biodegradable solvents is also increasing. They
can be decomposed by microorganisms after the reaction, thus avoiding the problem of long-term environmental
pollution. In drug synthesis, the application of green solvents not only improves the synthesis efficiency, but also
reduces the generation of harmful by-products, which improves drug quality and is in line with the principle of "green
chemistry".

3.2 Improving reaction efficiency and selectivity

In the field of organic synthesis, the introduction of green solvents not only contributes to the environmental friend-
liness of chemical reactions but also demonstrates great potential in improving reaction efficiency and selectivity.
For example, aqueous synthesis, as a typical application of green solvents, exhibits higher reaction rates and yields
in certain reactions compared to traditional organic solvents. Studies have shown that certain nucleophilic substitution
reactions carried out in aqueous media can have rate constants several times higher than those in organic solvents ,
attributed to the high dielectric constant of water and the formation of hydrogen bond networks, which promotes the
activation of reactants and the stability of intermediates. Furthermore, supercritical fluid technology, especially su-
percritical carbon dioxide, has proven to have significant advantages in improving reaction selectivity due to its
unique solubility properties and tunable reaction environment. In drug synthesis, the application of green solvents
demonstrates that by precisely controlling reaction conditions, highly selective synthesis of specific stereoisomers
can be achieved, thereby improving drug purity and efficacy.

4. Examples of the Application of Green Solvents in Organic Synthesis

4.1 Practical Application Cases of Aqueous Phase Synthesis Method

As an important branch of green solvent application, aqueous synthesis has demonstrated its unique environmental
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friendliness and economic benefits in the field of organic synthesis. Using water as a solvent not only avoids the
volatility and toxicity problems of traditional organic solvents, but also has a wide range of sources and low cost,
which is in line with the development concept of sustainable chemistry. For example, in the synthesis of drug inter-
mediates, aqueous synthesis can significantly improve the selectivity of the reaction, reduce the generation of by-
products, and thus improve the yield of the target product. A study showed that in the synthesis of certain drug
precursors, aqueous synthesis increased the yield by more than 10% compared with traditional organic solvent meth-
ods, while reducing by about 20% of by-products [3]. This efficiency improvement not only reduces the waste of raw
materials, but also reduces the cost and environmental burden of subsequent separation and purification. In addition,
the high specific heat capacity and good thermal conductivity of water make aqueous synthesis have better tempera-
ture control capabilities in exothermic reactions, which helps to improve the safety of the reaction. This not only
emphasizes the core position of water in green chemistry, but also points out the huge potential of aqueous synthesis
in promoting the development of sustainable chemistry.

4.2 Recent Advances in Supercritical Fluid Technology for Organic Synthesis

Superecritical fluid technology, as an innovation in the field of green solvents, has made significant progress in organic
synthesis in recent years. Supercritical fluids, especially supercritical carbon dioxide (scCO2), have become an ideal
green solvent due to their unique physicochemical properties, such as low viscosity, high diffusivity and adjustable
solubility. In organic synthesis, the application of supercritical fluid technology not only reduces the use of organic
solvents and reduces environmental pollution, but also shows great potential in improving reaction efficiency and
selectivity. For example, studies have shown that under supercritical conditions, the rate of some reactions can be
increased by several times, while the formation of byproducts is significantly reduced [4]. In addition, the application
of supercritical fluid technology in drug synthesis is also increasing. For example, in the process of synthesizing the
anticancer drug paclitaxel, scCO?2 is used as a solvent, which not only improves the purity of the product, but also
simplifies the post-processing steps, demonstrating its important value in sustainable chemistry.

4.3 Exploration of the Application of Biodegradable Solvents in Organic Synthesis

In the field of organic synthesis, the application of biodegradable solvents is gradually becoming a hot topic in sus-
tainable chemistry research. Biodegradable solvents, such as certain natural oils and alcohols, are favored because of
their biodegradability in the environment. For example, the use of bio-based solvents such as butyl acetate instead of
traditional organic solvents has shown good solubility and reaction efficiency in some synthetic reactions. Studies
have shown that the application of biodegradable solvents in drug synthesis can reduce the burden on the environment
while maintaining or even improving the selectivity and yield of the reaction. For example, in one study, the synthesis
of drug intermediates by using biodegradable solvents not only reduced the generation of waste, but also achieved a
yield of up to 95% by optimizing the reaction conditions [5]. In addition, the use of biodegradable solvents also
conforms to the "twelve principles" of green chemistry, especially principle five, namely, designing synthetic meth-
ods to avoid the generation of by-products, and principle six, namely, avoiding the use of toxic solvents and reagents
as much as possible. Therefore, the application of biodegradable solvents in organic synthesis not only helps to pro-
mote the development of the chemical industry towards a greener and more sustainable direction, but also provides
new ideas for achieving the environmental friendliness and economic benefits of chemical reactions.

4.4 Research on the Application of Ionic Liquids in Catalytic Reactions

Ionic liquids, as a new type of green solvent, have shown great potential in organic synthesis, especially in the appli-
cation of catalytic reactions, where significant progress has been made. The non-volatility, high thermal stability, and
adjustable solubility and polarity of ionic liquids make them an ideal alternative to traditional organic solvents. For
example, in catalytic hydrogenation, ionic liquids can provide an anhydrous environment, thereby avoiding the in-
fluence of water on catalyst activity and significantly improving the selectivity and yield of the reaction. Studies have
shown that in certain specific reactions, using ionic liquids as solvents can increase the conversion rate and selectivity
to over 95% and 99%, respectively [6]. In addition, the designability of ionic liquids allows scientists to customize
the structure of ionic liquids according to the needs of specific reactions, thereby optimizing the catalytic eftect.

4.5 Specific Application Cases of Green Solvents in Drug Synthesis

In the field of drug synthesis, the application of green solvents is gradually becoming an important force in promoting
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sustainable chemistry. Taking ionic liquids as an example, their application in drug synthesis has shown significant
environmental friendliness and economic benefits. For example, some ionic liquids have been shown to effectively
replace traditional organic solvents. In the synthesis of drug intermediates, they not only reduce the emission of
volatile organic compounds (VOCs), but also improve the selectivity and yield of the reaction. In one study, the use
of ionic liquids as solvents successfully achieved the efficient synthesis of specific drug molecules, with a yield
increase of more than 20%, while reducing the generation of by-products. This not only optimizes the process flow
of drug synthesis, but also conforms to the principles of green chemistry [7].

Furthermore, the application of supercritical fluid technology in drug synthesis has demonstrated the potential of
green solvents. Supercritical carbon dioxide (scCO2), as a non-toxic, colorless, and non-flammable solvent, reduces
reliance on traditional organic solvents in drug synthesis. In certain steps of drug synthesis, scCO2 has been shown
to provide higher reaction rates and better reaction control. For example, in the synthesis of nonsteroidal anti -inflam-
matory drugs (NSAIDs), using scCO2 as a solvent not only improves reaction selectivity but also significantly sim-
plifies subsequent separation and purification processes and reduces energy consumption due to its volatility.

In pharmaceutical synthesis, the use of green solvents has also facilitated the redesign of synthetic pathways. Bio-
degradable solvents, such as polyethylene glycol (PEG) and vegetable oil-derived solvents, offer new possibilities
for synthesizing complex drug molecules due to their renewability and biocompatibility. For example, in the synthesis
of certain anticancer drugs, using PEG as a solvent not only improves reaction efficiency but also allows the reaction
to proceed under milder conditions due to its excellent solubility, thereby reducing side reactions. This optimization
of synthetic pathways not only aligns with the principles of green chemistry but also enhances the sustainability of
drug synthesis.

In conclusion, the application examples of green solvents in drug synthesis demonstrate their enormous potential
in improving reaction efficiency, reducing environmental pollution, and promoting sustainable chemistry. With fur-
ther research and technological advancements, the application of green solvents in drug synthesis will become more
widespread, providing strong support for the green transformation and sustainable development of the chemical in-
dustry.

5. Synthesis methods and techniques of green solvents
5.1 Preparation routes and optimization strategies of bio-based solvents

The preparation routes and optimization strategies of bio-based solvents are an important branch of green solvent
research. They not only embody the concept of sustainable chemistry, but also show great application potential in
organic synthesis. Bio-based solvents are usually derived from renewable biomass resources, such as vegetable oils,
sugars, and lignin. The utilization of these resources helps to reduce dependence on fossil fuels and reduce greenhouse
gas emissions. For example, vegetable oils can be converted into biodiesel through transesterification, and the glyc-
erol produced can be further converted into triglyceride solvents. These solvents exhibit good solubility and biodeg-
radability in organic synthesis [8]. In terms of optimization strategies, researchers are committed to improving the
performance and economy of bio-based solvents through molecular design and innovative synthetic routes. For ex-
ample, enzyme catalysis technology can be used to achieve efficient synthesis of specific solvents while reducing the
generation of by-products. In addition, life cycle assessment (LCA) models are widely used to assess the environ-
mental impact of bio-based solvents to ensure that they comply with the principles of green chemistry throughout
their entire life cycle.

5.2 Green Chemistry Principles for Ionic Liquid Synthesis

In the exploration of green solvents, the green chemistry principle of ionic liquid synthesis is particularly important.
It not only embodies the concept of sustainable chemistry, but also shows great application potential in organic syn-
thesis. Tonic liquids, as a new type of green solvent, follow the principles of atom economy, waste reduction, safe use
and renewable raw materials in their design and synthesis process. For example, by using bio-based ionic liquids, the
carbon footprint of the synthesis process can be significantly reduced, while improving the selectivity and efficiency
of the reaction. Studies have shown that some ionic liquids can achieve close to 100% atom economy in catalytic
reactions, which means that almost all raw materials are converted into target products, greatly reducing the genera-
tion of by-products and the complexity of subsequent treatment [9].

In practical applications, the green chemistry principles of ionic liquids are also evident. For example, ionic liquids
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can achieve highly efficient reactions under solvent-free or low-solvent conditions when catalyzing organic synthesis
reactions, which not only reduces solvent usage but also lowers environmental pollution. Furthermore, the designa-
bility of ionic liquids allows for optimization for specific reactions, thereby improving reaction selectivity and yield.
In the field of drug synthesis, the use of ionic liquids can reduce the use of traditional organic solvents, lower pro-
duction costs, and simultaneously improve drug purity and safety.

5.3 Principles and Applications of Solvent-Free Synthesis Technology

As an important part of green chemistry, solvent-free synthesis technology is based on the principle of carrying out
chemical reactions under solvent-free conditions, thereby avoiding the use of traditional organic solvents and signif-
icantly reducing environmental pollution and production costs. In organic synthesis, the application of solvent-free
technology not only reduces the generation of waste, but also improves the selectivity and yield of the reaction. For
example, through solid-phase synthesis technology, the reaction can be carried out directly on the solid surface,
avoiding the use of solvents, while improving the reaction rate and the purity of the product. Studies have shown that
the yield of some solvent-free synthesis reactions can reach more than 90%, which is difficult to achieve in traditional
solvent synthesis [10]. In addition, solvent-free synthesis technology can also simplify the post-processing steps,
because there is no need to remove the solvent after the reaction, thereby reducing energy consumption and operation
time.

5.4 Energy efficiency in the synthesis of green solvents

In the process of green solvent synthesis, improving energy efficiency is one of the key factors for achieving sustain-
able chemistry. Taking ionic liquids as an example, the energy efficiency in their synthesis process can be signifi-
cantly improved by optimizing the synthesis route and reaction conditions. For example, by using microwave-assisted
synthesis technology, the synthesis of ionic liquids can be completed in a shorter time while reducing energy con-
sumption. Studies have shown that microwave synthesis can improve energy efficiency by more than 30% compared
with traditional heating methods. In addition, the recycling technology of ionic liquids is also crucial to improving
overall energy efficiency [11]. In some applications, ionic liquids can be recycled and reused multiple times, thereby
reducing the need for the preparation of new solvents and the corresponding energy consumption. Therefore, by
continuously optimizing the synthesis methods of green solvents, we can not only reduce the impact on the environ-
ment, but also achieve economic sustainability.

5.5 Regeneration and Recycling Technology of Environmentally Friendly Solvents

In the future of sustainable chemistry, the regeneration and recycling technology of environmentally friendly solvents
is a key link in achieving the goal of green chemistry. With the increasing attention of industry to environmental
impact, the recycling and reuse of solvents not only reduces the demand for new solvents, but also significantly
reduces waste emissions and production costs. For example, ionic liquids have become a research hotspot in the field
of solvent recycling due to their unique physicochemical properties, such as non- volatility and adjustable solubility.
In some applications, ionic liquids can be designed as “permanent” solvents, which can be regenerated by simple
distillation or electrochemical methods and can be recycled dozens or even hundreds of times. According to one
study, the catalytic efficiency of a certain ionic liquid decreased by only 5% after being recycled 100 times in a
catalytic reaction, which shows its great potential in industrial applications [12].

In addition, the recycling technology of biodegradable solvents is also constantly improving. Biodegradable sol-
vents are usually derived from renewable resources, such as vegetable oils and sugars, which can be converted into
harmless substances through biological treatment or chemical methods after use. For example, some sugar-based
solvents can be converted into water and carbon dioxide through enzymatic reactions after the reaction is completed,
achieving complete biodegradation. In a case study, a corn syrup-based solvent was converted into water and carbon
dioxide by enzyme treatment after organic synthesis, and the remaining 5% was recovered by distillation, with a
recycling rate of more than 90% [13].

In the recycling technology of green solvents, the optimization of energy efficiency is equally important. Advanced
separation technologies, such as membrane separation technology, can effectively reduce the energy consumption in
the solvent regeneration process. When separating solvents and products, membrane technology not only improves
the separation efficiency, but also reduces the heat load on the environment. For example, nanofiltration membrane
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technology can separate the target product from the reaction mixture while allowing the solvent to be recycled, re-
ducing the energy consumption in the traditional distillation process. According to relevant studies, the use of nano-
filtration membrane technology can reduce the energy consumption of the solvent regeneration process by more than
30%, which significantly improves the environmental sustainability of the entire synthesis process [6].

In conclusion, the regeneration and recycling technology of environmentally friendly solvents plays a crucial role
in promoting the development of green and sustainable chemistry. Through continuous technological innovation and
optimization, we can expect to achieve efficient solvent recycling in the near future, thereby realizing a true win-win
situation of environmental friendliness and economic benefits in the field of organic synthesis.

6. Challenges and Problems Facing Green Solvents
6.1 Cost and Availability of Green Solvents

While green solvents hold great promise for organic synthesis, cost and availability remain key factors hindering
their widespread adoption. Take ionic liquids as an example: despite their excellent performance in improving reac-
tion efficiency and selectivity, their synthesis costs are relatively high, primarily due to the scarcity of required raw
materials and the complexity of the synthesis process. For instance, some ionic liquids require expensive specialized
precursors, increasing production costs. However, with technological advancements and large-scale production, cost
issues are expected to be alleviated. For example, replacing traditional petrochemical raw materials with bio- based
feedstocks can significantly reduce the production cost of ionic liquids. Furthermore, optimizing synthesis processes
and improving feedstock conversion rates can also effectively reduce production costs. Regarding availability, the
establishment of a robust green solvent supply chain is crucial. The stability of the supply chain directly impacts the
market supply and price fluctuations of green solvents. For instance, while water is inexpensive and readily available
in aqueous synthesis, it may not provide sufficient solubility or reactivity in certain specific reactions. Therefore, the
development of new green solvents, such as biodegradable solvents, requires consideration of the sustainability of
their raw materials and the environmental impact of their production processes. In practical applications, the promo-
tion of green solvents requires the joint efforts of governments, enterprises, and research institutions. Through policy
support, technological innovation, and market incentives, the availability of green solvents can be improved and their
costs reduced, thereby promoting the further development of sustainable chemistry.

6.2 Issues related to the recovery and reuse of green solvents

The future of sustainable chemistry faces many challenges in the recycling and reuse of green solvents. Taking ionic
liquids as an example, they perform well in organic synthesis, but the efficiency of their recycling and reuse directly
affects their environmental friendliness. Studies show that the recovery rate of some ionic liquids can reach more
than 90%, but this process often requires complex separation technologies, such as membrane separation, distillation
or extraction, which not only increases operating costs but may also affect the structural stability of the solvent [14].
Therefore, developing efficient and low-cost recycling technologies is the key to promoting the widespread applica-
tion of green solvents. For example, the adsorption method can be used to recover ionic liquids. By using selective
adsorbents, the recycling process can be simplified and the recycling efficiency can be improved. In addition, inno-
vations in recycling technologies, such as using microwave-assisted technology to accelerate the regeneration of ionic
liquids, not only increase the number of solvent cycles but also reduce energy consumption. Therefore, breakthroughs
in the recycling and reuse technologies of green solvents will provide important support for the sustainable develop-
ment of the chemical industry.

7. Future Prospects and Development Directions of Green Solvents
7.1 Prospects for the Industrial-Scale Application of Green Solvents

With the increasing global emphasis on sustainable chemistry and green chemistry principles, the prospects for green
solvents in industrial-scale applications are particularly bright. According to a report by the International Chemical
Industry Association, the market size of green solvents is expected to grow to tens of billions of dollars by 2030. This
growth reflects not only the increasing demand for environmentally friendly chemicals, but also the industry's dual
pursuit of improving production efficiency and reducing environmental impact [15]. For example, bio-based solvents
such as ethanol and isopropanol have been widely used in the pharmaceutical and fine chemical industries due to
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their renewability and low toxicity. In addition, supercritical fluid technology, especially supercritical carbon dioxide,
has shown great potential in the extraction of natural products and polymer processing due to its unique solubility
and environmental advantages. Studies have shown that the use of supercritical fluid technology can reduce the use
of organic solvents by up to 90% while improving product purity and yield. In the field of drug synthesis, the appli-
cation of green solvents is also increasing. For example, the use of ionic liquids in catalytic reactions not only im-
proves the selectivity and efficiency of the reaction, but also reduces the generation of by-products, thereby reducing
the cost of waste treatment and environmental risks [16]. In the future, with the continuous advancement of green
solvent synthesis technologies and further reductions in costs, they are expected to be more widely used on an indus-
trial scale, driving the chemical industry towards a more sustainable and environmentally friendly direction.

7.2 Future Trends and Innovations in Green Solvent Research

With increasing global emphasis on sustainable and green chemistry, the research and application of green solvents
are experiencing unprecedented development opportunities. Future research on green solvents will focus on devel-
oping more efficient, economical, and environmentally friendly solvent systems. For example, ionic liquids, as a
novel type of green solvent, are being researched to improve their synthesis efficiency and reduce costs. By employ-
ing advanced synthesis methods, such as microwave-assisted synthesis, the yield and purity of ionic liquids can be
significantly reduced while simultaneously improving reaction time. Furthermore, research on the application of ionic
liquids in catalytic reactions has shown their great potential in improving reaction selectivity and conversion rates.
For instance, some ionic liquids have been shown to effectively catalyze the formation of C-C bonds, which is of
great significance for pharmaceutical synthesis and fine chemical products. In practical applications, innovation in
green solvents is also reflected in their recycling technologies. By developing efficient recovery and regeneration
technologies, the cost of using green solvents can be significantly reduced while minimizing environmental impact.
In the future, with the continuous advancement of green solvent technologies, their prospects for industrial-scale
applications will be even broader, with the potential for widespread use in pharmaceuticals, pesticides, materials
science, and other fields, thereby driving the chemical industry towards a more sustainable future.
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