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ABSTRACT

The extensive use of volatile organic solvents in organic chemistry has raised serious environmental, health, and
sustainability concerns, particularly in developing economies with rapidly growing chemical sectors such as India. Sustainable
solvent systems have emerged as a viable solution to reduce solvent waste, toxicity, and energy consumption while maintaining or
enhancing reaction efficiency. Indian researchers have significantly contributed to the development and application of green
solvents including deep eutectic solvents, ionic liquids, supercritical carbon dioxide, aqueous reaction systems, and solvent-free
methodologies. These solvent systems offer advantages such as low vapor pressure, high recyclability, tunable physicochemical
properties, and compatibility with green chemistry principles. This paper critically examines Indian experimental and process-
based studies on sustainable solvent systems, evaluates their performance in organic reactions and extraction processes, and

discusses their potential for industrial-scale implementation.
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I. INTRODUCTION

Organic solvents constitute a major portion of
material input and waste output in organic chemistry,
often accounting for more than half of the total mass
involved in chemical processes. Conventional solvents
such as dichloromethane, toluene, acetonitrile, and
hexane are associated with high volatility, flammability,
toxicity, and environmental persistence. In India, where
chemical synthesis plays a vital role in pharmaceuticals,
agrochemicals, dyes, and fine chemicals, solvent-related
environmental burdens are particularly significant,
necessitating urgent transition toward sustainable
alternatives (Anastas & Warner, 1998; Sheldon, 2017).

The principles of green chemistry emphasize
solvent selection as a key determinant of process
sustainability. Indian academic and industrial researchers
have increasingly aligned their work with these
principles, focusing on reducing solvent usage, replacing
hazardous solvents, and improving solvent recyclability.
This shift is supported by national research initiatives and
growing awareness of environmental regulations and

occupational safety standards within Indian laboratories
and industries (Sheldon, 2017).

Deep eutectic solvents have gained prominence
in India as a new generation of green solvents due to their
ease of preparation, low cost, and flexibility in design.
These solvents are typically formed by mixing a hydrogen
bond acceptor and a hydrogen bond donor, resulting in a
eutectic mixture with a melting point much lower than its
individual components. Indian studies have extensively
investigated choline chloride- and menthol-based eutectic
systems for organic synthesis, extraction, and
electrochemical  applications,  highlighting  their
environmental compatibility and functional versatility
(Abbott et al., 2004; Pandey et al., 2021).

Tonic liquids represent another major category of
sustainable solvents explored in Indian research. Their
unique characteristics, such as negligible vapor pressure,
high thermal stability, and structural tunability, make
them attractive alternatives to conventional solvents.
Indian researchers have developed task-specific ionic
liquids tailored for catalysis, separation, and reaction
enhancement. Despite challenges related to viscosity and
synthesis cost, ionic liquids have demonstrated superior
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performance in a range of organic transformations and
separation processes (Rogers & Seddon, 2003; Kumar et
al., 2019).

Supercritical carbon dioxide has been widely
studied in India as a green solvent for extraction and
purification of natural products, particularly from
medicinal plants and spices. Its non-toxic, non-flammable
nature and ease of removal from products make it an
environmentally ideal solvent. Indian studies have
successfully applied supercritical CO: to extract
curcuminoids, essential oils, and bioactive compounds,
demonstrating its potential for cleaner processing in both
research and industry (Reverchon & De Marco, 2006;
Singh et al., 2020).

Water-based reaction systems and solvent-free
synthetic methodologies have also gained momentum in
Indian organic chemistry research. Water, being non-
toxic and abundant, has been used as a reaction medium
for numerous organic transformations, often showing
enhanced rates due to hydrophobic effects. Similarly,
solvent-free reactions employing microwave irradiation
or mechanochemical grinding have demonstrated
remarkable efficiency and reduced waste generation,
aligning strongly with sustainability goals (Li & Chan,
2016; Sharma et al., 2022).

In recent years, Indian researchers have
increasingly adopted computational modelling, process
simulation, and machine learning techniques to accelerate
the design and optimization of sustainable solvent
systems. These approaches reduce experimental workload
and provide insights into solvent—solute interactions,
process efficiency, and scalability. The integration of
experimental and computational strategies reflects a
comprehensive  approach to sustainable solvent
development in India (Sarkar et al., 2023).

Overall, Indian contributions to sustainable
solvent systems represent a significant advancement
toward greener organic chemistry. By combining
experimental innovation, process engineering, and
environmental assessment, Indian studies provide
valuable frameworks for transitioning from traditional
solvent-intensive practices to more sustainable chemical
processes.

I1. METHODOLOGY

The preparation of deep eutectic solvents in
Indian laboratories generally involves the controlled
mixing of hydrogen bond acceptors such as choline
chloride or menthol with hydrogen bond donors including
urea, organic acids, or polyols. The components are
heated gently under constant stirring until a homogeneous
liquid phase is obtained. The resulting solvents are stored
under inert or dry conditions to prevent moisture
interference and are characterized using density
measurements, viscometry, thermal analysis, and
spectroscopic techniques to establish their suitability for

organic reactions (Abbott et al., 2004; Pandey et al.,
2021).

ITonic liquids employed in organic synthesis are
synthesized via alkylation of nitrogen-containing
heterocycles followed by anion exchange reactions, or
they are sourced commercially and purified prior to use.
Indian researchers routinely analyze ionic liquids for
purity, thermal stability, and ionic conductivity using
NMR spectroscopy, thermogravimetric analysis, and
differential scanning calorimetry to ensure consistent
performance during reactions (Kumar et al., 2019).

Organic reactions are performed using model
reaction systems such as Knoevenagel condensations,
aldol reactions, multicomponent syntheses, and coupling
reactions. Identical reaction conditions are maintained
while substituting conventional solvents with sustainable
alternatives, allowing direct comparison of reaction rate,
yield, and selectivity. Reaction monitoring is carried out
using thin-layer chromatography, while product isolation
is achieved through simple filtration, phase separation, or
minimal solvent extraction (Sharma et al., 2022).

Supercritical carbon dioxide experiments are
conducted in high-pressure extraction units equipped with
temperature and pressure controls. Indian studies vary
operational parameters such as pressure, temperature,
CO: flow rate, and particle size to optimize extraction
efficiency. Statistical tools such as response surface
methodology and artificial neural networks are employed
to model extraction kinetics and identify optimal
operating conditions (Singh et al., 2020).

Aqueous reaction systems are typically
employed for heterogeneous organic transformations,
where water acts as a reaction medium or dispersion
phase. Solvent-free reactions are performed using
mechanical grinding, solid-supported catalysts, or
microwave irradiation to enhance molecular interactions.
These methodologies reduce solvent dependency and
simplify purification processes, making them attractive
for sustainable synthesis (Li & Chan, 2016).

Product characterization is conducted using
standard  analytical techniques including NMR
spectroscopy, FTIR spectroscopy, GC-MS, and HPLC.
Solvent recyclability is evaluated by recovering the
solvent after reaction or extraction and reusing it for
multiple cycles, with performance monitored across
successive runs to assess stability and degradation
(Pandey et al., 2021).

Process modelling and simulation play a key role
in evaluating scalability. Indian researchers integrate
experimental data into mass and energy balance models
using commercial simulation software to design solvent
recovery systems and assess economic feasibility. These
models help identify potential bottlenecks and energy-
intensive steps in solvent recycling (Sarkar et al., 2023).
Environmental impact considerations include qualitative
assessment of toxicity, biodegradability, and waste
generation. Preference is given to solvents derived from
renewable or naturally occurring components, aligning
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solvent selection with sustainability and regulatory
compliance objectives (Sheldon, 2017).

III. RESULTS

The comparative evaluation of sustainable
solvent systems revealed that deep eutectic solvents
consistently delivered reaction yields comparable to or
higher than those obtained using conventional volatile
organic solvents. Their negligible vapor pressure
significantly reduced solvent loss during reaction and
workup, contributing to safer laboratory conditions and
improved material efficiency.

Ionic liquids demonstrated excellent catalytic
and solvating properties across a wide range of organic
transformations. Their thermal stability enabled repeated
use without noticeable degradation, although higher
viscosity occasionally limited mass transfer efficiency in
some reactions.

Supercritical carbon dioxide proved highly
effective for extraction processes, yielding high-purity
products with minimal post-processing requirements.
Optimized extraction conditions resulted in improved
selectivity and reduced processing time compared to
traditional solvent extraction.

Aqueous and solvent-free reaction systems
showed enhanced reaction rates and simplified
purification protocols. The absence or minimization of
organic solvents significantly reduced waste generation
and energy consumption associated with solvent
recovery.

Thermophysical analysis indicated that most
sustainable solvents exhibited acceptable viscosity,
density, and thermal stability for laboratory-scale
applications. Deep eutectic solvent-based nanofluids
showed moderate enhancement in heat transfer
performance, suggesting potential utility in temperature-
sensitive reactions.

Recyclability — studies  demonstrated  that
sustainable solvents could be reused for multiple cycles
with minimal decline in performance, supporting their
economic and environmental feasibility.

Table 1. Comparison of solvent systems in organic
reactions

Solvent system Reaction |Recyclabili Environmen

M yield (%) | ty cycles | tal impact
Conv;nhonal 70-85 1 High
organic solvents
Deep eutectic

82-96 4-6 Low

solvents
Ionic liquids 85-98 5-7 Low
Superecritical .
CO, 78-92 |Continuous| Very low

Table 2. Performance of sustainable solvents in
extraction processes

Solvent tvpe Extraction Energy |Solvent
yp efficiency (%) |requirement| loss
Conventional . .
solvents 60-75 High High
Deep eutectic 7590 Moderate Very
solvents low
Ionic liquids 80-93 Moderate Very
low
Supercritical Negligi
CO, 85-97 Moderate ble

IV.  DISCUSSION

The expanded results highlight the strong
potential of sustainable solvent systems to replace
conventional solvents in organic chemistry. Deep eutectic
solvents offer a unique balance of performance, cost-
effectiveness, and environmental compatibility, making
them particularly attractive for Indian academic and
small-scale industrial applications.

Ionic liquids provide unmatched tunability and
stability, which is advantageous for specialized reactions
and separations. However, addressing viscosity-related
challenges and reducing synthesis costs remain critical for
large-scale implementation.

Supercritical carbon dioxide stands out as an
ideal solvent for extraction and purification processes,
particularly in the context of India’s rich biodiversity and
natural product industry. Advances in high-pressure
equipment and process control will further enhance its
applicability.

Aqueous and solvent-free methodologies align
strongly with green chemistry principles by minimizing
waste and simplifying processes. Their broader adoption
could significantly reduce solvent consumption and
environmental impact in Indian laboratories.

Overall, integrating sustainable solvents with
process modelling and environmental assessment is
essential for achieving scalable and economically viable
green chemistry solutions.

V. CONCLUSION

Sustainable solvent systems represent a
fundamental shift toward environmentally responsible
organic chemistry. Indian research has demonstrated that
alternatives such as deep eutectic solvents, ionic liquids,
supercritical carbon  dioxide, and solvent-free
methodologies can deliver high performance while
reducing environmental impact.

The recyclability and low toxicity of these
solvents contribute to long-term sustainability and
improved laboratory safety. Continued research focusing
on solvent design, cost reduction, and process integration
will further enhance their adoption.
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Computational modelling and data-driven
approaches will play a crucial role in accelerating solvent
discovery and optimization. These tools enable efficient
screening and reduce experimental resource consumption.

The widespread implementation of sustainable
solvent systems in India has the potential to significantly
advance green chemistry practices, support sustainable
industrial growth, and align chemical research with global
environmental goals.
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