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Abstract

Green chemistry is a transformative approach that focuses on designing chemical products and processes to reduce or
eliminate the use of hazardous substances, thereby promoting environmental sustainability. This review examines the
advancements in green chemistry from 2010 to 2024, with a focus on four key areas: green solvents, catalysis, flow chemistry,
and renewable feedstocks. Innovations such as supercritical carbon dioxide (scCO2), ionic liquids, and deep eutectic solvents
(DESs) have provided sustainable alternatives to traditional volatile organic compounds (VOCs), significantly reducing
environmental hazards. Catalytic advancements, including the use of zeolites, biocatalysts, and metal-organic frameworks
(MOFs), have improved reaction efficiency, minimized energy requirements, and addressed critical challenges such as CO:
utilization. Flow chemistry has emerged as a sustainable alternative to batch processing, offering enhanced scalability, safety,
and precision in industries like pharmaceuticals. The transition to renewable feedstocks, such as vegetable oils and
lignocellulosic biomass, exemplifies the integration of sustainable practices into chemical manufacturing. This review also
addresses challenges such as high initial costs, technical scalability, and the need for economic viability in implementing these
innovations. By synthesizing insights from over 30 studies, this article highlights the transformative potential of green
chemistry in aligning industrial practices with global sustainability goals. Comprehensive tables, figures, and chemical
reactions are included to provide a detailed analysis of green chemistry's role in creating a sustainable future for industries.
Key findings emphasize the need for further research in cost reduction, scalability, and integration with circular economy
models to achieve widespread adoption.
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Introduction 4. Scope of the review

1. Background information This review focuses on advancements in green solvents,

The chemical industry plays a critical role in global catalysis, flow chemistry, and renewable feedstocks. Policy

economies but is also one of the largest contributors to and regulatory discussions are outside the scope of this

environmental challenges. Emissions from petrochemical article, which emphasizes technological innovations.

processes, excessive energy consumption, and reliance on

non-renewable resources have led to increasing concerns 5.  Objectives

about the industry's sustainability (Anastas & Warner, 1998) = To evaluate significant advancements in green

[, Traditional chemical manufacturing methods generate chemistry.

significant amounts of waste, including hazardous = To explore the industrial applications and

byproducts, highlighting the need for innovative, eco- environmental benefits of these innovations.

friendly solutions (Smith et al., 2015) . = To identify challenges and propose strategies for further
. adoption.

2. Importance of the topic

Green chemistry emerged as a response to these challenges, Methodology

offering principles for designing safer, more efficient, and 1
environmentally benign processes (Anastas & Warner, '
1998) [, These principles align with global initiatives such
as the Paris Agreement and the United Nations’ Sustainable
Development Goals (UN, 2015). By integrating green
chemistry, industries can reduce their carbon footprints,
conserve resources, and transition to renewable feedstocks

Literature search strategy

Databases including Google Scholar, PubMed, and
ScienceDirect were searched using terms such as "green
solvents,” "renewable feedstocks,” "flow chemistry
applications,” and "green catalysts." The focus was on peer-
reviewed journal articles, case studies, and technical reports

(Garg et al., 2018) I published between 2010 and 2024.
3. Research questions 2. Inclusion and exclusion criteria
= What are the key advancements in green chemistry Studies were included if they focused on industrial
technologies between 2010 and 20242 applications of green chemistry, detailed environmental
= How have these technologies improved industrial impacts, or described technological innovations. Studies
sustainability? emphasizing theoretical frameworks without practical
= What barriers exist to implementing green chemistry in examples were excluded.
industries?
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3. Data extraction and quality assessment

Data on technological advancements, environmental
benefits, and industrial applications were extracted.
PRISMA guidelines were followed to ensure the relevance
and quality of the selected studies.

Literature Review/thematic sections

1. Green solvents

Green solvents are critical to reducing the environmental
impacts of traditional chemical processes. Supercritical
carbon dioxide (scCO2), ionic liquids, and deep eutectic
solvents (DESSs) have replaced VOCs in various industries.
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=  Supercritical Carbon Dioxide (scCQO:): Widely used
in coffee decaffeination and polymer processing, scCO-
offers a non-toxic and recyclable alternative to
traditional solvents (Smith et al., 2015) &,

= |onic Liquids (ILs): These are salts in liquid form with
low volatility and high recyclability, making them
suitable for pharmaceutical synthesis (Lee et al., 2017)
[5]

= Deep Eutectic Solvents (DESs): These are gaining
attention due to their biodegradability and cost-
effectiveness in applications such as metal extraction
(Singh et al., 2018).

Table 1: Green Solvents and Their Applications

Solvent Type Applications Benefits References
Supercritical CO2 Coffee decaffeination, polymer processing Reduces VOC emissions Smith et al., 20158
lonic Liquids Pharmaceutical synthesis Low volatility, recyclable Leeetal., 2017
Deep Eutectic Solvents Metal extraction, catalysis Biodegradable, cost-effective Singh et al., 2018

2. Catalysis in Green Chemistry

Catalysis plays a pivotal role in

efficiency and reducing energy

advancements include:

= Heterogeneous Catalysts: Zeolites are widely used in
refining processes due to their high selectivity and
reusability (Yadav & Patel, 2020) (2],

= Biocatalysts: Enzymes such as lipase are employed in
biodiesel production, offering renewable and eco-
friendly solutions (Kumar et al., 2019) [,

=  Metal-Organic Frameworks (MOFs): MOFs have
shown promise in capturing and converting CO: into

increasing reaction
consumption. Key

valuable chemicals, addressing greenhouse gas
concerns (Zhang et al., 2022) [*4,
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Fig 1: Schematic of CO2 Capture Using MOFs
Chemical Reaction 1: CO: Conversion

CO,+2H,—CH30OH Catalyzed by MOF-based systems
(Zhang et al., 2022) 14,

3. Flow Chemistry

Flow chemistry enables continuous reactions, improving
reaction control and reducing waste. Applications include
pharmaceutical manufacturing,  where  continuous

22

hydrogenation improves safety and scalability (Maruoka,
2022) 61, Flow reactors also enhance process efficiency by
minimizing byproducts (Choi et al., 2018) 21,
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Graph 1: Comparative Yield Analysis between Flow and Batch
Processes

Table 2: Advantages of Flow Chemistry Over Batch Processes

Flow Batch
Parameter ; References
Chemistry | Processes
Scalability High Limited | Maruoka, 2022 (¢!
Waste Generation Low High |Choi etal., 201810
Reaction Control Precise Moderate [Garg et al., 2018 ]

4. Renewable feedstocks

Transitioning to renewable feedstocks

sustainability. Examples include:

1. Olefin metathesis: Vegetable oils are converted into
high-value chemicals, such as polymers and lubricants
(Lee etal., 2018).

2. Lignocellulosic biomass: This feedstock is used in
bioethanol production, reducing dependence on fossil
fuels (Garg et al., 2018) &I,

is critical for

Chemical reaction 2: Olefin Metathesis
R-CH=CH,+CH,=CH-R’—-»R-CH=CH-R’+CH,=CH,
Catalyzed by Ruthenium-based catalysts (Lee et al., 2018).

5. Bio-Based surfactants

Bio-based surfactants, such as alkyl polyglucosides, are
used in detergents and cosmetics for their biodegradability
(Singh et al., 2016) [,
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Table 3: Comparison of Bio-Based and Petroleum-Based

Surfactants
. Petroleum-
Parameter Bio-Based Based References
Surfactants
Surfactants
Biodegradability High Low |[Singhetal., 201611
Environmental .
[3]
Persistence Low High Garg et al., 2018

Discussion

1. Interpretation of findings

The adoption of green solvents, such as supercritical carbon
dioxide (scCO2), ionic liquids, and deep eutectic solvents
(DESs), has revolutionized industrial applications by
significantly reducing environmental impacts. For instance,
scCO: has eliminated the need for volatile organic
compounds (VOCs) in applications like coffee
decaffeination and polymer processing, offering a non-toxic
and recyclable alternative (Smith et al., 2015) 1. This aligns
with the principles of green chemistry, particularly the
reduction of hazardous substances. Similarly, ionic liquids,
as demonstrated in pharmaceutical synthesis, address the
limitations of traditional solvents by offering low volatility
and recyclability (Lee et al., 2017) . However, the high
production cost of ionic liquids remains a barrier to their
widespread adoption, as discussed by Carter et al. (2019)
28] DESs provide a promising cost-effective and
biodegradable solution, particularly in metal extraction,
where they outperform traditional solvent systems (Singh et
al., 2018).

Catalysis, a cornerstone of green chemistry, has shown
significant advancements, particularly with the use of
heterogeneous catalysts like zeolites. These catalysts not
only enhance selectivity but are also reusable, reducing the
energy and material costs associated with traditional
catalysts (Yadav & Patel, 2020) [, The application of
enzymatic catalysts, such as lipase in biodiesel production,
demonstrates how biocatalysis can integrate renewable
feedstocks into industrial processes while maintaining high
efficiency and eco-friendliness (Kumar et al., 2019) [,
Metal-organic frameworks (MOFs) have emerged as
innovative tools in CO: capture and conversion, addressing
critical environmental challenges (Zhang et al., 2022) 24,
The use of MOFs for catalyzing reactions like methanol
synthesis from CO. (Turner et al., 2020) 23 represents a
direct application of green chemistry principles, where
waste is transformed into valuable products.

The integration of flow chemistry into industrial processes
has provided a sustainable alternative to batch processes.
Continuous flow reactors allow precise control over reaction
parameters, reducing waste and improving safety (Maruoka,
2022) ©. For example, continuous hydrogenation in
pharmaceutical manufacturing has demonstrated how flow
chemistry minimizes byproducts while enhancing scalability
(Choi et al., 2018) . Yang et al. (2021) 4 further
emphasized that flow chemistry is particularly advantageous
in fine chemical synthesis, where reaction precision and
reproducibility are critical. However, initial setup costs for
flow reactors can be prohibitively high, limiting their
adoption in smaller-scale industries.

The transition to renewable feedstocks, such as vegetable
oils and lignocellulosic biomass, represents a major shift in
industrial practices. Olefin metathesis, as highlighted by Lee
et al. (2018), demonstrates how vegetable oils can be

23
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converted into high-value chemicals like polymers and
lubricants, reducing reliance on fossil fuels. Similarly, the
use of lignocellulosic biomass in bioethanol production
offers a renewable and sustainable alternative to petroleum-
based fuels (Jones et al., 2019) 1, While these processes
align with green chemistry principles, their scalability and
economic feasibility remain significant challenges, as
discussed by Garg et al. (2018) &I,

The development of bio-based surfactants has addressed
environmental concerns associated with petroleum-based
surfactants. For instance, alkyl polyglucosides, derived from
renewable resources, are biodegradable and exhibit reduced
environmental persistence, making them ideal for
applications in detergents and cosmetics (Singh et al., 2016)
[, Sharma et al. (2021) 71 emphasized that bio-based
surfactants not only reduce environmental impacts but also
align with consumer demand for eco-friendly products.
However, as noted by Gupta et al. (2020) [2°, the production
costs of bio-based surfactants are still higher than their
petroleum-based counterparts, necessitating further research
into cost-effective production methods.

2. Comparison of findings

The advancements in green chemistry are consistent across
multiple industries, highlighting common benefits such as
reduced waste, lower emissions, and enhanced resource
efficiency. For example, both scCO: and DESs demonstrate
how green solvents can replace traditional VOCs,
addressing a broad range of applications from food
processing to catalysis (Smith et al., 2015; Singh et al.,
2018) [8. Similarly, catalytic innovations, such as the use of
zeolites in petrochemical refining and MOFs in CO:
capture, showcase the versatility of green chemistry in
addressing industry-specific challenges (Yadav & Patel,
2020; Zhang et al., 2022) [10. 111,

However, certain technologies, such as ionic liquids and
enzymatic catalysis, face barriers related to cost and
scalability. Carter et al. (2019) 28 and Kumar et al. (2019)
4l poth highlight the economic challenges associated with
these technologies, indicating a need for further research
into cost reduction and large-scale implementation.

3. Implications for industrial practices

Green chemistry has demonstrated its potential to transform
industrial practices by integrating sustainability into process
design. For instance, the use of flow chemistry in
pharmaceutical manufacturing has not only improved
reaction efficiency but also reduced the environmental
footprint of production processes (Maruoka, 2022) [¢l. The
adoption of renewable feedstocks, as seen in bioethanol
production and olefin metathesis, aligns with global efforts
to reduce fossil fuel dependency (Lee et al., 2018; Jones et
al., 2019) 1. However, achieving widespread adoption
requires addressing challenges such as high initial costs,
limited technical expertise, and the need for supportive
regulatory frameworks (Garg et al., 2018) [,

4. Strengths and weaknesses of the reviewed literature

The reviewed literature provides a comprehensive overview
of green chemistry's transformative potential, highlighting
practical applications and environmental benefits. Studies
on green solvents (Smith et al., 2015; Lee et al., 2017) [ 8,
catalysis (Yadav & Patel, 2020; Turner et al., 2020) [10. 151,
and flow chemistry (Choi et al., 2018; Yang et al., 2021) >
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241 demonstrate a clear alignment with green chemistry
principles. However, gaps exist in the scalability and
economic feasibility analyses of these technologies. For
example, while many studies emphasize the environmental
benefits of green solvents, few address the long-term
economic impacts of transitioning from traditional solvents
to green alternatives.

5. Future research directions

Future research should prioritize the following areas:

1. Cost-effective production: Developing economical
methods for producing ionic liquids, DESs, and bio-
based surfactants (Carter et al., 2019; Singh et al.,
2018) 281,

2. Scalability: Enhancing the scalability of renewable
feedstock applications such as lignocellulosic biomass
conversion and olefin metathesis (Lee et al., 2018;
Jones et al., 2019) [?51,

3. Integration with Circular Economy: Exploring how
green chemistry can further support circular economy
models, particularly in waste valorization (Sharma et
al., 2022) 211,

Conclusion

Green chemistry has demonstrated its transformative
potential in industrial practices by addressing critical
environmental challenges and aligning with sustainability
goals. Innovations such as the use of green solvents,
including supercritical carbon dioxide and ionic liquids,
have significantly reduced hazardous waste and VOC
emissions while enhancing process efficiency. Catalytic
advancements, like biocatalysis and metal-organic
frameworks (MOFs), have improved energy efficiency and
provided solutions for CO: capture and conversion. Flow
chemistry has revolutionized reaction scalability and safety,
making it a viable alternative to traditional batch processes.
The shift to renewable feedstocks, such as lignocellulosic
biomass and vegetable oils, exemplifies the integration of
sustainable resources into industrial workflows. Despite
these advancements, challenges such as economic
feasibility, technical scalability, and the need for regulatory
support remain. Future research should focus on cost-
effective methods, scalable technologies, and integrating
green chemistry into circular economy models to achieve
widespread industrial adoption and environmental
sustainability.
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