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ABSTRACT

Green chemistry has emerged as a transformative scientific approach for promoting sustainable industrial development while
reducing the adverse environmental consequences of chemical production and consumption. Conventional industrial processes
frequently depend on hazardous reagents, energy-intensive operations, non-renewable feedstocks and inefficient waste-
management systems. These practices contribute to air and water pollution, greenhouse gas emissions, resource depletion and
risks to human health. Green chemistry addresses these challenges by integrating environmental considerations into the design
of chemical products, reaction pathways and manufacturing processes. Recent advances in this field include the development of
bio-based feedstocks, catalytic technologies, biocatalysis, solvent-free synthesis, renewable-energy-driven chemical reactions,
electrochemical manufacturing, continuous-flow processing and biodegradable materials. Digital technologies, including artificial
intelligence, machine learning and computational chemistry, are also improving the prediction of reaction outcomes and the
identification of environmentally preferable production routes. These innovations offer opportunities to reduce material
consumption, improve energy efficiency, minimise hazardous waste and strengthen industrial resource circularity. Nevertheless,
the widespread implementation of green chemistry remains constrained by technological maturity, initial investment
requirements, feedstock availability, process integration and uncertainty concerning the environmental performance of
alternative materials. This review examines recent technological developments in green chemistry, evaluates their relevance to
sustainable industrial development and environmental protection, and discusses the policy, economic and research priorities
required for broader adoption. It argues that green chemistry can contribute substantially to sustainable industrial transformation
when chemical innovation is supported by life-cycle assessment, responsible resource management, appropriate regulation and
evidence-based industrial decision-making.
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1. INTRODUCTION

Industrial development has historically depended on chemical technologies for the manufacture of pharmaceuticals,
fertilisers, polymers, textiles, construction materials, fuels and numerous consumer products. These industries
provide essential goods and support employment, technological progress and economic development. Nevertheless,
many conventional chemical processes involve hazardous reagents, substantial energy requirements, low material
efficiency and the generation of persistent pollutants. Industrial wastewater, volatile organic compounds, greenhouse
gas emissions and chemically contaminated solid waste illustrate the environmental consequences associated with
poorly designed production systems. The challenge is therefore to maintain industrial productivity while reducing
the ecological and public-health burdens associated with chemical manufacturing.

Green chemistry provides a preventive approach to this challenge. Anastas and Warner (1998) established a
framework of twelve principles intended to minimise or eliminate hazardous substances throughout the design,
manufacture and application of chemical products. These principles emphasise waste prevention, atom economy,
safer synthesis, energy efficiency, renewable feedstocks, catalysis, degradation and real-time monitoring. Unlike
conventional pollution-control approaches, which frequently address contamination after it has been generated,
green chemistry seeks to avoid the creation of pollutants at their source.

Recent scientific developments have expanded the practical scope of this framework. Advances in heterogeneous
and biocatalysis, mechanochemistry, continuous-flow processing, renewable carbon utilisation, solvent engineering
and machine-learning-assisted molecular design are creating new opportunities to improve chemical manufacturing.
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At the same time, increasing interest in circular economy models has enéour_qged'in'dustri_e_s to recover valuable
materials from waste streams and redesign products for reuse, recycling or safe degradation. b

However, the adoption of greener technologies does not automatically guarantee-environmental superiority.
Renewable feedstocks may require substantial land and water resources, biodegradable plastics may not degrade
under ordinary environmental conditions, and alternative solvents may introduce previously unrecognised toxicity.
Consequently, sustainable chemical innovation must be evaluated through scientific evidence, industrial
performance and life-cycle impacts rather than through isolated claims of environmental friendliness.

This paper examines recent advances in green chemistry, evaluates their contributions to sustainable industrial
development and environmental protection, and identifies the principal barriers to wider implementation. It also
considers how technological innovation, policy support and systematic environmental assessment can improve the
practical effectiveness of green chemistry.

2. RESEARCH METHODOLOGY

The paper adopts a qualitative, descriptive and critical review methodology. It draws upon established theoretical
literature on green chemistry, recognised scientific publications, industrial sustainability concepts and documented
technological approaches. The discussion is organised thematically around green catalysis, renewable feedstocks,
sustainable solvents, biocatalysis, advanced manufacturing, circular resource utilisation and environmental
remediation.

The analysis compares the potential environmental benefits of emerging technologies with their practical limitations,
including scalability, energy requirements, material recovery and economic feasibility. Life-cycle assessment and
green chemistry principles provide the conceptual basis for evaluating sustainability claims.

This paper does not present original laboratory experiments, primary survey data or a quantitative meta-analysis.
Accordingly, its findings represent a critical synthesis of established concepts and technological developments rather
than experimentally validated results from a new investigation.

3. RECENT ADVANCES IN GREEN CHEMISTRY

3.1 Green Catalysis and Sustainable Chemical Synthesis

Catalysis is a central area of green chemistry because it enables chemical transformations with improved selectivity,
reduced reagent consumption and potentially lower energy requirements. Conventional synthesis may require
stoichiometric quantities of reactive chemicals, generate unwanted by-products and involve multiple purification
stages. Modern catalytic approaches seek to minimise these disadvantages by directing reactions towards desired
products under controlled conditions.

Heterogeneous catalysts, homogeneous catalysts, organocatalysts and enzyme-based catalysts provide different
routes towards more efficient synthesis. Heterogeneous catalysts are particularly attractive when they can be
separated from reaction mixtures and reused. Organocatalysts can facilitate selected transformations without relying
on transition metals, while biocatalysts enable highly selective reactions under comparatively mild conditions.
Photocatalysis and electrocatalysis offer additional opportunities to use light or electricity to drive chemical
transformations.

Recent research has also focused on catalysts based on more abundant elements, catalyst recycling and improved
selectivity in pharmaceutical and fine-chemical manufacturing. Machine learning can assist catalyst discovery by
analysing relationships between reaction conditions, molecular structures and experimental outcomes.
Nevertheless, the environmental advantages of a catalytic process depend on catalyst preparation, durability,
recovery, toxicity and the energy required for operation. A catalyst containing a scarce or hazardous metal may
reduce reaction waste while introducing other environmental burdens (Yenare et al., 2025).

3.2 Renewable Feedstocks and Biomass Valorisation

Replacing fossil-derived raw materials with renewable feedstocks is another significant direction in green chemistry.
Agricultural residues, forestry by-products, food-processing waste, lignocellulosic biomass and selected industrial
organic wastes contain carbon-rich compounds that can be converted into useful chemicals, materials and fuels.
Cellulose, hemicellulose and lignin are particularly relevant because they provide different chemical structures for
producing bio-based intermediates. Through hydrolysis, fermentation and catalytic conversion, biomass can
potentially be transformed into organic acids, alcohols, platform chemicals and polymer precursors. Integrated

3334

Adolescencia e Saude, vol. 21, No.Ss, p. 3333-3340



biorefineries extend this approach by processing multiple components of biom_ass rather than concentrating on a
single product. o

The use of agricultural residues may create additional economic opportunities in-rural areas by converting
underutilised materials into marketable products. In agricultural regions, crop residues could supply feedstocks for
bio-based chemicals, subject to competing uses such as animal feed, soil organic matter and energy production.
However, renewable origin alone does not establish sustainability. Biomass processing can involve intensive
pretreatment, chemical inputs, water consumption and energy use. Unsustainable cultivation may also contribute to
land-use change and biodiversity loss. Industrial implementation therefore requires appropriate feedstock selection,
efficient conversion technologies and life-cycle assessment. Chatel (2025) highlights biomass valorisation and the
transition from laboratory innovation to industrial implementation as important dimensions of contemporary green
chemistry.

3.3 Green Solvents and Safer Reaction Media

Solvents are widely used in chemical manufacturing for dissolving reactants, controlling reaction conditions,
transferring heat and separating products. Nevertheless, conventional solvents can contribute substantially to
volatile emissions, occupational exposure, hazardous waste and energy-intensive purification. Solvent substitution
and solvent elimination are consequently important priorities in sustainable chemical process design.

Water, ethanol, ethyl lactate, selected bio-derived solvents and supercritical carbon dioxide are among the
alternatives investigated for particular applications. Water can provide a suitable reaction medium for selected
organic transformations, while ethanol and ethyl lactate may replace certain conventional organic solvents where
their performance and safety profiles are appropriate. Supercritical carbon dioxide can facilitate extraction and
processing in applications where pressure requirements and equipment costs are manageable.

lonic liquids and deep eutectic solvents have also attracted research interest because their properties can be adjusted
for specific chemical tasks. However, low volatility does not necessarily imply low toxicity, biodegradability or
environmental persistence. Some ionic liquids are difficult to degrade, while certain bio-based solvents still require
substantial energy or agricultural inputs.

Consequently, the selection of a green solvent should consider toxicity, flammability, volatility, biodegradability,
recovery potential, worker safety and the energy required for separation. In pharmaceutical manufacturing, where
solvents often represent a major portion of process materials, solvent replacement and recovery can contribute to
both environmental improvement and reduced operating costs (Sharma et al., 2024).

3.4 Biocatalysis and Enzyme Engineering

Biocatalysis employs enzymes or whole-cell systems to accelerate chemical reactions. Enzymes are valuable because
their molecular structures can provide high selectivity, reducing the formation of unwanted stereoisomers and by-
products. This feature is particularly important in pharmaceutical manufacturing, where the spatial arrangement of
atoms can influence the biological activity and safety of a compound.

Advances in protein engineering, directed evolution and computational enzyme design have expanded the range of
reactions that biological catalysts can perform. Engineered enzymes can be adapted to improve activity, stability,
substrate compatibility and performance under industrial conditions. Immobilisation techniques may also facilitate
catalyst separation and reuse.

Biocatalytic processes can operate under comparatively mild temperature and pressure conditions, although their
actual energy and resource requirements vary. Some enzymes require expensive cofactors, specialised reaction
media or cooling systems. Enzyme production, purification and waste management must also be included when
assessing environmental performance.

The combination of biological and conventional chemical reactions, often described as chemoenzymatic synthesis,
provides an opportunity to integrate the selectivity of enzymes with the versatility of synthetic chemistry. Such hybrid
approaches can reduce the number of reaction steps and the need for protective-group chemistry in suitable
applications.

3.5 Mechanochemistry, Microwave-Assisted Synthesis and Flow Chemistry

Process intensification is increasingly important in the search for cleaner manufacturing methods.
Mechanochemistry uses mechanical force, commonly through ball milling, to promote chemical reactions. It can
reduce or eliminate the need for bulk solvents in selected transformations, although milling equipment, auxiliary
materials and energy consumption must still be assessed.

Microwave-assisted synthesis uses electromagnetic energy to heat reaction mixtures efficiently in appropriate
systems. It can shorten reaction times in certain laboratory applications, but scale-up requires careful evaluation of
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heating uniformity, equipment design and energy performance. Faster reactlons are not necessarlly greener if they
require excessive purification or generate more waste. <

Continuous-flow chemistry offers a different advantage by moving reactants through a reactor in a controlled and
continuous manner. Small reaction volumes, efficient heat transfer and improved control*over residence time can
enhance safety and reproducibility. Flow systems may also reduce the risks associated with handling unstable or
highly reactive intermediates.

For industrial production, the most appropriate method depends on reaction chemistry, throughput, equipment
requirements, product quality and the possibility of solvent and catalyst recovery. The key contribution of process
intensification is therefore not simply faster synthesis but the potential to redesign the entire manufacturing
sequence to use fewer resources and generate less waste.

3.6 Artificial Intelligence and Digital Green Chemistry

Artificial intelligence (Al), machine learning and digital process monitoring are creating new opportunities to improve
chemical research and manufacturing. Machine-learning models can help identify promising catalysts, predict
molecular properties, screen potential solvents and optimise reaction conditions using existing experimental
datasets. These approaches may reduce unnecessary experiments and improve the efficiency of research and
development.

In industrial settings, sensors and process analytical technologies can monitor temperature, pressure, composition
and reaction progress. Integrating these measurements with predictive models can help operators identify deviations
before they lead to defective products or excessive waste. Digital twins may further support the evaluation of
alternative operating conditions without repeatedly disturbing the physical production system.

Despite these opportunities, Al-assisted chemistry has limitations. Models may perform poorly when applied to
chemical systems outside their training data, and incomplete datasets can conceal toxicity or sustainability concerns.
Furthermore, a model that maximises yield may not minimise energy consumption, hazardous waste or life-cycle
emissions.

For this reason, environmental performance indicators should be incorporated directly into computational
optimisation. Al should support, rather than replace, chemical expertise, experimental validation and comprehensive
sustainability assessment.

4. Applications of Green Chemistry in Industrial Development
Green chemistry can influence several major industrial sectors through the redesign of materials, reaction pathways
and production systems.

Table 1. Major applications of green chemistry in industry

Industrial sector

Green chemistry approach

Potential environmental benefit

Pharmaceuticals

Biocatalysis, solvent substitution and
catalytic synthesis

Lower hazardous waste and improved
reaction selectivity

formulations and bio-based products

Polymer Bio-based monomers and recyclable Reduced dependence on fossil resources
manufacturing polymer design and improved material recovery
Agriculture Safer pesticides, controlled-release Reduced chemical exposure and potentially

lower environmental persistence

Energy and fuels

Biomass conversion, electrocatalysis and
photocatalysis

Diversification of feedstocks and
opportunities for lower-carbon processes

Textiles and dyes

Enzyme-assisted processing and improved
dye fixation

Reduced chemical consumption and
wastewater pollution

Water treatment

Selective adsorbents, catalytic treatment
and resource recovery

Improved contaminant removal and
potential reuse of water and materials

Food processing

Enzymatic processing and waste
valorisation

Better resource utilisation and reduced
processing waste

4.1 Pharmaceutical and Fine-Chemical Manufacturing

Pharmaceutical production often involves multistep synthesis, solvent-intensive purification and stringent quality
requirements. Green chemistry can reduce the environmental burden by improving atom economy, replacing
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hazardous reagents and introducing selective catalytic or enzymatic reactrons Conhnuous manufacturmg may
further improve process control and reduce material losses in suitable productlon systems.

However, pharmaceutical sustainability cannot be evaluated through reaction yield alone. Solvent recovery, active
pharmaceutical ingredient residues, catalyst contamination, product safety and the treatment of manufacturing
wastewater remain relevant considerations.

4.2 Sustainable Polymers and Materials

The polymer industry faces challenges related to fossil-derived feedstocks, persistent plastic waste and limited
recycling of complex materials. Green chemistry contributes through bio-based polymer precursors, recyclable
polymer structures and chemical recycling methods that recover useful monomers or intermediates.

Designing polymers for recovery and reuse can improve circularity, particularly when products are manufactured
using compatible material systems. Biodegradable polymers may also serve specialised applications, but their
environmental performance depends on the conditions required for degradation, collection systems and potential
effects on soil and aquatic environments.

4.3 Agriculture, Textiles and Water Treatment

In agriculture, green chemistry supports the development of selective pest-control compounds, biodegradable
formulations and improved nutrient-delivery systems. The aim is to reduce unnecessary chemical application while
maintaining agricultural productivity. Such products require evaluation of toxicity to non-target organisms,
persistence and effects on soil and water.

In textile manufacturing, enzymatic treatments and more efficient dyeing processes can reduce selected chemical
inputs and wastewater loads. In water treatment, advanced adsorbents and catalytic systems can remove particular
contaminants, while resource-recovery technologies may recover useful substances from industrial effluents. These
applications are most effective when pollution prevention at the production stage is combined with appropriate
treatment of residual contaminants.

5. Green Chemistry and Environmental Protection

Environmental protection through green chemistry involves preventing pollution, reducing the consumption of finite
resources and designing products that pose fewer risks throughout their life cycles. Its contribution extends beyond
the reduction of visible industrial waste to the control of chemical hazards that may persist in ecosystems or affect
human health.

i). Reduction of hazardous waste: Improved reaction selectivity, catalytic synthesis and solvent recovery can
reduce the volume and toxicity of industrial waste. Preventing waste at the source is generally preferable to
treating it after production because treatment requires additional materials, energy and infrastructure.

ii). Energy efficiency and climate mitigation: Chemical manufacturing can benefit from lower-temperature
reactions, efficient separation technologies and integration with renewable electricity. Electrosynthesis, for
example, may provide an alternative to conventional reagent-intensive transformations when suitable
electricity sources and efficient electrochemical systems are available. The resulting climate benefits depend
on electricity generation, process efficiency and the full production chain.

iii). Water conservation: Industrial processes can reduce freshwater demand through closed-loop water
systems, solvent-free reactions where feasible and improved recovery of process water. Wastewater
treatment remains necessary where hazardous contaminants cannot be prevented entirely. Reuse systems
must also account for the accumulation of salts, reaction residues and other impurities.

iv). Resource conservation and circularity: Green chemistry supports the recovery of valuable materials from
industrial by-products and the design of products for reuse, recycling or safe degradation. Circular
manufacturing is most effective when chemical products are designed for recovery before they enter the
market. Recycling alone cannot resolve every environmental problem, particularly when materials are
contaminated, chemically complex or difficult to separate.

These contributions demonstrate that environmental protection is strengthened when molecular design, process
engineering and waste-management systems are developed together. Green chemistry is therefore best understood
as a preventive and integrative framework rather than an isolated collection of environmentally preferable
techniques.

6. CHALLENGES IN INDUSTRIAL IMPLEMENTATION
3337

Adolescencia e Saude, vol. 21, No.Ss, p. 3333-3340



Despite significant progress, several barriers restrict the adoption of green c'hem‘_istry"across industrial sectors.
First, the initial cost of developing and validating new processes can be substantial. Replacing an established
production method may require new equipment, catalyst development, staff training and regulatory approval. Small
and medium-sized enterprises may find these investments particularly difficult without. financial assistance or
technical support.

Second, laboratory-scale success does not always translate into commercially viable production. Biomass feedstocks
may vary in composition, enzymes may lose activity under industrial conditions, and alternative solvents may
complicate product separation. Scale-up must therefore demonstrate consistent product quality, process safety and
acceptable operating costs.

Third, environmental trade-offs can arise when one sustainability objective is prioritised over another. A bio-based
product may require intensive irrigation, while a recyclable material may be difficult to collect economically. Similarly,
a process that reduces hazardous waste may increase electricity consumption. These issues demonstrate why
isolated environmental indicators cannot provide a complete assessment of sustainability.

Fourth, regulatory systems, established supply chains and limited access to specialised expertise can delay
implementation. The absence of comparable environmental data may also make it difficult for manufacturers to
evaluate alternative technologies objectively.

Addressing these challenges requires collaborative research, pilot-scale demonstration, workforce development and
clear performance standards. Financial incentives and procurement policies can encourage the adoption of safer
technologies, provided that environmental claims are supported by transparent and verifiable evidence.

7. FUTURE PROSPECTS AND STRATEGIC RECOMMENDATIONS

The future development of green chemistry will depend on the integration of molecular innovation with industrial
systems and environmental assessment. Several priorities deserve particular attention.

i).  Strengthen research and development: Universities, research institutions and industries should collaborate
on scalable catalysts, safer solvents, enzyme engineering and renewable feedstock conversion. Pilot-scale
testing should be incorporated early into technology development.

ii). Adopt life-cycle assessment: Manufacturers should assess resource consumption, emissions, toxicity and
waste across raw-material extraction, production, transport, product use and end-of-life management.
Such assessments can identify whether environmental benefits in one stage create burdens elsewhere.

iii).  Promote circular manufacturing: Industrial facilities should identify opportunities to convert by-products
into useful raw materials, recover solvents and catalysts, and design products for material recovery.
Industrial symbiosis can enable one facility's residual output to become another facility's input.

iv). Integrate digital technologies: Al-assisted reaction design, real-time monitoring and predictive
maintenance should be used to reduce avoidable experiments, production defects and material losses.
Digital optimisation should incorporate environmental objectives alongside yield and cost.

v). Support small and medium-sized enterprises: Shared testing facilities, technical guidance, demonstration
projects and accessible financing can help smaller manufacturers adopt sustainable technologies without
disproportionate financial risk.

vi). Improve environmental governance: Governments and industry associations should encourage
measurable pollution prevention, transparent sustainability reporting and the adoption of safer chemical
alternatives. Regulatory decisions should distinguish demonstrated environmental benefits from
unverified claims.

vii). Develop sustainability-oriented education: Chemistry curricula and industrial training should integrate
toxicology, life-cycle assessment, process safety, green engineering and circular economy principles. This
will help future scientists and engineers consider environmental performance during the earliest stages of
product and process design.

The effectiveness of these strategies should be evaluated through indicators such as process mass intensity, E-factor,
energy consumption per unit of product, water use, greenhouse gas emissions and hazardous-substance profiles. No
single indicator is sufficient; a balanced assessment is necessary to avoid misleading comparisons between
technologies.

8. Conclusion
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Green chemistry has developed into a significant framework for aligning c—h_gm‘icél"innovation with sustainable
industrial development and environmental protection. Advances in catalysis, biocatalysis, renewable feedstocks,
safer solvents, mechanochemistry, continuous-flow manufacturing and artificial intelligence provide opportunities
to improve resource efficiency and reduce hazardous waste. Their industrial réleyance extends across
pharmaceuticals, polymers, agriculture, textiles, energy and water treatment.

Nevertheless, the environmental superiority of a technology cannot be established solely by its renewable origin,
catalytic character or reduced solvent use. Industrial adoption must account for toxicity, energy demand, resource
availability, process economics, scalability and end-of-life impacts. Integrating green chemistry with life-cycle
assessment and circular economy principles can help identify these trade-offs and support more defensible
technological choices.

The long-term value of green chemistry lies in preventing environmental harm through the deliberate design of
chemical products and processes. Its wider implementation will require sustained research, effective regulation,
industrial collaboration and investment in sustainable infrastructure. When these elements are combined, green
chemistry can contribute to productive industries that use resources more efficiently, generate fewer hazardous
residues and support a more environmentally responsible model of economic development.
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