Annalen of Chemical Innovation Studies

Volume: 01, Issue: 01, September 2026 | ISSN: xxxx.xxxxl https://europeanresearchpress.nl

Green Synthesis and Characterization of Novel Functional Materials

for Sustainable Chemical Applications
Pieter C.A. Bruijnincx
Professor
Department of Chemistry
Utrecht University

Abstract

The development of sustainable functional materials has become increasingly important as
industries seek to reduce energy consumption, hazardous chemical use, resource depletion
and environmental impact. Green synthesis provides an alternative pathway by integrating
environmentally benign reagents, renewable feedstocks, safer solvents, energy-efficient
processing and waste-minimisation strategies into material preparation. This paper examines
emerging approaches for the green synthesis and characterisation of novel functional
materials for sustainable chemical applications. Particular attention is given to bio-derived
materials, metal and metal-oxide nanomaterials, porous materials, functional polymers,
composites and hybrid structures produced through greener synthesis routes. The study
discusses the relationship between synthesis conditions, structural characteristics and
functional performance, with emphasis on particle size, morphology, crystallinity, surface
chemistry, thermal stability and application-specific properties. A conceptual framework is
proposed linking green synthesis parameters with advanced characterisation and
sustainability assessment. The framework considers not only material performance but also
reaction temperature, solvent toxicity, energy consumption, renewable feedstock utilisation,
waste generation and scalability. Advanced analytical techniques including X-ray diffraction,
Fourier-transform infrared spectroscopy, scanning and transmission electron microscopy,
thermogravimetric analysis, UV-visible spectroscopy and surface-area measurements are
considered essential for establishing structure—property relationships. The paper further
evaluates challenges associated with reproducibility, precursor variability, purification, scale-
up and comprehensive environmental assessment. Green synthesis, when combined with
systematic characterisation and life-cycle thinking, can enable the development of functional
materials that provide high performance while reducing the ecological footprint of chemical

manufacturing.
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1. Introduction

Functional materials are engineered materials designed to provide specific chemical,
physical, optical, electrical, catalytic or mechanical properties.

They are increasingly important in:

o Catalysis.

o Energy storage.

« Environmental remediation.

e Sensors.

e Water purification.

« Biomedical applications.

« Electronics.

o Chemical separation.

However, conventional material synthesis can involve:

« Toxic solvents.

e Hazardous reducing agents.

o High temperatures.

e High pressures.

o Large energy requirements.

e Non-renewable precursors.

« Significant waste generation.

Green synthesis attempts to address these challenges by redesigning the synthesis process
around environmental and resource-efficiency principles.

2. Green Chemistry and Functional Materials

Green chemistry focuses on preventing pollution rather than treating pollution after it is
generated.

For functional materials, this means considering sustainability during:

Material Selection — Synthesis — Processing — Application — End-of-Life

rather than evaluating environmental impact only after material production.
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3. Objectives of Green Material Synthesis
The major objectives include:

Reducing hazardous chemicals.
Replacing toxic solvents.

Lowering synthesis temperatures.
Reducing reaction time.

Using renewable precursors.
Minimising waste.

Improving atom efficiency.

Reducing energy consumption.

© 0 N o g bk~ wbhPE

Developing scalable synthesis routes.

10. Maintaining or improving material performance.
4. Novel Functional Materials

Novel functional materials may include:

e Nanoparticles.

o Nanocomposites.

« Porous materials.

« Functional polymers.

e Metal-organic frameworks.

e Carbon-based materials.

o Bio-based composites.

« Semiconductor materials.

« Hybrid organic-inorganic materials.

Their sustainability depends not only on their final properties but also on how they are
produced.

5. Green Synthesis Approaches

Several approaches can make material synthesis more sustainable.
Major approaches include:

e Plant-mediated synthesis.

e Microbial synthesis.

e Enzyme-assisted synthesis.

e Solvent-free synthesis.
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e Agueous synthesis.

e Microwave-assisted synthesis.

o Ultrasound-assisted synthesis.

e Mechanochemical synthesis.

o Electrochemical synthesis.

6. Plant-Mediated Synthesis

Plant extracts contain naturally occurring compounds such as:

o Polyphenols.

« Flavonoids.

o Terpenoids.

e Sugars.

e Proteins.

These compounds can act as reducing, stabilising or capping agents in the synthesis of
nanomaterials.

A simplified process is:

Plant Biomass — Extraction — Metal Precursor — Reduction — Nanomaterial
7. Advantages of Plant-Based Synthesis

Plant-mediated synthesis can reduce the requirement for synthetic reducing agents.
Potential advantages include:

« Renewable feedstocks.

« Relatively mild reaction conditions.

« Reduced chemical toxicity.

e Simple processing.

o Potentially lower environmental burden.

However, variability in plant composition can affect reproducibility.

8. Microbial Synthesis

Microorganisms can produce functional nanomaterials through biological processes.

Potential organisms include:

e Bacteria.
o Fungi.

o Algae.

e Yeasts.

24


https://europeanresearchpress.nl/

Annalen of Chemical Innovation Studies

Volume: 01, Issue: 01, September 2026 | ISSN: xxxx.xxxxl https://europeanresearchpress.nl

Biological molecules produced by microorganisms can influence:

e Nucleation.

« Particle growth.

« Surface functionalisation.

9. Enzyme-Assisted Synthesis

Enzymes can catalyse chemical transformations under relatively mild conditions.
Advantages may include:

o High selectivity.

o Moderate temperatures.

o Reduced hazardous reagents.

« Lower energy requirements.

Enzymatic synthesis therefore provides an interesting pathway for sustainable material
production.

10. Aqueous Synthesis

Water can replace many organic solvents.

Water-based synthesis can potentially reduce:

o Solvent toxicity.

« Volatile organic compound emissions.

« Fire hazards.

However, the overall sustainability of aqueous processes depends on water consumption and
downstream purification.

11. Solvent-Free Synthesis

Solvent-free approaches eliminate or substantially reduce reaction solvents.
Potential advantages include:

e Reduced solvent waste.

o Simplified purification.

o Lower processing requirements.

Mechanochemistry is one important example.

12. Mechanochemical Synthesis

Mechanochemistry uses mechanical energy to promote chemical transformations.
Typical approaches include:

« Ball milling.
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e Grinding.

e Mechanical mixing.

It can potentially reduce solvent use and enable reactions under comparatively mild
conditions.

13. Microwave-Assisted Synthesis

Microwave irradiation can provide rapid and relatively uniform heating.

Potential benefits include:

« Shorter reaction times.

o Lower energy consumption.

« Improved reaction control.

However, energy savings should be assessed against the complete process rather than
assumed solely from shorter reaction time.

14. Ultrasound-Assisted Synthesis

Ultrasound can enhance:

e Mixing.

e Nucleation.

e Mass transfer.

o Particle formation.

This can facilitate material synthesis under relatively mild conditions.

15. Electrochemical Synthesis

Electrochemical methods can use electrical energy to drive chemical transformations.
Potential advantages include:

« Reduced chemical oxidants or reductants.

e Good process control.

o Possibility of renewable-electricity integration.

16. Metal Nanoparticles

Metal nanoparticles have unique:

« Catalytic.
e Optical.
« Electronic.

e Antimicrobial.

properties.
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Common examples include:

e Silver.

« Gold.

o Copper.

e lron.

o Palladium.

Green synthesis can reduce reliance on hazardous reducing and stabilising agents.
17. Metal-Oxide Nanomaterials

Important metal oxides include:

e ZnO.
e TiO..
e FesOa.
e CuO.
o (CeOa.

They have applications in:

o Photocatalysis.

e Sensors.

e Water treatment.

« Energy technologies.

« Environmental remediation.

18. Functional Carbon Materials
Carbon-based materials include:

o Graphene derivatives.

e Biochar.

o Activated carbon.

o Carbon nanotubes.

« Biomass-derived carbon.

Biochar and activated carbon can potentially be produced from agricultural or biomass
residues, supporting waste valorisation.

19. Biomass-Derived Materials

Renewable biomass can provide precursors for:

e Cellulose-hased materials.
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e Lignin-derived materials.

o Chitosan composites.

e Biochar.

« Carbon materials.

This creates opportunities for converting waste biomass into value-added functional products.
20. Green Functional Polymers

Sustainable polymers can be developed using:

e Bio-based monomers.

« Renewable feedstocks.

e Recyclable polymer architectures.

« Biodegradable components.

Applications include:

o Packaging.

o Coatings.

e Membranes.

e Drug-delivery systems.

« Environmental materials.

21. Nanocomposites

Nanocomposites combine different material components to achieve enhanced performance.
Examples include:

Polymer + Nanoparticle

Carbon Material + Metal Oxide

Biopolymer + Functional Filler

The challenge is ensuring that improved performance does not come at an unacceptable
environmental cost.

22. Porous Functional Materials

Porous materials have high surface areas and tunable structures.
They can be used for:

e Adsorption.

o Catalysis.

o (Gas separation.

o Water purification.
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o Energy storage.

Green synthesis can focus on reducing toxic pore-forming agents and energy-intensive
processing.

23. Metal-Organic Frameworks

Metal-organic frameworks (MOFs) provide highly tunable porous structures.
Sustainable MOF synthesis may involve:

o Water or safer solvents.

o Low-temperature synthesis.

e Mechanochemical methods.

o Bio-derived ligands.

Their environmental value must also account for precursor availability and end-of-life
behaviour.

24. Functional Material Characterisation

Characterisation is essential for confirming whether green synthesis has produced the
intended material.

Key properties include:

o Crystal structure.

o Particle size.

« Morphology.

e Surface chemistry.

e Porosity.

e Thermal stability.

e Optical behaviour.

o Electrical properties.

25. X-Ray Diffraction

X-ray diffraction (XRD) is commonly used to determine:

o Crystal structure.

e Phase composition.

e Crystallinity.

It can help determine whether synthesis produced the desired crystalline phase.
26. Fourier-Transform Infrared Spectroscopy

FTIR can identify functional groups and chemical bonds.
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It can provide evidence of:

« Surface functionalisation.

e Organic residues.

« Bond formation.

« Biomolecule interactions.

27. Scanning Electron Microscopy

SEM provides information about:

o Surface morphology.

o Particle aggregation.

« Material structure.

It is particularly useful for evaluating morphological changes caused by synthesis conditions.
28. Transmission Electron Microscopy

TEM can provide higher-resolution information regarding:
o Particle size.

e Shape.

e Internal structure.

o Crystal lattice characteristics.

29. UV-Visible Spectroscopy

UV-Vis spectroscopy is useful for studying optical properties.
For certain nanomaterials, it can provide information about:
o Absorption behaviour.

« Electronic transitions.

e Optical band characteristics.

« Formation of nanoparticles.

30. Thermal Analysis

Thermogravimetric analysis (TGA) can evaluate:

e Thermal stability.

o Decomposition behaviour.

e Moisture loss.

« Organic-content changes.

Differential scanning calorimetry can additionally provide information about thermal

transitions.
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31. Surface-Area Analysis
For porous and catalytic materials, surface area is an important parameter.
Higher surface area may improve:
e Adsorption.
o Catalytic activity.
e Sensor response.
However, surface area should be evaluated together with stability and real-world
performance.
32. Particle-Size Analysis
Particle size can influence:
o Surface area.
e Reactivity.
e Optical properties.
« Dispersion.
o Catalytic performance.
Green synthesis conditions can strongly influence particle nucleation and growth.
33. Structure-Property Relationships
A central research objective is to establish:
Synthesis Conditions — Structure — Properties — Performance
For example:
Temperature

!

Particle Size

!

Surface Area

1
Catalytic Activity

Understanding these relationships enables rational material optimisation.
34. Green Catalytic Materials
Catalysts can contribute to sustainable chemistry by:

e Reducing reaction temperatures.
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e Increasing selectivity.

e Reducing by-products.

« Enabling alternative reaction pathways.
Green-synthesised catalysts can therefore support broader sustainability objectives.
35. Environmental Remediation
Functional materials can be used to remove:
e Heavy metals.

e Dyes.

e Organic pollutants.

o Pharmaceutical residues.

Adsorbents, photocatalysts and membrane materials are particularly important.
36. Water Treatment

Nanomaterials can support:

e Adsorption.

e Photocatalytic degradation.

« Membrane filtration.

o Disinfection.

Green synthesis can improve the sustainability of these technologies by reducing hazardous
synthesis chemicals.

37. Air-Pollution Control

Functional materials can contribute to:

« Gas adsorption.

o Photocatalytic pollutant degradation.

« Catalytic conversion.

Potential targets include:

e Volatile organic compounds.

« Nitrogen oxides.

e Other harmful pollutants.

38. Energy Applications

Green functional materials can support:

« Batteries.

e Supercapacitors.
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o Fuel cells.

e Solar cells.

e Hydrogen technologies.

Material design should consider both operational performance and production impacts.
39. Sensors

Functional nanomaterials can provide high sensitivity due to their:

e Large surface area.

e Tunable electronic properties.

o Surface reactivity.

Applications include:

e Gas sensing.

e Chemical detection.

e Environmental monitoring.

« Biosensing.

40. Sustainability Assessment

A green synthesis should not be considered sustainable solely because it uses a natural
reagent.

A comprehensive assessment should consider:

« Feedstock origin.

o Energy consumption.

o Solvent use.

o Water use.
o \Waste.
« Toxicity.

e Product lifetime.
e End-of-life management.
41. Green Metrics

Useful metrics include:
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Metric Sustainability Objective
Atom economy Increase
Reaction yield Increase
E-factor Decrease
Process mass intensity Decrease
Energy intensity Decrease
Solvent intensity Decrease
Water consumption Decrease
Carbon intensity Decrease
Toxicity Decrease
Renewable feedstock fraction Increase

42. Life-Cycle Assessment

Life-cycle assessment provides a broader environmental perspective.

The analysis can cover:

Raw Materials — Synthesis — Processing — Transport — Application — Disposal

This prevents researchers from assuming that a laboratory synthesis is sustainable simply
because one stage uses a green reagent.

43. Comparative Evaluation

Conventional Synthesis Green Synthesis
Hazardous reagents may be used Safer reagents preferred
Organic solvents common Water/safer alternatives
High temperatures possible Mild conditions preferred
Significant waste Waste minimisation
Fossil-derived precursors Renewable feedstocks
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Conventional Synthesis Green Synthesis
High energy demand Energy-efficient methods
Limited sustainability assessment Life-cycle thinking

44. Proposed Research Framework
A sustainable material-development framework can be represented as:
Renewable/Safer Precursors

!

Green Synthesis

!

Process Optimisation

!

Advanced Characterisation

!

Structure—Property Analysis

!

Functional Testing

!

Environmental Assessment

l
Scale-Up

45. Green Synthesis Optimisation
Important variables include:

e Precursor concentration.

e pH.

o Temperature.

« Reaction time.

e Solvent composition.

o Catalyst concentration.

« Energy input.
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Optimisation should simultaneously consider material performance and environmental
impact.

46. Data-Driven Material Discovery

Machine learning can potentially accelerate green material discovery by predicting
relationships between:

Composition + Synthesis Conditions

and

Material Properties

This can reduce experimental screening.

47. Artificial Intelligence and Green Materials

Al can support:

o Material-property prediction.

e Synthesis-condition optimisation.

« Candidate screening.

e Reaction prediction.

e Environmental-impact estimation.

An integrated Al framework could prioritise materials with both high performance and low
environmental impact.

48. Scalability

A synthesis that works at laboratory scale may encounter difficulties during scale-up.
Challenges include:

e Heat transfer.

e Mixing.

« Feedstock consistency.

e Reaction control.

e Separation.

e Waste management.

Green synthesis must therefore be designed with industrial scalability in mind.

49. Reproducibility

Biological synthesis routes can suffer from variability because natural extracts may differ in:
e Chemical composition.

o Concentration.
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Seasonal characteristics.

Extraction efficiency.

Standardisation is therefore important.

50. Proposed Performance Evaluation

Parameter Conventional Route Green Route Desired Outcome
Reaction time High Lower !
Temperature High Moderate/Low !

Solvent toxicity High Lower !
Waste generation High Lower !
Energy consumption High Lower !
Renewable feedstock Low Higher 1
Material yield Variable High 1
Functional performance High High Maintain/1

The table represents a conceptual comparison framework; actual values should be obtained

experimentally.

51. Research Questions

1.

© N o O

How can green synthesis methods reduce the environmental footprint of functional-
material production?

Which renewable feedstocks provide the greatest potential for sustainable material
synthesis?

How do green synthesis conditions influence material structure and functional
performance?

Can aqueous and solvent-free methods achieve performance comparable to conventional
synthesis?

How can advanced characterisation establish reliable structure—property relationships?
How can green synthesis be scaled from laboratory to industrial production?

Can machine learning accelerate the discovery of sustainable functional materials?

How should life-cycle assessment be integrated into material design?
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9. What are the major barriers to commercialising green-synthesised materials?

10. How can material performance and environmental impact be optimised simultaneously?
52. Future Research Directions

Future work should emphasise:

« Bio-based functional materials.

o Waste-derived nanomaterials.

e Mechanochemical synthesis.

e Solvent-free processing.

e Renewable-energy-assisted synthesis.

e Al-guided material discovery.

e Autonomous synthesis platforms.

« Sustainable MOFs.

e Recyclable nanocomposites.

« Circular material systems.

e Life-cycle-informed material design.

53. Discussion

Green synthesis represents more than simply replacing one chemical reagent with another.
A genuinely sustainable functional material should be evaluated across its complete
production and use pathway.

For example, a bio-assisted synthesis may reduce chemical toxicity but still have substantial
environmental impacts if it requires:

e Large amounts of biomass.

« Energy-intensive extraction.

« Extensive purification.

e Long reaction times.

Therefore, green synthesis and sustainability assessment must operate together.

54. Green-by-Design Materials

The future direction of functional-material development is likely to move toward a green-by-
design approach.

This means sustainability is considered during:

Material Design

rather than only after material synthesis.
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Researchers can simultaneously optimise:

o Functionality.

o Durability.

e Resource efficiency.

o Safety.

e Environmental impact.

55. Circular Functional Materials

Circular design seeks to maintain materials within productive use for as long as possible.
Strategies include:

e Recyclable materials.

« Regenerable adsorbents.

e Recoverable catalysts.

« Reusable membranes.

« Biodegradable components.

This can reduce dependence on virgin resources.

56. Industrial Implications

The adoption of green functional materials can support industries seeking:

e Lower production costs.

« Reduced regulatory burden.

o Lower energy use.

« Reduced waste.

« Sustainable product development.

« Improved environmental performance.

Successful industrial adoption will require consistent quality, reliable supply chains and
scalable synthesis.

57. Conclusion

Green synthesis provides a promising pathway for developing novel functional materials
while reducing the environmental burdens traditionally associated with chemical
manufacturing.  Plant-mediated, = microbial, = enzymatic,  aqueous,  solvent-free,
mechanochemical, microwave-assisted, ultrasound-assisted and electrochemical approaches
can offer opportunities to reduce hazardous reagents, energy consumption and waste

generation.
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However, the sustainability of a material cannot be determined from its synthesis method
alone. Comprehensive evaluation must connect precursor selection, synthesis conditions,
material structure, functional performance and environmental impact. Advanced
characterisation techniques such as XRD, FTIR, SEM, TEM, UV-Vis spectroscopy and
thermal analysis are essential for understanding these relationships.

Future research should increasingly combine green chemistry with artificial
intelligence, automated experimentation, life-cycle assessment and circular-design principles.
Such integration could enable the discovery of functional materials that are not only high-
performing but also resource-efficient, safer and environmentally responsible.

The most promising future pathway is therefore a green-by-design materials paradigm, where
environmental considerations are incorporated from the earliest stages of material discovery
through synthesis, application, reuse and end-of-life management. This approach can
contribute to sustainable chemical innovation while supporting the development of advanced

materials for energy, environmental, catalytic, sensing and industrial applications.
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