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Abstract

This review provides insight into the current research trend
in Transition Metal Oxides (TMOs) based photo-catalysis in
removing the organic pollutants from wastewater. For easy
understanding, the research progress has been presented in
four generations according to the catalyst composition and
mode of application, viz.: Single component TMOs (the first-
generation), doped TMOs/binary TMOs/doped binary TMOs
(the second-generation), inactive/active support-
immobilized TMOs (the third-generation), and ternary/
quaternary compositions (the fourth-generation). The first
two generations represent suspended catalysts, the third
generation is supported catalysts, and the fourth generation
can be suspended or supported. The review provides an
elaborated comparison between suspended and supported
catalysts, their general/specific requirements, key factors
controlling degradation, and the methodologies for
performance evaluation. All the plausible fundamental and
advanced dye degradation mechanisms involved in each
generation of catalysts were demonstrated. The existing
challenges in TMOs-based photo-catalysis and how the
researchers approach the hitch to resolve it effectively are
discussed. Future research trends are also presented.

Nanomaterials have gained significance attention in recent
years due to their unique properties including high surface
area, size dependent reactivity, their tunable electronic
structures and versatile application in various fields
including environmental remediation and biodiesel
production.

This literature review aims to provide an overview of the
synthesis and characterization of nanomaterials used for
photocatalytic degradation of organic pollutants and their
role in biodiesel preparation.

Keywords: Nanomaterial; Photo-catalyst; Application;
Biodiesel

Introduction

Nanomaterials for photocatalytic degradation of
organic pollutants

Photo-catalysis is promising technology for the removal of
organic pollutants from water and air. Photo-catalysis is a
process that uses light energy to activate a substance (called a
photo-catalyst) that can accelerate a chemical reaction. In the
context of environmental remediation, photo-catalysis can be
used to degrade organic pollutants in water or air by using
nanomaterials as photo-catalysts. Nanomaterials are materials
that have at least one dimension in the range of 1-100 nm. Some
of the common nanomaterials used as photo-catalysts are
Titanium Dioxide (TiO,), Zinc Oxide (ZnO), metal sulfides,
and composite materials. They have unique properties such as
large surface area, high reactivity, and tunable band gap that
make them suitable for photo-catalysis [1].

Types of nanomaterials

There are different types of nanomaterials that can be used
for photo-catalysis, depending on their composition, structure,
shape, and functionality. Some of the most common types are:

Semiconductor nanomaterials: These are nanomaterials that
have a band gap between their valence and conduction bands,
which allows them to absorb light and generate electron-hole
pairs. The electron-hole pairs can then participate in redox
reactions with the reactants or the catalyst surface. Examples of
semiconductor nanomaterials include ZnO, TiO,, Fe,03, WO;,
and SrTiOs.

Metal nanomaterials: These are nanomaterials that consist of
metallic elements or alloys, which have high electrical
conductivity and can act as co-catalysts or electron mediators for
semiconductor nanomaterials. Metal nanomaterials can also
exhibit plasmonic effects, which enhance the light absorption
and scattering of the photo-catalysts. Examples of metal
nanomaterials include Au, Ag, Pt, Pd, and Cu [2-4].
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Carbon-based nanomaterials: These are nanomaterials that
consist of carbon atoms arranged in various forms, such as
graphene, carbon nanotubes, carbon dots, fullerenes, and
graphitic carbon nitride. Carbon-based nanomaterials can have
high stability, conductivity, and surface functionality, which
make them suitable for photo-catalysis applications. Carbon-
based nanomaterials can also act as supports or modifiers for
other nanomaterials.

Composite nanomaterials: These are nanomaterials that
consist of two or more types of materials that are physically or
chemically combined to form a hetero structure. Composite
nanomaterials can improve the photocatalytic performance by
enhancing the light absorption, charge separation, charge
transfer, and catalytic activity of the individual components.
Examples of composite nanomaterials include core-shell
structures, solid solutions, type-Il heterojunctions, and Z-scheme
systems.

These are some of the types of nanomaterials that can be used
for photo-catalysis. However, there are many other factors that
can affect the photocatalytic performance of these nanomaterials,
such as size, shape, surface area, surface defects, doping, coating,
and coupling. Therefore, the design and optimization of these
nanomaterials require careful consideration of their synthesis
methods, characterization techniques, and application conditions.

Methods of synthesis of nanomaterial

There are many methods of synthesis of nanomaterials used
in photo-catalysis, which can be classified into two major types:
Top-down and bottom-up. The top-down methods involve
breaking down the bulk material into smaller particles by
physical or mechanical techniques, such as milling, grinding,
etching, or lithography. The bottom-up methods involve building
up the nanoparticles from atoms or molecules by chemical or
biological processes, such as precipitation, sol-gel,
hydrothermal, microwave, sono chemical, or biosynthesis [5,6].

Some examples of top-down methods are:

Ball milling: This method uses a rotating device to grind the
bulk material into fine powder under high-energy impact. The
size and shape of the nanoparticles can be controlled by
adjusting the milling time, speed, and ball-to-powder ratio.
Nanomaterials like ZnO, TiO,, and Fe,03 are widely used.

Laser ablation: This method uses a high-intensity laser beam
to vaporize the target material in a liquid or gas medium. The
vaporized atoms or molecules then condense into nanoparticles
in the surrounding medium. The size and shape of the
nanoparticles can be controlled by adjusting the laser power,
wavelength, pulse duration, and medium composition. For
example, Au, Ag and CuO with high photocatalytic activity.

Some examples of bottom-up methods are:
Sol-gel

This method uses a chemical reaction between a metal
precursor (such as a metal salt or alkoxide) and a solvent (such
as water or alcohol) to form a gel-like network of metal oxide
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nanoparticles. The gel can then be dried and calcined to obtain
the final product. The size and shape of the nanoparticles can be
controlled by adjusting the precursor concentration, pH,
temperature, and drying conditions. This method can produce
various metal oxide nanoparticles, such as TiO,, ZrO,, and SnO,,
which have excellent photocatalytic performance.

The sol-gel method is a wet-chemical technique that is widely
used for the synthesis of nanomaterials, especially metal oxide
nanoparticles. It involves the following steps:

A metal precursor, such as a metal salt or alkoxide, is dissolved
in a solvent, such as water or alcohol, to form a sol. A sol is a
colloidal solution of nanoparticles dispersed in the solvent.

The sol is then converted into a gel by heating, stirring, or
adding a catalyst. A gel is a solid network of nanoparticles
interconnected by chemical bonds, with the solvent trapped in
the pores.

The gel is then dried and calcined to remove the solvent and
obtain the final product. The drying and calcining conditions can
affect the size, shape, and structure of the nanoparticles.

The sol-gel method has many advantages, such as:

It is a low-cost and low-temperature technique that can
produce high-quality and uniform nanoparticles with good
control over the chemical composition.

It can produce various types of nanoparticles with different
morphologies, such as nanorods, nanosheets, nanoflowers, etc.

It can introduce dopants, such as organic dyes and rare-earth
elements, into the nanoparticles to modify their properties and
applications.

It can be used to fabricate thin films, coatings, ceramics,
fibers, membranes, aerogels, and other nanostructures from the
sol or gel.

Some examples of nanomaterials synthesized by the sol-gel
method are:

TiO,-Si0O, nanoparticles prepared by adding titanium iso-
propoxide to a sol of SiO, nanoparticles and then calcining the
resulting gel, which are widely used as photo-catalysts for
environmental remediation and solar energy conversion.

ZnO nanoparticles, which have various applications in optics,
electronics, sensors, and biomedicine.

Ag-SiO, nanoparticles, obtained by adding silver nitrate to a
sol of SiO, nanoparticles and reducing silver ions by silver
borohydride which have high antibacterial and plasmonic
properties due to formation of Ag nanoclusters on SiO, surface.

SiO, nanoparticles, synthesized by acid catalyzed hydrolysis
and condensation of tetra ethyl orthosilicate in 2-propanol
aqueous solution. These nanoparticles can be surface modified
by trimethyl ethoxy silane to improve their dispersibility in
organic solvents.

Literature Review

Chemical precipitation method
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It is a technique for preparing nanoparticles by using a
chemical reaction to form solid particles from a solution. The
basic steps of this method are:

Dissolving the metal precursor (such as a metal salt or oxide)
in a solvent (such as water or alcohol) to form a solution.

Adding a reducing agent (such as sodium hydroxide, polyvinyl
alcohol, or potassium hydroxide) to the solution to initiate the
precipitation of the metal or metal oxide nanoparticles.

Separating the nanoparticles from the solution by filtration,
centrifugation, or washing.

Drying and calcining the nanoparticles to remove the solvent
and any impurities.

The chemical precipitation method has some advantages,
such as:

It is a simple and low-cost technique that can produce large
quantities of nanoparticles with high purity and uniformity.

It can produce various types of nanoparticles with different
shapes, sizes, and compositions by adjusting the reaction
parameters, such as the precursor concentration, pH,
temperature, reaction time, and stirring speed.

It can introduce dopants or functional groups into the
nanoparticles to modify their properties and applications.

Hydrothermal method

The hydrothermal method is a technique that uses a high-
pressure and high-temperature aqueous solution to dissolve the
metal precursor and then precipitate the metal oxide
nanoparticles. The solution is usually sealed in an autoclave and
heated above the boiling point of water. The size and shape of
the nanoparticles can be controlled by adjusting the precursor
concentration, pH, temperature, pressure, and reaction time.
This method can produce various metal oxide nanoparticles with
different morphologies, such as nanorods, nanosheets, and
nanoflowers, which have enhanced photocatalytic activity [7-10].

The hydrothermal method has some advantages, such as:

It is a green and environmentally friendly technique that uses
water as the solvent and does not produce any harmful by-
products or waste.

It can produce high-quality and uniform nanoparticles with
good crystallinity and purity.

It can produce various types of nanoparticles with different
shapes, sizes, and compositions by adjusting the reaction
parameters, such as the precursor concentration, pH,
temperature, pressure, and reaction time.

It can introduce dopants or functional groups into the
nanoparticles to modify their properties and applications.

Some examples of nanoparticles synthesized by the

hydrothermal method are:

ZnO nanoparticles, which are synthesized by using zinc nitrate
and KOH as precursors. These nanoparticles have applications in
photo-catalysis, optics, electronics, sensors, and biomedicine.
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Ag nanoparticles, which are obtained by using silver nitrate
and sodium borohydride as precursors. These nanoparticles
have high antibacterial and plasmonic properties.

TiO,-Si0, nanoparticles, which are prepared by adding
titanium iso propoxide to a solution of SiO, nanoparticles. These
nanoparticles have enhanced photocatalytic activity and stability
compared to pure TiO, nanoparticles.

Chemical Vapor Deposition (CVD)

CVD is a widely used method for the preparation of
nanomaterials, including thin films, nanoparticles, nanowires,
and more. It involves the controlled deposition of materials from
vapor-phase precursors onto a substrate. Here's a general
overview of the CVD method for preparing nanomaterials:

Precursor gases: CVD begins with precursor gases containing
the elements that will make up the desired nanomaterial. These
precursors are usually in the form of volatile compounds.

Reaction chamber: The precursors are introduced into a
reaction chamber, often at low pressure to facilitate the process.
This chamber is typically maintained at a specific temperature.

Chemical reactions: Inside the chamber, the precursor gases
undergo chemical reactions that result in the formation of solid
nanomaterials. These reactions can be thermal or plasma-
assisted, depending on the specific CVD technique.

Deposition on substrate: The solid nanomaterials are
deposited onto a substrate, which is typically placed within the
reaction chamber. The substrate choice and its temperature can
influence the properties of the deposited nanomaterial.

Types of CVD techniques for nanomaterial preparation:

Thermal CVD: This is the most common form of CVD, where
the chemical reactions are driven by elevated temperatures. The
precursors decompose or react on the substrate's surface,
forming the desired nanomaterial.

Low-Pressure CVD (LPCVD): LPCVD operates at reduced
pressures compared to atmospheric pressure, which allows for
better control over the deposition process. It is often used for
semiconductor and thin-film deposition.

Plasma-Enhanced CVD (PECVD): In PECVD, a plasma is used to
initiate and enhance chemical reactions. This technique allows
for lower process temperatures and can be used for the growth
of various nanomaterials.

Atomic Layer Deposition (ALD): ALD is a variant of CVD that
enables precise control over the thickness and composition of
nanomaterial layers by sequentially dosing precursor gases.

Metalorganic CVD (MOCVD): MOCVD is commonly used for
the growth of semiconductor nanomaterials like Gallium Nitride
(GaN) and Indium Phosphide (InP). It utilizes metalorganic
precursors.

Physical Vapor Deposition (PVD)

PVD is a widely used method for the preparation of
nanomaterials, especially thin films and coatings. PVD relies on
physical processes to deposit nanoscale materials onto a
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substrate. Here's an overview of the PVD process for
nanomaterial preparation:

Basic principles of Physical Vapor Deposition (PVD):

Vacuum chamber: PVD takes place in a vacuum chamber to
eliminate gas-phase reactions and control the deposition
process more precisely.

Target material: The material to be deposited (e.g. a metal,
semiconductor, or dielectric) is placed in the form of a solid
target within the vacuum chamber.

Substrate: A substrate, typically a flat or shaped surface, is
placed opposite to the target material within the vacuum
chamber. The substrate will receive the deposited nanomaterial.

Evaporation or sputtering: PVD can be accomplished using
various techniques, including:

e  Physical Vapour-deposition by Evaporation (PVE): In this
method, the target material is heated to a high temperature,
causing it to evaporate. The vaporized atoms or molecules
then travel across the vacuum chamber and condense onto
the substrate, forming a thin film.

e  Sputtering: In sputtering, an inert gas (usually argon) is
introduced into the vacuum chamber. The gas is ionized, and
the resulting ions are accelerated towards the target material.
When these ions strike the target, they dislodge atoms or
molecules from the target's surface, which are then deposited
onto the substrate.

Applications of PVD for nanomaterials:

Thin films: PVD is commonly used to deposit thin films of
various materials with nanoscale thickness control. These thin
films find applications in electronics, optics, and surface coatings.

Multilayer structures: PVD can be used to create complex
multilayer structures with alternating layers of different
materials, allowing for precise control of material properties.

Magnetic films: PVD is used to prepare magnetic thin films,
such as those used in hard drives and sensors.

Optical coatings: Thin films prepared by PVD are often used
to create optical coatings with specific refractive indices and
anti-reflective properties [11].

Semiconductor devices: PVD is employed in semiconductor
fabrication to deposit materials for integrated circuits and other
electronic components.

Advantages of PVD:

e Precise control over film thickness and composition.

e High purity of deposited materials.

e Minimal contamination from gas-phase reactions due to the
vacuum environment.

e Compatibility with a wide range of materials.

Electro-chemical synthesis

Electro-chemical synthesis is a versatile and widely used
method for the preparation of nanomaterials. This approach
leverages electrochemical reactions to control the growth and
deposition of nanoscale materials. Here's an overview of the
electrochemical synthesis process for nanomaterials:
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Basic principles of electrochemical synthesis:

Electrolysis setup: Electrochemical synthesis involves an
electrolysis cell consisting of two electrodes immersed in an
electrolyte solution. The two electrodes are typically made of
conductive materials like platinum, gold, or carbon, and they
serve as the sites for the electrochemical reactions.

Electrolyte solution: The electrolyte solution contains ions of
the material to be deposited as nanomaterials. It can be an
aqueous or non-aqueous solution depending on the specific
application and material.

Electrochemical reactions: When an electric potential is
applied across the two electrodes, electrochemical reactions
occur at each electrode. These reactions involve the reduction of
metal cations (or other species) at one electrode (the cathode)
and the oxidation of another species at the other electrode (the
anode).

Nanomaterial growth: The reduction process at the cathode
leads to the nucleation and growth of nanomaterials. By
controlling the electrochemical parameters such as voltage,
current, and reaction time, it is possible to control the size,
shape, and composition of the nanomaterials being formed.

Applications of electrochemical synthesis for nanomaterials:

Metal nanoparticles: Electrochemical methods are commonly
used for the synthesis of metal nanoparticles, such as gold,
silver, and platinum nanoparticles. These nanoparticles find
applications in catalysis, sensors, and electronics.

Metal oxide nanoparticles: Various metal oxides, like Iron
Oxide (Fe304), Titanium Dioxide (TiO,), and Zinc Oxide (ZnO),
can be synthesized using electrochemical techniques. These
materials are used in applications ranging from photocatalysis to
drug delivery.

Quantum dots: Quantum dots are semiconductor
nanocrystals with unique optical properties. Electrochemical
methods can be employed to synthesize quantum dots with
precise size and tunable emission characteristics for use in
displays and biological imaging.

Nanowires and nanorods: Electrochemical deposition can be
used to grow nanowires and nanorods of different materials,
including metals and semiconductors. These nanostructures
have applications in electronics, photovoltaics, and sensors.

Conductive polymers: Electrochemical polymerization is used
to synthesize conductive polymers like polypyrrole and
polyaniline, which are employed in electronic devices and
sensors.

Hydrogen production: Electrochemical methods are used to
produce hydrogen gas by electrolyzing water. This has potential
applications in clean energy production and hydrogen storage.

Advantages of electrochemical synthesis:

e Precise control nanomaterial and
composition.
e Scalability for mass production.

e Compatibility with a wide range of materials and solvents.

over size, shape,
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e Reduced environmental impact compared to some other
synthesis methods.

Template-assisted synthesis

Template-assisted synthesis is a versatile and widely used
method for the preparation of nanomaterials with controlled
size, shape, and structure. This approach relies on using
templates as molds or scaffolds to guide the growth or assembly
of nanomaterials. Here's an overview of template-assisted
synthesis for nanomaterials:

Basic principles of template-assisted synthesis:

Choice of template: The choice of template is crucial and
depends on the desired nanomaterial's characteristics.
Templates can be divided into two main categories:

e Hard templates: These are solid templates with predefined
nanopores or features, such as porous membranes, Anodized
Aluminum Oxide (AAO) membranes, and lithographically
patterned substrates.

e  Soft templates: Soft templates are often made of organic or
polymeric materials and can be removed or dissolved after
nanomaterial synthesis. Examples include micelles, reverse
micelles, and block copolymer micelles.

Deposition or growth: The nanomaterial of interest is deposited
or grown within or around the template. The choice of deposition
method depends on the specific material and application [12-14].
Common deposition techniques include chemical reduction,
electrodeposition, sol-gel synthesis, and atomic layer deposition.

Template removal: In the case of soft templates, the template
is typically removed by dissolution or thermal treatment. For
hard templates, it may involve chemical etching, leaving behind
the nanomaterials with the desired size and shape.

Cleaning and isolation: The nanomaterials are then cleaned
and isolated from any remaining template residues or
byproducts.

Applications of template-assisted synthesis for nanomaterials:

Nanoparticles: Templates can be used to synthesize
nanoparticles with precise size and shape control, including
spherical, rod-like, and hollow nanoparticles.

Nanowires and nanotubes: Templates are employed to
fabricate nanowires and nanotubes with uniform dimensions
and high aspect ratios, often used in electronics and sensors.

Porous materials: Templates can be used to create porous
nanomaterials, such as porous silica or carbon materials, with
applications in catalysis, drug delivery, and adsorption.

Nanostructured films: Templates can guide the deposition of
nanomaterials to form thin films or coatings with specific
nanostructures, which are useful in optics, photovoltaics, and
sensors.

Nanocomposites: Templates can be used to prepare
nanocomposite materials by incorporating nanoscale components
into a bulk material matrix.

© Copyright iMedPub
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Advantages of template-assisted synthesis:

® Precise control and structure of
nanomaterials.

e High reproducibility of nanomaterial properties.

e Capability to create complex and hierarchical nanostructures.

e Versatility in the choice of templates and deposition methods.

over size, shape,

Green synthesis of nanomaterials:

Green synthesis of nanomaterials refers to the
environmentally friendly and sustainable methods used to
produce nanomaterials while minimizing the use of hazardous
chemicals and energy consumption. This approach is becoming
increasingly important due to its potential to reduce the
environmental impact of nanomaterial production. Here are
some common principles and methods associated with green
synthesis of nanomaterials:

Principles of green synthesis:

Use of renewable resources: Green synthesis often involves
the use of naturally derived and renewable resources as starting
materials, reducing the reliance on non-renewable resources.

Non-toxic and biocompatible materials: Green synthesis
prioritizes the use of non-toxic and biocompatible substances,
minimizing harm to human health and the environment.

Low energy consumption: Energy-efficient methods are
preferred to reduce the carbon footprint associated with
nanomaterial synthesis.

Minimal waste generation: Green synthesis aims to minimize
waste generation and promote the recycling of byproducts when
possible.

Common methods for green synthesis of nanomaterials:

Plant extracts: Extracts from various plant parts (leaves,
stems, and roots) can serve as reducing and stabilizing agents to
synthesize nanoparticles. Phytochemicals, such as polyphenols
and flavonoids, play a crucial role in reducing metal ions into
nanoparticles.

Microorganisms: Bacteria, fungi, and algae can be used to
biosynthesize nanoparticles. Microorganisms secrete enzymes
and metabolites that reduce metal ions and facilitate
nanoparticle formation.

Green chemicals: Safe and eco-friendly chemicals, such as
ascorbic acid (vitamin C), citric acid, and glucose, can be used as
reducing agents in the synthesis of nanoparticles.

Biopolymers: Biopolymers like chitosan, cellulose, and starch
can be employed as stabilizing agents in nanoparticle synthesis.
They also offer biodegradability and biocompatibility.

Sunlight-mediated synthesis: Photocatalytic reactions driven
by sunlight can be utilized for the green synthesis of
nanomaterials, especially semiconductor nanoparticles.

lonic liquids: lonic liquids are green solvents that can be used
for the synthesis and stabilization of nanoparticles. They are
non-volatile and can be recycled.



Waste materials: Agricultural and industrial waste materials,
such as rice husks, can be repurposed as precursors for the
synthesis of nanomaterials, reducing waste and resource
consumption.

Applications of green synthesized nanomaterials:

Catalysis: Green-synthesized nanoparticles can be used as
catalysts for various chemical reactions, including environmental
remediation and the production of fine chemicals.

Biomedical applications: Biocompatible nanoparticles can be
employed for drug delivery, imaging, and therapeutic purposes.

Environmental remediation: Nanomaterials synthesized via
green methods can help remove pollutants from air, water, and
soil, contributing to environmental sustainability.

Energy harvesting: Nanomaterials with unique properties can
be used in energy harvesting devices, such as solar cells and
thermoelectric generators.

Packaging materials: Green-synthesized nanomaterials can
enhance the properties of packaging materials, improving their
shelf life and reducing food waste.

Electrospinning

Electrospinning is a versatile and widely used method for the
preparation of nanomaterials in the form of nanofibers and
nano-fibrous mats. This technique relies on an electric field to
draw and stretch a polymer or precursor solution into ultrafine
fibers with diameters in the nanometer range. Here's an
overview of the electrospinning process for nanomaterial
preparation:

Basic principles of electrospinning:

Polymer solution: The process begins with a polymer solution
or polymer melt. This solution can contain additives,
nanoparticles, or other functional materials depending on the
desired properties of the nanofibers.

Spinneret: The polymer solution is loaded into a syringe or
container connected to a spinneret. The spinneret is a needle or
nozzle with a fine, small-diameter opening from which the
polymer solution is extruded.

Electric field: An electric field is applied between the
spinneret and a grounded collector. This electric field induces
charges on the surface of the polymer droplet at the tip of the
spinneret.

Taylor cone formation: As the electric field strength increases,
the electrostatic repulsion forces overcome the surface tension
of the polymer solution, forming a pointed structure called the
Taylor cone at the tip of the spinneret.

Electrospinning jet: When the electric field is strong enough,
a fine, continuous jet of the polymer solution is ejected from the
Taylor cone towards the grounded collector.

Fiber formation: During the flight towards the collector, the
solvent in the jet evaporates, and the polymer solidifies into
nanofibers. These nanofibers are collected on the grounded
surface, forming a non-woven nano-fibrous mat.
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Collection: The nanofibers accumulate on the collector, and
the resulting nanomaterial can be further processed or used as
is, depending on the application.

Applications of electrospinning for nanomaterials:

Biomedical materials: Electro-spun nanofibers are used in
tissue engineering scaffolds, wound dressings, drug delivery
systems, and medical implants due to their high surface area
and biocompatibility.

Filter media: Nano-fibrous mats produced by electrospinning
are utilized as air and liquid filtration materials, capable of
trapping nanoparticles and fine particulates.

Textiles: Electro-spun nanofibers can be incorporated into
textiles to provide enhanced properties such as breathability,
moisture management, and antibacterial features.

Energy storage and conversion: Electrospinning is used to
prepare nanofiber-based materials for energy storage devices
like batteries and super capacitors, as well as for energy
conversion in solar cells and fuel cells.

Sensors:  Nanofibers  with  functional additives or
nanocomposites can be used to create sensors with improved
sensitivity and selectivity.

Environmental remediation: Nanofibers can be modified with
functional groups or nanoparticles for the removal of pollutants
from water and air.

Advantages of electrospinning:

e Precise control over nanofiber diameter, alignment, and
composition.

e High surface area-to-volume ratio, making it suitable for
various applications.

e Scalability for mass production.

e Versatility in the choice of polymer and additives.

Characterization techniques

Characterization techniques for nanomaterials are essential
tools that allow researchers to understand and analyze the
properties, structure, and behavior of nanoscale materials.
These techniques provide valuable information about the size,
shape, composition, surface characteristics, and other key
attributes of nano materials. Here are some commonly used
characterization techniques for nanomaterials:

Scanning Electron Microscopy (SEM): SEM uses a focused
beam of electrons to scan the surface of nanomaterials,
providing high-resolution images and information about the
topography, morphology, and size of nanoparticles.

Transmission Electron Microscopy (TEM): TEM uses
transmitted electrons to obtain extremely detailed images of
nanomaterials at the atomic or nanometer scale. It can reveal
information about crystal structure, lattice defects, and particle
size distribution.

Atomic Force Microscopy (AFM): AFM measures forces
between a sharp tip and the nanomaterial's surface, producing
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high-resolution images and providing information about surface
roughness and mechanical properties.

X-Ray Diffraction (XRD): XRD is used to determine the crystal
structure of nanomaterials by analyzing the diffraction patterns
of X-rays when they interact with the material's atomic lattice.
This technique is vital for identifying phases and crystallinity.

Dynamic Light Scattering (DLS): DLS measures the Brownian
motion of nanoparticles in a liquid to determine their
hydrodynamic size and size distribution. It is commonly used for
nanoparticles in solution.

Fourier Transform Infrared Spectroscopy (FTIR): FTIR analyzes
the interaction of infrared radiation with nanomaterials,
providing information about chemical composition and
functional groups on the surface.

Raman spectroscopy: Raman spectroscopy measures the
inelastic scattering of photons by nanomaterials, yielding
information about molecular vibrations and crystal structures. It
can be used to identify chemical compounds and detect defects.

X-ray Photoelectron Spectroscopy (XPS): XPS analyzes the
elemental composition and chemical state of the nanomaterial's
surface by measuring the energy of emitted photoelectrons.

Nuclear Magnetic Resonance (NMR) spectroscopy: NMR
provides insights into the atomic and molecular structures of
nanomaterials by studying the nuclear magnetic properties of
atoms.

UV-visible spectroscopy: UV-Visible spectroscopy measures
the absorption of ultraviolet and visible light by nanomaterials,
providing information about their electronic structure and
optical properties.

Surface area analysis: Brunauer-Emmett-Teller (BET) analysis
is used to determine the specific surface area of nanomaterials,
which is critical for understanding their reactivity and adsorption
properties.

Thermogravimetric Analysis (TGA): TGA measures the change
in mass of nanomaterials as a function of temperature, allowing
the determination of thermal stability, decomposition, and
adsorbed water content.

Zeta potential analysis: Zeta potential measurements provide
information about the surface charge and stability of
nanoparticles in suspension.

Electron Energy Loss Spectroscopy (EELS): EELS in TEM
measures the energy loss of transmitted electrons, providing
elemental and chemical information at high spatial resolution.

Small-Angle X-ray Scattering (SAXS): SAXS measures the
scattering of X-rays by nanoscale structures, providing
information about particle size, shape, and arrangement.

Magnetic characterization: Techniques such as SQUID
magnetometry and Vibrating Sample Magnetometry (VSM) are
used to characterize the magnetic properties of nanomaterials.

Electrochemical analysis: Techniques like cyclic voltammetry
and impedance spectroscopy are used to study the
electrochemical behavior and charge transfer properties of
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nanomaterials, particularly in energy storage and conversion
applications.

The choice of characterization techniques depends on the
specific properties and applications of the nanomaterials being
studied. Researchers often use a combination of these techniques
to gain a comprehensive understanding of nanomaterials'
properties and behavior.

General mechanism of photocatalytic degradation of
organic pollutants

Photo-catalysis is a process that uses light and a catalyst to
accelerate a chemical reaction. The photocatalytic degradation
of organic pollutants is a complex process that involves the use
of a photo-catalyst to break down organic compounds into
simpler, less harmful substances in the presence of light.

General mechanism of photocatalytic degradation of organic
pollutants using nanomaterials involves following steps

Mass transfer: The organic pollutant molecules diffuse from
the bulk solution to the surface of the nanomaterial.

Adsorption: The organic pollutant molecules adsorb on the
surface of the nanomaterial, forming a thin layer.

Excitation: The nanomaterial absorbs light energy and
generates electron-hole pairs in its conduction and valence
bands, respectively

The process begins with the absorption of photons (light) by
the photo-catalyst material. Photo-catalysts are typically
semiconductors, such as Titanium Dioxide (TiO,) or Zinc Oxide
(Zn0), that have a bandgap energy corresponding to the energy
of the incoming photons. When a photon with sufficient energy
is absorbed by the photo-catalyst, it promotes an electron from
the valence band to the conduction band, creating an electron-
hole pair [15].

Generation of electron-hole pairs: The absorbed photon
excites an electron from the valence band (the electron's lower-
energy state) to the conduction band (the electron's higher-
energy state). This process leaves behind a positively charged
hole (a "hole" in the valence band), which is also called a
"positive electron vacancy."

Migration of electrons and holes: The photogenerated
electrons and holes are mobile within the semiconductor
material. Electrons migrate to the surface of the photocatalyst,
while holes migrate away from the surface into the bulk of the
material. This separation of charges is critical for the subsequent
redox reactions [16].

Redox reactions: Once at the surface, the photogenerated
electrons and holes can participate in redox (reduction-
oxidation) reactions with adsorbed organic pollutants. There are
two main pathways for these reactions:

e Direct pathway: In this pathway, the photogenerated electrons
(e’) in the conduction band can directly react with adsorbed
organic molecules, donating electrons to reduce them.
Meanwhile, the holes (h+) in the valence band can oxidize
water or other species present on the photocatalyst surface.

7



The resulting reactive species, such as hydroxyl radicals (-OH),
superoxide radicals (-0%), and peroxide species (-0,%), play a
crucial role in the degradation of organic pollutants. These
highly reactive species attack and break down the pollutant
molecules into simpler and less harmful compounds.

e [ndirect pathway: In the indirect pathway, the photogenerated
holes (h+) in the valence band react with water or adsorbed
oxygen molecules to form Reactive Oxygen Species (ROS),
such as hydroxyl radicals (-OH). These ROS then participate in
the oxidation of organic pollutants.

Complete degradation: The series of redox reactions initiated
by the photogenerated electrons and holes continue until the
organic pollutant molecules are completely mineralized into
Carbon Dioxide (CO,), Water (H,0), and other innocuous
byproducts. This mineralization process ensures the complete
removal of the organic pollutant from the environment.

Desorption: The degraded products desorb from the surface
of the nanomaterial and return to the bulk solution.

Discussion

Enhanced photocatalytic activity

Enhanced photocatalytic activity is a term that refers to the
improvement of the efficiency and selectivity of a photocatalytic
process. The photocatalytic degradation of organic pollutants
depends on several factors, such as the type and concentration
of the pollutant, the pH, the presence of natural organic matter,
the adsorption of the pollutant on the catalyst surface, the light
intensity and wavelength, the catalyst loading and morphology,
and the presence of co-catalysts or inhibitors [17]. The
mechanism of photocatalytic degradation also varies depending
on the structure and functional groups of the organic pollutant.
Some pollutants can be directly oxidized by the holes or
electrons on the catalyst surface, while others need to be
activated by ROS in the bulk solution. The degradation products
and pathways can be identified by using analytical techniques,
such as chromatography and mass spectrometry.

Some of the common methods to enhance the photocatalytic
activity of a material are:

Doping: Doping is the introduction of impurities or defects
into a material to modify its electronic structure and optical
properties. Doping can change the band gap, charge carrier
concentration, redox potential, and surface area of the material,
which can affect its light absorption, charge separation, and
catalytic activity [18]. For example: TiO,/ZnO composites showed
enhanced photocatalytic activity for degradation of methylene
blue dye under UV light due to the formation of intermediate
states in the band gap.

Compositing: Compositing is the combination of two or more
materials with different properties to achieve synergistic effects.

Compositing can improve the light absorption, charge
separation, redox potential, and stability of the photo-catalysts.
For example: TiO,/ZnO composites showed enhanced

photocatalytic activity for degradation of methylene blue dye
under UV light due to formation of a heterojunction that
facilitated the electron transfer.
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Morphology control: Morphology control is the manipulation
of the shape and size of the material to optimize its surface area,
reactivity, and stability. Morphology control can affect the mass
transfer, adsorption, excitation, and desorption processes of the
photocatalytic reaction. For example CNTs/Sn-doped Co30,4
nanocomposite

Surface modification: Modifying the surface of nanomaterials
with functional groups, such as hydroxyl, amino, or carboxyl
groups, can improve their adsorption properties and interaction
with target pollutants.

Heterostructures: Constructing heterostructures by
combining different types of nanomaterials can facilitate charge
transfer and separation. For example, coupling TiO, with other
semiconductors like ZnO or CdS can enhance photocatalytic
performance.

Light harvesting and sensitization:

e Visible light sensitization: As most nanomaterials primarily
respond to Ultraviolet (UV) light, sensitizing them to visible
light is crucial. This can be achieved through the introduction
of visible-light-absorbing components, such as dyes, quantum
dots, or plasmonic nanoparticles.

e  Plasmonic nanomaterials: Incorporating plasmonic
nanoparticles (e.g. gold or silver) into nanomaterials can
concentrate and enhance light absorption in localized
hotspots, increasing the generation of electron-hole pairs.

Charge carrier management:

e Electron and hole trapping: Utilizing electron and hole
traps, such as organic molecules or defect sites, can extend
the lifetime of charge carriers, allowing them more time to
participate in photocatalytic reactions.

e 2D materials: Integrating two-dimensional materials
like graphene or graphene oxide can enhance electron
conductivity, facilitating charge transfer and separation.
Co-catalysts

e Noble metal co-catalysts: Depositing noble metal nanoparticles
(e.g. Pt, Pd) on the surface of nanomaterials can serve as
electron transfer mediators and enhance specific reactions.

e Non-metal co-catalysts: Non-metal co-catalysts, such as
carbon-based materials (carbon nanotubes, graphene), can
also promote charge transfer and improve photocatalytic
activity.
pH and reaction conditions:

e  Optimize pH: Adjusting the pH of the reaction medium can
influence the surface charge and adsorption properties of
nanomaterials, impacting photocatalytic performance.

e  Temperature control: Controlling the reaction temperature
can optimize reaction kinetics and enhance photocatalytic
activity.

Recyclability and stability:

Recycling strategies: Developing methods to recover and reuse
nanomaterials after photo-catalysis can reduce operational costs
and improve sustainability.

This article is available from: https://www.imedpub.com/der-chemica-sinica/
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Stabilization: Coating or encapsulating nanomaterials to
improve their stability and prevent aggregation or leaching
during catalytic reactions.

Mechanical agitation:

Stirring or agitation: Improved mass transfer and better
contact between nanomaterials and pollutants can be achieved
through mechanical stirring or agitation of the reaction mixture.

Solar energy utilization:

Solar concentration: Employing solar concentrators or optical
devices to concentrate sunlight onto photo-catalysts can
enhance their activity.

Innovative reactor design:

Reactor design: Developing innovative reactor configurations
that maximize light exposure and promote efficient mass
transfer can boost photocatalytic efficiency.

Analytical techniques:

In-situ monitoring: Employing in-situ analytical techniques,
such as spectroscopy or microscopy, can provide insights into
reaction kinetics and mechanisms, helping to optimize
nanomaterial performance.

Photocatalytic degradation is a promising technology for the
treatment of water contaminated by organic pollutants, such as
pesticides, pharmaceuticals, dyes, cyanotoxins, and taste and
odor compounds. It has several advantages over conventional
methods, such as low cost, high efficiency, environmental
friendliness, and possibility of solar energy utilization. However,
there are also some challenges and limitations that need to be
overcome, such as low quantum yield, catalyst deactivation,
incomplete mineralization, formation of toxic intermediates, and
energy consumption [19,20].

Some of the advantages of using nanomaterials for
photocatalytic degradation of organic pollutants are:

e They can use solar light as an energy source, which is
abundant and renewable.

e They can degrade a wide range of organic pollutants that are
difficult to remove by conventional methods.

e They can achieve complete mineralization of organic
pollutants without producing secondary pollutants or sludge.

e They can be easily recovered and reused by applying magnetic
or electric fields.

Some of the challenges and limitations of using nanomaterials
for photocatalytic degradation of organic pollutants are:

e They may have low stability and durability under harsh
conditions.

e They may have low selectivity and specificity for certain
pollutants.

e They may have low quantum efficiency and charge separation
efficiency due to recombination of electron-hole pairs.

e They may have adverse effects on human health and
environment due to their toxicity and bioaccumulation.
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There are different types of nanomaterials that can be used as
photo-catalysts, such as metal oxides, metal sulfides, metal/
metal oxide composites, and biopolymers. Some examples are:

Metal oxides: These are the most common and widely
studied photo-catalysts. They include Titanium Dioxide (TiO,),
Zinc Oxide (ZnO), Iron Oxide (Fe,03), and copper oxide (CuO).

Metal oxides have high stability, low cost, and good
photocatalytic activity under UV or visible light. But they have
some drawbacks like low quantum efficiency, high

recombination rate of charge carriers and narrow absorption
rate.

Metal sulfides: These are another class of photocatalysts that
have attracted attention in recent years. They include Cadmium
Sulfide (CdS), Zinc Sulfide (ZnS), Lead Sulfide (PbS), and Copper
Sulfide (CuS). Metal sulfides have higher absorption coefficients,
lower band gaps, and better visible light response than metal
oxides. They with some difficulty like low stability, toxicity, and
poor dispersion rate

Metal/metal oxide composites: These are hybrid materials
that combine two or more metal or metal oxide nanoparticles to
form a heterojunction. The heterojunction can enhance the
charge separation, extend the light absorption range, and
improve the photocatalytic performance of the composite. For
example, TiO,/Zn0O, ZnO/Cu0, Fe,03/CuO.

Biopolymers: These are natural or synthetic polymers that are
derived from biological sources, such as microorganisms, plants,
or animals. Biopolymers have advantages such as
biodegradability, biocompatibility, carbon neutrality, and
sustainability. Biopolymers can be used as supports or modifiers
for metal or metal oxide nanoparticles to form bio polymeric
nanomaterials. These increases activity by facing more
functional groups, reducing agglomeration increasing dispersion
and improving stability.

Recent advances

As of my last knowledge update in September 2021, there
were several recent advances in the degradation of organic
pollutants. However, | don't have information on developments
beyond that date. Nevertheless, | can provide you with some
insights into the trends and technologies that were gaining
traction in this field up to 2021:

Advanced Oxidation Processes (AOPs): AOPs continued to be
a prominent method for degrading organic pollutants. These
processes involve the generation of highly reactive species, such
as hydroxyl radicals, through various means like photo-catalysis
(e.g. using titanium dioxide), ozonation, and Fenton reactions.
Researchers were working on optimizing these processes for
efficient pollutant removal.

Nanotechnology: Nanostructured materials, such as
nanoparticles and nanocomposites, were being explored for
their high surface area and reactivity in breaking down organic
pollutants. This included the use of nanomaterials like graphene,
carbon nanotubes, and metal oxides in photo-catalysis and
adsorption processes.



Bioremediation: Advances in bioremediation techniques
included the use of Genetically Engineered Microorganisms
(GEMs) that could degrade specific organic pollutants more
efficiently. Additionally, the development of biofilm-based
reactors and microbial consortia for wastewater treatment
gained attention.

Electrochemical methods: Electrochemical oxidation and
reduction processes, such as electro-Fenton and Electrochemical
Advanced Oxidation Processes (EAOPs), were explored as eco-
friendly alternatives for pollutant degradation.

Green chemistry: Researchers were increasingly focusing on
developing green and sustainable approaches for pollutant
degradation, such as the wuse of natural adsorbents,
biodegradable polymers, and environmentally friendly catalysts.

Artificial intelligence and machine learning: Al and ML
techniques were being applied to optimize treatment processes,
predict pollutant degradation pathways, and monitor
environmental conditions in real-time for more efficient and
adaptive pollutant removal.

Photocatalytic membranes: Combining photo-catalysis with
membrane filtration allowed for simultaneous removal of
pollutants and separation of clean water. This approach was
seen as a promising way to enhance water treatment efficiency.

Advanced catalysts: Novel catalysts with improved selectivity
and efficiency in degrading specific pollutants, including
Persistent Organic Pollutants (POPs) and pharmaceuticals, were
under development.

Industrial applications: The implementation of these
technologies in industrial settings, such as pharmaceutical and
chemical manufacturing, was an important focus. Companies
were seeking more sustainable and cost-effective ways to treat
their wastewater and emissions.

Please note that the field of pollutant degradation is highly
dynamic, and new breakthroughs and technologies may have
emerged since my last update. To get the most up-to-date
information on recent advances in this field, | recommend
consulting scientific journals, research papers, and specialized
environmental engineering sources.

Nanomaterials as efficient catalyst for biodiesel
preparation

Biodiesel, a renewable and environmentally friendly
alternative to conventional fossil fuels, has gained significant
attention and importance in recent years as the world seeks to
reduce greenhouse gas emissions and mitigate the effects of
climate change. Biodiesel is a biofuel derived from natural
sources such as vegetable oils, animal fats, and even algae. It can
be used in diesel engines with little to no modification and is
considered a viable strategy for reducing carbon emissions from
the transportation sector. The production of biodiesel involves a
chemical process called transesterification, which transforms
triglycerides found in these feed stocks into biodiesel through
the use of catalysts. This article provides an overview of

10

2025

Vol.16 No.1:031

Der Chemica Sinica

ISSN 0976-8505

biodiesel production and highlights the critical role that efficient
nanomaterial catalysts play in the process.

Biodiesel production process

Biodiesel production primarily relies on the transesterification
reaction, which involves the conversion of triglycerides (e.g.
found in vegetable oils or animal fats) into biodiesel (fatty acid
methyl or ethyl esters) and glycerol. This reaction is typically
catalyzed by various catalysts, including both homogeneous and
heterogeneous catalysts, depending on the specific production
process. The steps involved in biodiesel production are as
follows:

Feedstock selection: The first step in biodiesel production is
the selection of an appropriate feedstock, such as soybean oil,
canola oil, palm oil, or waste cooking oil. The choice of feedstock
depends on factors such as availability, cost, and environmental
sustainability.

Feedstock preprocessing: The selected feedstock may
undergo preprocessing steps, such as degumming, filtering, and
drying, to remove impurities, moisture, and non-triglyceride
components.

Transesterification: The transesterification reaction is the
core of biodiesel production. In this process, the triglycerides in
the feedstock react with an alcohol, typically methanol or
ethanol, in the presence of a catalyst to produce biodiesel and
glycerol. The reaction can be represented as follows:

Triglyceride+Alcohol - Biodiesel+Glycerol

The reaction requires the presence of a catalyst to facilitate
the conversion of triglycerides into biodiesel.

Nanomaterials as a biodiesel catalyst

Nanomaterials have shown promise as catalysts for biodiesel
production due to their unique properties, such as high surface
area, tunable surface chemistry, and catalytic activity. They can
enhance the efficiency of the transesterification reaction, which
is the key step in biodiesel production, where triglycerides (fats
and oils) are converted into biodiesel (fatty acid methyl esters)
and glycerol. Here are some ways nanomaterials are used as
catalysts in biodiesel preparation:

Solid acid catalysts

Nanomaterials like zeolites, sulfated zirconia, and mesoporous
silica nanoparticles have been functionalized to create solid acid
catalysts. These materials can efficiently catalyze the
transesterification reaction by providing acidic sites for the
reaction to occur. They offer advantages such as easy separation
from the reaction mixture and reusability.

Base catalysts

Some nanomaterials, such as metal oxides (e.g. calcium oxide,
magnesium oxide) and hydrotalcite-like compounds, have basic
properties and can serve as heterogeneous base catalysts. They
promote the transesterification reaction by providing alkaline
sites for the reaction to proceed. These catalysts are also
reusable.

This article is available from: https://www.imedpub.com/der-chemica-sinica/
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Bimetallic nanoparticles

Bimetallic nanoparticles, such as Palladium-Gold (Pd-Au) or
Platinum-Ruthenium (Pt-Ru), can be supported on various
nanomaterials like carbon nanotubes or alumina. These
bimetallic catalysts have shown high catalytic activity and
selectivity in the transesterification reaction.

Enzyme catalysis

Biodiesel, a renewable and eco-friendly alternative to
traditional fossil fuels, has gained widespread attention in recent
years as a means to reduce greenhouse gas emissions and
promote sustainable energy sources. One of the critical steps in
biodiesel production is the transesterification reaction, where
triglycerides found in feed stocks like vegetable oils and animal
fats are converted into biodiesel (fatty acid methyl or ethyl
esters) and glycerol. While conventional chemical catalysts have
been traditionally used in this process, enzyme catalysis has
emerged as a sustainable and environmentally friendly approach
with several advantages. In this article, we explore the role of
enzyme catalysis in biodiesel production, its benefits, challenges,
and its potential to contribute to a greener and more
sustainable future.

Understanding enzyme catalysis: Enzymes are biologically
derived catalysts that facilitate and accelerate chemical
reactions in living organisms. They are highly specific in their
action, typically exhibiting remarkable selectivity for a particular
substrate and reaction. In the context of biodiesel production,
enzymes known as lipases are of particular interest. Lipases are
enzymes that naturally catalyze the hydrolysis of triglycerides
into glycerol and fatty acids, but they can also be used to
catalyze the reverse reaction, known as transesterification,
under certain conditions.

The transesterification reaction with enzyme catalysis:

The transesterification reaction in biodiesel production
involves the exchange of the acyl group from an alcohol (usually
methanol or ethanol) with the acyl group in triglycerides,
resulting in the formation of biodiesel and glycerol. The reaction
can be described as follows:

Triglyceride+Alcohol - Biodiesel+Glycerol

When catalyzed by enzymes, this process is often referred to
as enzymatic transesterification. Enzymes, such as lipases,
facilitate this reaction by providing an active site that lowers the
activation energy, enabling the reaction to occur more rapidly
under mild conditions. Importantly, enzymes do not get
consumed during the reaction and can be reused, making them
highly efficient catalysts.

Benefits of enzyme catalysis in biodiesel production:

High selectivity: Enzymes are highly specific, which means
they catalyze only the desired reaction while avoiding side
reactions. This high selectivity leads to a purer biodiesel product
with fewer impurities.

Mild reaction conditions: Enzymatic transesterification can be
carried out under relatively mild reaction conditions, including
lower temperatures and atmospheric pressure. This reduces the
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energy requirements for the reaction compared to traditional
chemical catalysts.

Minimal byproducts: Enzyme-catalyzed transesterification
typically generates fewer byproducts than chemical catalysts,
resulting in easier downstream processing and less waste.

Biodegradability: Enzymes are biodegradable and do not
persist in the environment. This aligns with the goal of producing
more sustainable and environmentally friendly biodiesel.

Feedstock flexibility: Enzymes can work with a wide range of
feed stocks, including low-quality and waste oils, which can help
reduce waste and make biodiesel production more economically
viable.

Reusability: Enzymes can be immobilized on solid supports
and reused multiple times, reducing the cost of catalysts and
improving the overall efficiency of the biodiesel production
process.

Reduced environmental impact: Enzyme catalysis reduces the
need for strong acids or bases and avoids the generation of
hazardous waste, making it an environmentally friendly option.

Magnetic nano-catalysts: Magnetic nanoparticles coated with
catalytic materials can simplify the separation of catalysts from
the reaction mixture using an external magnetic field. This not
only reduces the need for additional separation steps but also
makes catalyst recovery and reuse more convenient.

Nano-catalyst modification: Surface modification of nano-
catalysts with functional groups or ligands can enhance their
catalytic activity and selectivity. This approach allows for
tailoring the catalyst's properties to suit specific biodiesel feed
stocks and reaction conditions.

Nano-catalyst performance enhancement: Nanomaterials
can improve the mass transfer rate and reactant accessibility,
leading to faster reaction kinetics and higher biodiesel yields.
This is particularly important when using high-viscosity feed
stocks.

Green synthesis: The green synthesis of nano-catalysts, often
using eco-friendly and sustainable methods, aligns well with the
principles of biodiesel production, which aims for environmental
sustainability.

Challenges and considerations:

While enzyme catalysis offers numerous advantages for
biodiesel production, several challenges and considerations
must be addressed:

Cost: Enzymes can be expensive to produce and purify, which
can increase the overall cost of biodiesel production. Efforts are
ongoing to develop cost-effective enzyme sources and improve
enzyme stability.

Reaction time: Enzymatic transesterification reactions may
take longer to reach completion compared to those catalyzed by
chemical catalysts. Optimization of reaction conditions is crucial
to achieving acceptable reaction times.

Enzyme stability: Enzymes can be sensitive to temperature,
pH, and the presence of certain impurities in the feedstock.
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Stabilization strategies, such as immobilization or enzyme
engineering, are employed to enhance enzyme stability.

Feedstock compatibility: Enzymes may not be as effective
with feed stocks containing high levels of impurities, such as
Free Fatty Acids (FFAs). Preprocessing steps may be needed to
reduce impurities before enzymatic transesterification.

Product inhibition: The formation of glycerol during the
reaction can inhibit enzyme activity. Techniques to separate
glycerol from the reaction mixture can mitigate this issue.

Future directions and sustainable biodiesel production:

Enzyme catalysis holds great promise for the sustainable
production of biodiesel, aligning with global efforts to reduce
greenhouse gas emissions and transition to renewable energy
sources. Researchers are actively exploring ways to overcome
the challenges associated with enzyme catalysis and enhance its
viability for large-scale biodiesel production. Future directions
include:

Enzyme engineering: The development of engineered
enzymes with improved catalytic activity, stability, and tolerance
to harsh conditions.

Cost reduction: Finding cost-effective sources of enzymes,
optimizing enzyme production processes, and reducing enzyme
consumption through immobilization and recycling.

Feedstock diversification: Exploring the use of a broader
range of feed stocks, including waste oils and microalgae, which
may be more suitable for enzyme catalysis.

Process integration: Integrating enzyme catalysis into existing
biodiesel production processes to leverage its advantages while
addressing its limitations.

Sustainability assessment: Conducting comprehensive life
cycle assessments to evaluate the environmental and economic
sustainability of enzyme-catalyzed biodiesel production.

In conclusion, enzyme catalysis in biodiesel production
represents a promising and sustainable approach to meeting the
growing global demand for renewable and environmentally
friendly fuels. While challenges exist, ongoing research and
development efforts are focused on addressing these issues and
further improving the efficiency and viability of enzyme-
catalyzed biodiesel production. As the world continues to
prioritize sustainability and reduce carbon emissions, enzyme
catalysis is poised to play a pivotal role in the transition to a
greener and more sustainable energy future.

Enzyme immobilization: Nanomaterials can be used to
immobilize enzymes like lipases, which are biocatalysts that can
be used for biodiesel production. Nanoparticles or
nanocomposites can serve as support materials for enzyme
immobilization, allowing for better stability and recyclability of
the enzymes.

Enzyme immobilization is a process in which enzymes are
physically or chemically attached to a solid support or matrix,
thereby enhancing their stability and reusability for various
applications. Immobilization can be achieved through a variety
of methods, each offering specific advantages and
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considerations. This technique is widely used in biotechnology,
industrial processes, and research settings. Here is an overview
of enzyme immobilization, its methods, applications, and
advantages:

Methods of enzyme immobilization:

Physical adsorption: In this method, enzymes adhere to a
solid support through weak forces such as Van der Waals forces,
hydrogen bonding, or hydrophobic interactions. The enzyme is
simply mixed with the support material and allowed to adhere.
While easy to perform, physical adsorption may result in enzyme
leaching.

Covalent bonding: Enzymes are chemically linked to the solid
support through covalent bonds. This method provides strong
attachment and stability but may require additional chemical
modification of both the enzyme and support material.

Entrapment: Enzymes are physically trapped within a porous
support matrix, such as a gel or polymer. The enzymes are
immobilized by encapsulation, making them accessible to
substrates while protecting them from harsh environments.

Cross-linking: Cross-linking agents, such as glutaraldehyde,
are used to form covalent bonds between enzymes, leading to
their immobilization. Cross-linked enzymes may be attached to a
support or form a stable enzyme network.

Encapsulation: Enzymes are enclosed within microcapsules or
liposomes, protecting them from external factors. This method
is particularly useful for controlled release applications.

Adsorption on membranes: Enzymes are adsorbed onto the
surface of membranes, such as ultrafiltration or microfiltration
membranes. This method is often employed in membrane
bioreactors and bio-separation processes.

Applications of enzyme immobilization:

Bio-catalysis: Immobilized enzymes are widely used in bio-
catalysis for the production of chemicals, pharmaceuticals, and
biofuels. They offer increased stability and can be reused in
batch or continuous processes.

Food industry: Immobilized enzymes are used in food
processing, such as starch hydrolysis, cheese production, and
fruit juice clarification, to improve product quality and process
efficiency.

Biomedical diagnostics: Immobilized enzymes are employed
in biosensors and diagnostic assays for the detection of

biomolecules, such as glucose monitoring in diabetes
management.
Environmental remediation: Enzymes immobilized on

supports are used to degrade pollutants in wastewater

treatment and soil remediation.

Drug delivery: Immobilized enzymes can be used for
controlled drug release in pharmaceutical applications,
improving drug efficacy and reducing side effects.

Biofuel production: Enzyme immobilization is applied in the
production of biofuels, such as biodiesel and ethanol, to
enhance the efficiency of enzymatic reactions.

This article is available from: https://www.imedpub.com/der-chemica-sinica/
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Advantages of enzyme immobilization:

Improved stability: Immobilized enzymes are more stable and
resistant to denaturation by temperature, pH, and organic
solvents compared to free enzymes.

Reusability: Immobilized enzymes can be reused multiple
times, reducing the cost of enzyme consumption and waste
generation.

Easy separation: Immobilized enzymes can be separated from
the reaction mixture more easily, simplifying downstream
processing and reducing enzyme contamination in the final
product.

Enhanced control: Immobilization allows for better control of
reaction conditions, enabling precise regulation of enzymatic
activity.

Enzyme protection: Immobilization can protect enzymes from
proteases or other degrading agents in complex reaction
environments.

Continuous processes: Immobilized enzymes are well-suited
for continuous processes, leading to higher productivity and
process efficiency.

Despite its numerous advantages, enzyme immobilization also
presents challenges, such as potential loss of enzyme activity
during the immobilization process, increased mass transfer
limitations, and additional cost associated with support
materials and modification. The choice of immobilization
method depends on the specific application and the desired
properties of the immobilized enzyme.

Enzyme immobilization plays a vital role in various industries,
offering sustainable solutions for bio-catalysis, bio-separation,
and biomedicine. Continued research and development in
enzyme immobilization techniques and support materials are
expected to further expand its applications and benefits in the
future.

Catalyst utilization: Catalysts play a critical role in
transesterification reactions by lowering the activation energy
and increasing the reaction rate. Two types of catalysts are
commonly used in biodiesel production:

e Homogeneous catalysts: These catalysts are soluble in the
reaction mixture and include alkali or acid catalysts such as
Sodium Hydroxide (NaOH) or Sulfuric Acid (H,SO,). While
effective, homogeneous catalysts can lead to soap formation
and require additional steps for catalyst recovery.

e Heterogeneous catalysts: Heterogeneous catalysts are typically
solid and do not dissolve in the reaction mixture. Common
examples include metal oxides, solid acids, and nanomaterial
catalysts. Heterogeneous catalysts offer advantages such as
ease of separation and catalyst recycling.

Reaction and separation: The transesterification reaction is
carried out in a reactor, with mixing and temperature control to
maintain optimal reaction conditions. After the reaction, the
mixture contains biodiesel, glycerol, unreacted alcohol, and
possibly some catalyst. Separation techniques, such as gravity
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settling or centrifugation, are used to separate the glycerol
phase from the biodiesel phase.

Purification: The crude biodiesel obtained after separation
may contain impurities, unreacted alcohol, and residual catalyst.
To ensure high-quality biodiesel, purification steps such as
washing, drying, and sometimes acid or base neutralization are
employed.

Biodiesel storage and usage: The final product, purified
biodiesel, is typically stored and used as an alternative fuel for
diesel engines, either in its pure form or blended with petroleum
diesel. Biodiesel can replace or supplement conventional diesel
fuel, reducing greenhouse gas emissions and promoting
sustainability.

Importance of efficient nanomaterial catalysts in biodiesel
production:

The choice of catalyst in biodiesel production significantly
impacts the efficiency, cost-effectiveness, and environmental
sustainability of the process. In recent years, nanomaterial
catalysts have emerged as a promising option due to their
unique properties and advantages. Here's why efficient
nanomaterial catalysts are crucial in biodiesel production:

Enhanced catalytic activity: Nanomaterials exhibit a high
surface area-to-volume ratio, which provides a larger number of
catalytic active sites. This property leads to increased catalytic
activity, allowing for faster conversion of triglycerides into
biodiesel and glycerol. This can result in shorter reaction times
and higher production throughput.

Improved selectivity: Nanomaterial catalysts can enhance the
selectivity of the transesterification reaction, reducing unwanted
side reactions and improving the vyield of biodiesel. Their
controlled and tunable properties enable precise control over
reaction conditions.

Catalyst reusability: Many nanomaterial catalysts can be
separated easily from the reaction mixture due to their distinct
phase (heterogeneous catalysis). This facilitates catalyst recovery
and recycling for subsequent biodiesel batches, reducing catalyst
costs and waste generation.

Tailored properties: Nanomaterials can be engineered to have
specific properties, such as size, composition, and surface
chemistry. These tailored properties can be optimized for the
transesterification reaction and adapted to various feedstock
compositions and reaction conditions.

Green and sustainable catalysts: Some nanomaterials, such
as supported metal nanoparticles or solid acid catalysts, are
inherently more environmentally friendly than traditional
homogeneous catalysts. They can minimize the use of hazardous
or corrosive chemicals and reduce the environmental impact of
catalyst disposal and waste management.

Versatility: Nanomaterial catalysts can be applied to a wide
range of feed stocks, including waste cooking oil, animal fats,
and various vegetable oils. Their versatility makes them suitable
for different biodiesel production scenarios and helps address
the challenges of feedstock variability.
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Continuous improvement: Ongoing research  and
development in nanomaterial science continue to yield new
catalysts with improved efficiency, stability, and sustainability.
This offers the potential for continuous improvement in
biodiesel production processes

Challenges and considerations:

While enzyme catalysis offers numerous advantages for
biodiesel production, several challenges and considerations
must be addressed:

Cost: Enzymes can be expensive to produce and purify, which
can increase the overall cost of biodiesel production. Efforts are
ongoing to develop cost-effective enzyme sources and improve
enzyme stability.

Reaction time: Enzymatic transesterification reactions may
take longer to reach completion compared to those catalyzed by
chemical catalysts. Optimization of reaction conditions is crucial
to achieving acceptable reaction times.

Enzyme stability: Enzymes can be sensitive to temperature,
pH, and the presence of certain impurities in the feedstock.
Stabilization strategies, such as immobilization or enzyme
engineering, are employed to enhance enzyme stability.

Feedstock compatibility: Enzymes may not be as effective
with feedstocks containing high levels of impurities, such as Free
Fatty Acids (FFAs). Preprocessing steps may be needed to reduce
impurities before enzymatic transesterification.

Product inhibition: The formation of glycerol during the
reaction can inhibit enzyme activity. Techniques to separate
glycerol from the reaction mixture can mitigate this issue.

Future directions and sustainable biodiesel production:

Enzyme catalysis holds great promise for the sustainable
production of biodiesel, aligning with global efforts to reduce
greenhouse gas emissions and transition to renewable energy
sources. Researchers are actively exploring ways to overcome
the challenges associated with enzyme catalysis and enhance its
viability for large-scale biodiesel production. Future directions
include:

Enzyme engineering: The development of engineered
enzymes with improved catalytic activity, stability, and tolerance
to harsh conditions.

Cost reduction: Finding cost-effective sources of enzymes,
optimizing enzyme production processes, and reducing enzyme
consumption through immobilization and recycling.

Feedstock diversification: Exploring the use of a broader
range of feed stocks, including waste oils and microalgae, which
may be more suitable for enzyme catalysis.

Process integration: Integrating enzyme catalysis into existing
biodiesel production processes to leverage its advantages while
addressing its limitations.

Sustainability assessment: Conducting comprehensive life
cycle assessments to evaluate the environmental and economic
sustainability of enzyme-catalyzed biodiesel production.
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Conclusion

In conclusion, enzyme catalysis in biodiesel production
represents a promising and sustainable approach to meeting the
growing global demand for renewable and environmentally
friendly fuels. While challenges exist, ongoing research and
development efforts are focused on addressing these issues and
further improving the efficiency and viability of enzyme-
catalyzed biodiesel production. As the world continues to
prioritize sustainability and reduce carbon emissions, enzyme
catalysis is poised to play a pivotal role in the transition to a
greener and more sustainable energy future.
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