International Research Journal of Management
Science & Technology

Y

IRIMST

ISSN 2250 — 1959(0nline)
2348 — 9367 (Print)

An Internationally Indexed Peer Reviewed & Refereed Journal

www.IRJIMST.com
www.isarasolutions.com

Published by iSaRa Solutions


http://www.irjmst.com/
http://www.sphert.org/

IRIMST Vol 17 Issue 7 [Year 2026] ISSN 2250-1959 (Online) 2348 — 9367 (Print)

Nanocatalysts for Sustainable Organic Synthesis: A Comprehensive Review

Isha

Department of Chemistry
D.N. College

Meerut, Uttar Pradesh, India

Sachin Kumar
shivashishO8@gmail.com
Department of Physics
Meerut College

Meerut, Uttar Pradesh, India

Archana

Department of Chemistry
Meerut College

Meerut, Uttar Pradesh, India

Sakshi Chaudhary
sakshisachin07@gmail.com
Department of Chemistry
D.N. College
Meerut, Uttar Pradesh, India
Corresponding mail: sakshisachin07@gmail.com

ABSTRACT
Nanocatalysis is a rapidly evolving field within organic chemistry, wherein nanoparticles are
employed as catalysts to accelerate the rate of chemical reactions. Due to their diminutive size,
nanocatalysts exhibit higher activity compared to many conventional catalysts. Their insolubility in
reaction solvents renders them heterogeneous catalysts; consequently, they can be easily separated
and reused.

Over the past few years, nanocatalysts have gained significant prominence in the fields of green
chemistry and pharmaceutical synthesis. However, certain challenges such as issues regarding
stability and toxicity still require resolution. Overall, nanocatalysis offers a promising approach for
modern organic synthesis.

Keywords: Nano catalyst, Organic Reactions, Catalysis, Homogeneous Catalysis, Heterogeneous
Catalysis

Introduction
Catalysts play a pivotal role in chemical reactions-whether in small-scale laboratory experiments or
large-scale industrial processes-by accelerating reaction rates while simultaneously reducing energy
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consumption and waste generation, and by enhancing efficiency and selectivity. Owing to the high
surface area-to-volume ratio characteristic of nanoparticles, nanocatalysts play a significant role in
the field of green chemistryt. By operating at the nanoscale, these catalysts optimize catalytic
processes, thereby aligning with green chemistry principles to facilitate clean and sustainable
chemical transformations2. Their diminutive size and expansive surface area accelerate reaction
kinetics, establishing an ideal equilibrium within heterogeneous catalytic systems2. Given the ever
increasing demand for catalysts, this field is garnering significant attention from both researchers and
industry stakeholders3. Scientists are continuously refining techniques to develop nanocatalysts
endowed with superior catalytic propertiess. A comprehensive understanding of the lifecycle of these
catalysts encompassing their synthesis, activation, reaction mechanisms, and post-use management is
crucial for driving future advancements in the field.Catalysts play a vital role in industrial
applications, with an increasing number of chemical products now being manufactured through
catalytic reactions.

Furthermore, driven by growing environmental concerns, heterogeneous catalysts have gained
prominence, catalyzing a transition away from liquid acid catalysts toward more environmentally
friendly solid acid catalysts*.

Homogeneous and heterogeneous nanocatalysts

Over the past few years, nanotechnology has advanced rapidly, impacting both industrial
applications and scientific research. Due to their diminutive size, nanocatalysts exhibit unique
physicochemical properties-such as a high surface-area-to-volume ratio and quantum size

effects that distinguish them from other materials. These characteristics enhance catalytic efficiency
in adsorption processes?’.

Heterogeneous nanocatalysts can be easily separated and reused, thereby minimizing waste and
improving overall efficiency®. Nanocatalysts play a pivotal role in organic synthesis; specifically,
they enable the development of more sustainable methods for producing fine chemicals and
pharmaceuticals, utilizing less energy and fewer solvents’.

Nanoparticles composed of metals and metal oxides demonstrate exceptional performance in
processes such as hydrogenation, oxidation, and carbon-carbon bond formation’. Ultimately,
nanocatalysts are paving the way toward a more sustainable future’.

Homogeneous nanocatalysts

Homogeneous nanocatalysts function similarly.to conventional catalysts; typically, they exist as
nanoparticles dispersed within a solvent”. A major challenge associated with their use lies in
preventing these nanoparticles from aggregating’. When nanoparticles cluster together, they form
larger particles, which results in a reduction of their surface area and, consequently, their catalytic
efficiency. To prevent such aggregation, scientists attach long molecular chains to the surface of the
nanoparticles3. These molecules act as protective barriers, keeping the particles separated and
maintaining stability within the solution.

However, this stabilization method can occasionally pose a problem; the stabilizing agents may
obstruct access to the nanoparticle's surface, thereby diminishing its catalytic activity®. Another
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significant challenge associated with homogeneous nanocatalysts is their recovery from reaction
mixtures.Once dispersed within a liquid medium, it becomes difficult to retrieve and reuse the
nanoparticles, which reduces the overall efficiency of the reaction.

Furthermore, if not properly recovered, these Nanoparticles can pose environmental risks; since they
do not readily degrade, their long-term impact on ecosystems remains uncertain.

Heterogeneous nanocatalysts

Heterogeneous catalysis represents an environmentally friendly approach wherein the catalyst exists
in a phase distinct from that of the reactants®. Typically involving solid-state materials,

This method allows for easy separation and recycling of the catalyst, thereby minimizing waste
generation and enhancing process efficiency®. Compared to homogeneous catalysts, heterogeneous
catalysts facilitate simpler recovery often through filtration making them particularly well-suited for
industrial applications®. Another approach involves the use of

nanostructured solids, where materials are engineered at the nanoscale to enhance catalytic
performance.Examples of this include the creation of nanoporous materials by constructing solid
frameworks around molecular templates, or the fabrication of nanoscale patterns on catalyst surfaces
using advanced lithographic techniques. Catalysts are employed in chemical reactions across the
globed. In the future, heterogeneous catalysis holds the potential to enable the direct conversion of
reactants into products and to allow for the rational design of active sites thereby promoting the
principles of green chemistry by minimizing waste and reducing the formation of harmful
byproducts®. Typically, these systems feature active metal sites such as transition metals supported
on solid substrates; these metals serve to increase the available surface area and accelerate the
reaction rate. However, developing catalysts that are simultaneously highly active, stable, and cost-
effective remains a significant challenge, largely due to the limited availability of established
synthesis methods for such materials. Heterogeneous catalysts function by providing active metal
sites that effectively lower the activation energy required for a reaction. Owing to their high surface-
area-to-volume ratio, metal nanoparticles facilitate various chemical transformations including
oxidation-reduction reactions and carbon-carbon bond formation thereby serving as a crucial bridge
between homogeneous and heterogeneous catalysis®.
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Fig.1

FIGURE 1: Difference between homogeneous and heterogeneous nanocatalysts

Nanocatalysis

Nanoparticles play a crucial role in catalysis, making it one of the key applications of
nanotechnology. Materials such as aluminum, iron, titanium dioxide, and silica are utilized as
nanocatalysts due to their specific propertiest. A primary reason for the enhanced efficiency of
nanocatalysts is their large surface area, which accelerates the reaction rate and improves catalytic
performance. Furthermore, the size and structure of nanoparticles significantly influence their
reactivityl. By controlling the synthesis, size, and dimensions of nanocatalysts, selectivity in
chemical reactions is improved, thereby enabling more efficient processes?. Advancements in
nanocatalysis lead to increased resource efficiency, energy savings, and waste reduction in industrial
processes, thereby minimizing environmental impact. Nanocatalysts are employed in chemical
manufacturing, energy conversion, and energy storage technologies?. Nanocatalysis focuses on how
the properties of nanomaterials influence catalytic reactions. These properties are broadly
categorized into four groups;

1.Factors related to length, such as lattice parameters and bond energies;
2.Properties influenced by cohesive energy;
3.Characteristics affected by bond energy density;

International Research Journal of Management Science & Technology
http://www.irjmst.com Page 97



http://www.irjmst.com/

IRIMST Vol 17 Issue 7 [Year 2026] ISSN 2250-1959 (Online) 2348 — 9367 (Print)

4. Properties arising from the combination of atomic cohesive energy and bond energy density.

These factors assist scientists in designing nanocatalysts tailored for a wide range of applications.

Fig.2
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FIGURE 2: Intrinsic properties of nanocatalyst
Nanoparticles synthesis
In any preparation method, the primary objective-achieved after numerous trials is to attain specific
activity and selectivity. In the context of nanocatalysts, controlling the morphology serves to address
past, present, and future objectives'.

Nanomaterials synthesis

Nanomaterials are produced using two primary approaches: top-down and bottom-up methods.

In the top-down method, bulk materials are converted into nanoparticles through the use of thermal
processes, chemical techniques, or mechanical grinding. Conversely, the bottom-up method involves
techniques such as sol-gel synthesis, precipitation, emulsion methods, and microwave irradiation,
which allow for precise control over the size and structure of the nanoparticles't,2,
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Fig.3 Major steps in the synthesis of Nanocatalysts
Problem in nanocatalysts
Aggregation constitutes a major challenge in nanoscience; however, this issue can be mitigated
through the use of materials like carbon nanotubes or via electrostatic stabilization. Surfactants and
ligands are frequently employed to enhance stability'!,'2,'3,14,

Porous nanocatalysts

Porous nanocatalysts are nanoscale materials characterized by the presence of confined spaces
containing catalytically active sites. Natural and synthetic zeolites distinguished by their structures
featuring ultra-scale pores are considered to represent the next evolutionary step in this field.
Examples of such nanocatalysts confirm the existence of linkages between silica and alumina,
typically synthesized in an aqueous medium using hydrothermal techniques!s,'¢,"”.

Applications of nanocatalysts

1.Enviromental Remediation

Nanocatalysts are utilized to address pollutants and organic contaminants present in air and water
systems. Their large surface area enhances catalytic and photocatalytic reactions, thereby rendering
them effective for environmental remediation!'®,'°.

2. Energy Application

In the energy sector, nanocatalysts improve fuel cells, hydrogen production, and other energy
conversion systems by accelerating reaction rates and minimizing energy loss'®.

3. Water purification
Nanocatalysts play a crucial role in removing heavy metals, dyes, and microbial contaminants
from wastewater, thereby ensuring water purity's,'.
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4. Industrial and organic synthesis

In the chemical and pharmaceutical industries, they are employed to achieve higher reaction rates,
improved selectivity, and superior product yields'.

5. Biomedical Application

Owing to their diminutive size and high surface area, nanocatalysts are also utilized in drug delivery
systems and therapeutic treatments'®.

6. Biodiesel and green chemistry

Furthermore, nanocatalysts are vital in biodiesel production and various other chemical processes,
where they facilitate environmentally friendly and efficient reactions'®.

Challenges of nanocatalysts

Amidst growing concerns regarding environmental sustainability, the demand for eco-friendly
catalysts has surged significantly. Nanocatalysts play a pivotal role in this domain, offering novel
solutions to the challenges of green chemistry2. These catalysts enhance reaction efficiency, reduce
waste, and minimize harmful by-products, thereby rendering chemical processes more sustainable2.

While nanocatalysts hold immense potential, they also present challenges related to stability,
scalability, and environmental impact. This discussion sheds light on both the opportunities and the
challenges associated with utilizing nanocatalysts for catalysis. Although nanocatalysts offer vast
possibilities, overcoming existing challenges is essential to fully harness their benefits within the
realm of green chemistry.

One of the primary concerns involves the potential environmental and health risks associated with
the production, usage, and disposal of nanocatalysts?®. When released into the environment, the long-
term effects of nanocatalysts on ecosystems and human health remain incompletely understood.
Mitigating potential harm necessitates careful risk assessment and the development of appropriate
strategies; therefore, proper management and disposal practices are crucial to ensure their safe and
responsible application®.

Another significant challenge lies in achieving the large-scale and cost-effective production of
nanocatalysts. While various synthesis methods prove effective in laboratory settings, scaling them
up for industrial application remains difficult. Integrating nanocatalysts into practical applications
requires the design of sustainable and efficient manufacturing methods?t. Producing nanocatalysts in
large quantities-without compromising their quality or incurring excessive costs-remains a critical
prerequisite for their widespread adoption?.

A further challenge involves gaining precise control over the properties of nanocatalysts to ensure
optimal catalytic performance and selectivity. Factors such as the size, shape, and structure of
nanoparticles profoundly influence their catalytic activity and stability. Precisely

tuning these characteristics is a challenging endeavor that demands a deep understanding of synthesis
methods and the intricate relationships between structure and function.

Maintaining the stability of nanocatalysts under harsh reaction conditions and during repeated use
poses a significant challenge; over time, they may aggregate, detach, or even lose their catalytic
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activity. Therefore, ensuring long-term stability and sustained activity is crucial for practical
applications.

Furthermore, integrating nanocatalysts into existing industrial systems presents difficulties, as many
current processes are not compatible with them; consequently, resources are required to ensure
compatibility. These transitions entail investments in adaptation processes. Moreover, effective
techniques are needed for waste reduction, as well as for the separation and recovery of catalysts®.
Despite these challenges, rapid advancements in nanocatalysis are creating new opportunities for
chemical solutions. Emerging tools such as artificial intelligence and machine learning can further
optimize nanocatalyst design, thereby enhancing both efficiency and environmental performance.
With continuous innovation, nanocatalysts hold the potential to transform industrial and
biotechnological processes while simultaneously promoting sustainability®°.

Advantages of nanocatalysts
e Minimum chemical waste formation
e Reduction in global warming efforts
e Energy efficient
e Important economic benefits
e Higher product yield
e Applications in waste treatment
e Optimum utilization of feedstock
o Safer catalysts and reagents [22].

Nanocatalysts; Advancements in Research and Industrial Process

In the research industry, nanomaterials significantly influence reactivity, selectivity, and
productivity, while nanocatalysts assist in controlling all these parameters, Data derived from
scientific databases indicate that nanocatalysts exhibit characteristics such as high activity,
selectivity, stability, and ease of recovery. These properties are crucial across various sectors,
including packaging, pharmaceuticals, textiles, and advanced smart materials [23-25].

As a scientific concept, nanocatalysis bridges the gap between homogeneous and heterogeneous
catalysis [26,27-28]. It involves the transformation of reactant molecules into products over time in
the presence of nanoscale substances-specifically nanocatalysts. Homogeneous catalysis is generally
not widely preferred due to the purification steps required to isolate the products. Conversely,
heterogeneous catalysis is often favored because nanocatalysts possess a high surface-to- volume
ratio, which facilitates selective reactions

characterized by high activity and yield. This approach enables facile separation, reduces energy
consumption, and improves the efficiency of catalyst recovery.

Conclusion

Nanocatalysis plays an important role in both industrial and academic research and development.
Size and shape-controlled preparation of metal nanoparticles are very promising for greener
heterogeneous catalytic chemical reactions. These Nanocatalysts offer various advantages and help
in synthesis of many drugs in a very short span of time with better yield. By synthesizing
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appropriately sized and shaped nano catalysts it can lead to new advancements in promising a better
environmentally friendly synthesis. The field of Nano catalyst has endured rapid growth in the past
decades. Nanocatalysts offer many possibilities to meet future global demands. The present article is
an overview of Nano catalyst which is an approach towards green chemistry.

This review article provides a basic overview of nano catalyst in a concise manner and furthermore,
stir up more work of nano catalyst in research and development.
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