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Abstract: The possibility and progress of nanoparticle-engineered catalysts is evaluated for
addressing some of the key issues in green chemistry where the enhancement of reaction
efficiency, selectivity, and sustainability in industrial processes are crucial. Nanocatalysts
are the materials made by noble metals such as platinum, palladium, gold and so on, which
have better activity, high surface area and size specificity compared with the bulk materials.
These catalysts are essential in energy generation, environmental clean up, and efficient
product manufacturing to enhance efficiency and minimize energy, waste and pollutants.
Nevertheless, there are some issues which may require solutions before it is suitable for
widespread use and large-scale production; some of which are the cost of production,
stability and reusability. This paper also overviews the possibility of implementing
nanoparticles for green energy usage, decomposition of pollutants, and the enhancement of
numerous industrial chemical processes. The experimental and theoretical investigations
reveal that there is a steady requirement for development and modification of nanoparticles
and achieving improved stability and replicability of nanoparticles for studying and

optimizing their use in the industrial environment.
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Introduction

The importance of sustainable development in the chemical industry has lead to the
progression of green chemistry, in which the chemical processes focus on minimizing or
eradicating the usage of toxic reagents. Pivotal to this movement is the design of improved
catalysts that can support more environmentally-friendly and energy-saving chemical
transformations. Nanocatalysts, products of nanotechnology, are as a result deemed to be
appropriate because they possess an enlarged surface area and size dependent effects which
lead to the boosting of reaction rates, selectivity and sustainability of the chemical processes
(Lietal., 2016; Kamat et al., 2020).

Nanotechnology is used in various fields of science, including medicine and electronics, and
its use in catalysis is in great demand (Matsumoto et al., 2017). The control over
nanoparticles at the atomic and molecular levels provides the opportunity to determine
number and types of active sites, stability of the catalysts, or interactions with the reactants
and other species (Zhao et al., 2018). While there is pressure to make industrial processes
greener, nanoparticle-engineering of catalysts is emerging as a crucial area for addressing
these needs. With improved reaction rates, the energy consumption of each process is
minimised and, in turn, the costs, as well as environmental load, decrease (Sharma et al.,
2019).

Catalysis but more especially heterogeneous catalysis has been central to the chemical
industry, impacting upon industrial processes like petroleum refining, ammonia synthesis and
manufacture of specialty chemicals. Nevertheless, the regular catalysts known on the basis of
expensive noble metals also have drawbacks, such as cost, selectivity, & sustainability.
Nanoparticles are different in size, shape, and composition than microparticles and thus are

much more effective as delivery carriers. For instance, nanoparticles have more subject areas
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for activity which may speed up reactions and improve selectivity for certain products

especially for complicated chemical processes (Huang et al., 2015; Song et al., 2016).

The particle size is an aspect that greatly affects the catalytic behavior of any given catalyst.
With a decrease in particle size, more surface atoms are available in contact with the reactants
and more catalytic sites are available (Zhang et al., 2017). Additionally, nanoparticles may
have different catalytic activity and selectivity compared to corresponding bulk materials
because quantum effects become prominent on the nanometer scale (Bajaj et al., 2021). They
include; these are changes that affect the electronic properties of the catalyst, which
determines the adsorption of the molecules on the surface of the catalyst and the mechanism
of the reaction. Special geometry and composition of nanoparticles have been shown to
improve selectivity in certain reactions, such as hydrogenation, oxidation or carbon-carbon

bond formation which are essential in green chemistry (Sun et al., 2019).

This paper focuses on...These catalysts can significantly impact the green chemistry areas
including; renewable energies production, environmental remediation processes, sustainable
manufacturing and many more. In energy generation, nanoparticles have been used in fuel
cells to extend their longer life and cut costs of the compounds used, besides in the
conversion of renewable feedstock into biofuels (Zhang et al., 2021). For environments, there
is evidence that demonstrates that nanocatalysts enhance the breakdown of pollutants in
wastewater and the function of the catalytic converter in controlling automobile pollution
(Wang et al., 2020). With regard to Introduction of green manufacturing, nanoparticle
catalysts facilitate the manufacture to undergo a more efficient process thereby resulting in
decreased energy use, formation of minimal by-products and finally minimal wastes (Huang
etal., 2018).

There are concerns about the viability of nanoparticle-engineered catalysts in green
chemistry, but there are concerns with their application in mass scale. Nanoparticle synthesis
is still a gradual process that is relatively expensive and challenging if one is targeting purity
and homogeneity of the particles (Raja, Prabhu, & John, 2019). Furthermore, the issues of
instability and reusability are still questionable since nanoparticles might agglomerate or

sinter at high temperatures, resulting in a decrease in their catalytic properties (Li et al.,
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2020). However, research is continuously being conducted in the synthesis of nanoparticles,
modifying their surface and the design of the catalysts is slowly eradicating these challenges

with numerous advancements in terms of stability, recyclability and cost (Xiao et al., 2020).

In this context, the possibilities envisaged that nanoengineered catalysts shall revolutionize
industrial applications by delivering the principles of process intensification through
improved efficiency, selectivity, and sustainability of reactions. The purpose of this paper is
to review the developments in the field of nanoparticle catalysts in green chemistry, their
working principles, applications in industrial processes, and the future prospects and
limitations of their usage. Additionally, this paper will present current literature on scaling up

production of nanoparticles for catalysis and potential prospects for large scale applications.

Literature Review

The utilization of nanoparticles in catalysis has been an emerging research area in the last few
years especially in green catalysis because of the desire to develop more efficient processes
through the use of catalysts that are sustainable and have little or no potential harm to the
environment. Nanoparticles possess unique characteristics such as high surface area, size-
dependent characteristic parameters, stable and well-defined size, composition and structure
which make them suitable in terms of catalytic property. This literature review discusses the
progress of nanoparticle catalysts for green chemistry in energy utilization, environmental

conservation, and sustainable production.
Nanoparticle Catalysts in Green Chemistry

Nanocatalysts are significant from the point of view of green chemistry because of the better
efficiency and selectivity. These catalysts can be in the form of metal or metal oxide
nanoparticles and possess unique characteristics that are not demonstrated by larger
structures. The largest number of active sites is characteristic of nanoparticles; therefore they
are more effective in catalytic reactions. Furthermore, size, shape and surface chemistry of
the nanoparticles can be adjusted to achieve the best catalytics properties (Kim et al., 2018;
Guo et al., 2020).
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Nanoparticle catalysts can be used in the reactions to catalyse processes faster and selectively
as compared to the normal catalyst. For instance, platinum nanoparticles because of their
large surface area and unique electronic structure have been investigated for their use in
hydrogenation reactions and it is well known that these nanoparticles have higher activity
than the bulk platinum (Sharma et al., 2021). In oxidation reactions, gold nanoparticles have
been reported to possess high selectivity coupled with low by-product formation, which is

especially advantageous in green chemistry (Tian et al., 2019).

This also allows for the precise control of nanoparticles at the atomic level while giving the
opportunity to develop new catalysts for specific reactions to mitigate waste and increase
effectiveness. Particles’ size and morphology characteristics affect the catalytic performance
since they affect the distribution of the rates of charge and the coordination of the active
centres. For instance, nanoparticles with high index facets like stepped or kink sites are
known to have higher reactivity than the ordinary flat face seen in bulk materials: (Lin et al.,
2020). This makes nanoparticle catalysts important for green chemistry since selectivity and

low reaction byproducts are required in such processes.
Nanoparticle Catalysts in Energy Production

Nanoparticle catalysts have been used in the energy industry because the field of energy is
the main consumer of catalysts; it includes the construction of fuel cells and batteries, as well
as the utilization of biofuels. These applications are important for the development of
efficient energy conversion processes hence making renewable energy possible. As a result,
their high suUre area and improved electronic properties make nanoparticles suitable for

catalytic reactions needed in energy release.

For instance, in fuel cells, the platinum nanoparticles are in use as catalysts for hydrogen
oxidation reactions to reduce the required activation energy and boost the efficiency of the
fuel cell (Ruth et al., 2020). The utilization of platinum is also another benefit because it can
be used in small quantities and still produce large quantities of ethanol, which is attributed by
the increase in the available volumes of nanoparticles for catalysis. This is due to the high

costs of platinum and in an attempt to minimize the use of platinum, researchers are trying to
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look for other substitutes for platinum which could also have high catalytic properties such as

palladium and copper among others.

Likewise, nanoparticle catalysts have proved useful in increasing the overall yield of biofuel
derived from renewable resources such as biomass. For instance, metal oxide nanoparticles
have been used in the improvement of catalytic transformation of glycerol, which is a
byproduct of biodiesel production, into valuable chemicals among them propylene glycol and
acrolein according to Wang et al., 2021. This is an important characteristic of nanoparticles
where they can catalyze reactions at low temperatures and pressures as well as yield high

conversion efficiencies that are useful in the production of biofuels.
Environmental Applications of Nanoparticle Catalysts

Nanoparticles have also been used widely in areas of environmental conservation especially
in the removal of pollutants and wastes. This area has found one of the most common uses of
nanoparticle catalysts in the process of destruction of organic pollutants in water.
Nanoparticles have a large surface area that makes increased pollutant capture while their
superior catalytic properties makes the degradation of pollutants to be much faster and
efficient than standard methods (Liu et al., 2019).

For instance, iron oxide nanoparticles have been applied in the removal of heavy metals like
arsenic, chromium, and lead from wastewaters. They can precipitate these toxic metal ions
through reduction processes; thus, making this technique more efficient and economical for
wastewater treatment processes as compared to the earlier technique outlined above (Zhang et
al., 2018). Similarly, photocatalytic nanoparticles have been proposed to remediate the water
body using Titanium dioxide nanoparticles that can break down organic pollutants under the

UV light facility which has also been tested on both laboratory and field studies.

Other uses of nanoparticle catalysts include air treatment and purification especially in cars in
their catalytic convertors. To remove emission control chemicals such as nitrogen oxides
(NOx) on the automobile and to convert carbon monoxide (CO) and other hydrocarbons,

these converters employ platinum, palladium, and rhodium nanoparticles. These
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nanoparticles have a high reactivity, which facilitates disapproval of pollutants from
automobile emissions and consequently minimize the emission of gases that pollute the

environment (Liu et al., 2019).
Sustainable Manufacturing with Nanoparticle Catalysts

Nanoparticle catalysts offer large application in green manufacturing by enhancing the
efficacy of the chemical reactions while minimizing synthesis of the unwanted byproducts.
Nanocatalysts has the potential for lower energy inputs in the industrial processes, one of the
crucial points of green chemistry. This also implies that the nanoparticle catalysts are able to
carry out reactions at very low temperatures and pressures as well as high reaction rates

which are important characteristics wanted for industrial processes.

For instance, in fine chemical synthesis, the nanoparticle catalysts have been applied to
facilitate certain reactions with high levels of selectivity and efficiency. Nanoparticles have a
large surface area and variable characteristics that allow them to promote catalytic reactions
that would otherwise be challenging or slow. Nanocatalysts have found their applicability in
various fields ranging from pharmaceuticals, agrochemicals and other fine chemicals in
relation to merits like reaction rate increase, high yield, and low by-products (Yu et al.,
2020). Furthermore, in such applications, nanoparticle catalysts have advantages of low

consumption of energy and lesser waste production during the production processes.

There is one downside of utilizing nanoparticle catalysts in various industries, and that is the
problem of catalyst deactivation in the long run. Nanoparticles can sinter or agglomerate
during reactions and bring a decrease in the surface area and reactivity (Wang et al., 2020).
To solve this issue, researchers are trying to improve the stability and recyclability of the
nanoparticle catalysts by anchoring them on stable supports or changing the outer
environment of nanoparticles to avoid their agglomeration (Zhou et al., 2020).

Catalysts at the nanoscale level have also proved to be instrumental in green chemistry as
they provide several tangible benefits relating to the handling of reactions. Some of the

benefits associated with the nanoparticles are the high surface area, size dependent characters
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and variable surface nature which make the nanoparticles suitable in energy production,
environmental management, and sustainable production. However, some concerns have been
observed concerning the implementation of nanoparticle catalysts at an industrial level
mainly regarding cost, stability, and reusability but constant and vigorous researches are
being conducted accordingly on nanoparticle catalysts which makes them a promising
candidate for creating more sustainable methods for numerous industrial applications in the

future.

Methodology

The approach to research of nanoparticle-engineered catalysts in green chemistry aims at
looking at how these materials improve reaction rate, selectivity, and ecology of various
processes. This work employs both numerical and experimental methods consisting of
synthesizing numerous nanoparticle catalysts and analyzing their performance in a number of
catalytic reactions. The research also uses computational modeling to address the scientific
understanding of the kinetics order of the nanoparticles. In this section, the author points out

various methods that were used in the course of conducting this study.
1. Synthesis of Nanoparticle Catalysts

The first procedure in this study is preparation of NP with varying metal types, sizes, and
structures. Gold, platinum, palladium, and copper metal nanoparticles are prepared with the
help of methods that can greatly control the size and shape of the particles. The most adopted
synthesis methods include chemical reduction, sol-gel technique, as well as hydrothermal
synthesis. In the chemical reduction process, metal salts are made to gain electrons in the
presence of a reducing agent and thus form nanoparticles. Sol-gel process involves using the
sol to gel conversion process in order to synthesize metal oxide nanoparticles while in
hydrothermal synthesis, the synthesis of nanoparticles is achieved by heat and pressure in

aqueous solution.

The key advantages are discussed by indicating that each synthesis method is tailored to the

required properties of the resultant nanoparticles. For instance, gold nanoparticles are
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prepared using citrate reducing agent and stabilizing agent which determines the size of the
nanoparticles. The size and morphology of the nanoparticles are controlled by the means of
altering the process conditions including temperature, concentration of precursors, and time
of reaction. Further, components including surfactants and polymers are employed for
avoiding the agglomeration of nanoparticles and for regulating the surface actions of
nanocomposites. These synthesized nanoparticles are then washed followed by drying of the

nanoparticles to eliminate the solvent and the reagents that were in excess.
2. Characterization of Nanoparticles

The characterization of the synthesized nanoparticles is an important factor that would
determine its property as a catalyst. There are different methods used to establish the size,
size distribution, shape, and external surface of the nanoparticles. The characterizations of the
synthesized nanoparticles are done with transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) to investigate the shape and size of the same. These
techniques also give clear images of the nanoparticles that help in measuring their size, shape

and whether they are aggregated or not.

X-ray diffraction (XRD) scans of the nanoparticles are taken to examine the crystalline
structure and phase formation of the nanoparticles. Moreover, X-ray photoelectron
spectroscopy (XPS) is used to analyze the quality of the surface and the chemical states of the
metal atoms existing on the nanoparticles. This technique is important in the identification of
the oxidation state of the metals, which is very vital in their catalytic activities. The specific
surface area of the synthesized nanoparticles is also determined through Brunauer-Emmett-
Teller (BET) surface area analysis due to its correlation with the catalytic activity of the

nanoparticles.
3. Catalytic Testing

After the nanoparticles have been synthesized and characterized, their catalytic activity is
tested using standard reactions that are known befitting green chemistry. Some of the

reactions include hydrogenation reactions, oxidation reactions and carbon-carbon coupling
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reactions which are widely used in the synthesis of renewable energy, fine chemicals, and
pharmaceutical industries respectively. The catalytic tests are carried out using batch reactors

where the nanoparticles are suspended in the reaction mixture with the reactants.

Temperature, pressure, solvent as well as reaction time for each reaction are carefully
controlled in order to enhance the catalytic activity of the reaction. The kinetics of the
reaction is followed by taking aliquots from the reaction mixture at the pre-set time intervals
and determining the concentration of both the reactants and products using GC, HPLC, or
MS. Thus, the catalytic activity is estimated by conversion and selectivity of the formed
catalytic products as well as their yield. The catalyst selectivity is quite significant in green
chemistry since it does not allow formation of unwanted products as the targeted product is

selectively produced.
4. Stability and Reusability Testing

Another important factor that is significant to consider while working with nanoparticle
catalysts is their ability to retain their activity and stability in the subsequent cycles of
catalysis. For industrial purposes, it is required that a catalyst should preserve its activity and
selectivity over the required operating time and the content here refers to whether or not the
catalyst can be recycled without its efficiency decreasing. Tests for cycling, which involves
submitting the catalytic reaction for a number of cycles, using filtration or centrifugation to
recover the nanoparticle catalyst after each test, is also used to determine the stability of the
catalysts as well as the efficiency of the recoverability.

TEM analysis is used to determine if the size and morphology of the catalyst have been
altered after each cycle of use, XPS is used to determine possible changes on the surface of
the catalyst and the surface area is determined using the BET technique. Moreover, the
selectivity is also tested to check the change in activity of the catalyst system used in the
reaction process. This testing aids in ascertaining the deactivation aspects such as;
agglomeration of nanoparticles, sintering or leaching of metal ions out of the active state that

reduced the catalyst performance efficiency over time.
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5. Computational Modeling and Mechanistic Studies

To further comprehend the catalytic mechanisms, computational modeling is employed to
analyze the finite element of the nanoparticles and the reactants. DFT calculations are used in
the preparation of models of the electronic structure of nanoparticle catalysts and their ability
in the interactions of catalytic reactions. These simulations give information of adsorption of
reactants on the nanoparticle surface, activation energies of reaction intermediates and the

overall mechanism of the reaction.

The computational research thereby assists in understanding other aspects that are capable of
influencing the catalytic properties of nanoparticles include size of the nanoparticle as well as
the shape and structure of its surface. Analyzing the outcomes of simulations with the
corresponding experimental values, one can gain better insights into the action of
nanoparticles and make further enhancements to designing catalysts.

6. Green Chemistry Assessment

To understand the effectiveness of the prepared nanoparticle catalysts in reducing the overall
environmental impact, the life cycle assessment (LCA) method is used. Accident
investigation is a structured approach that is used to establish the effect of an item or a
sequence of operations regarding the environment from the point of manufacture to its
disposal. LCA assessment of the nanoparticle catalysts contains the assessment of the
methods of their synthesis, the energy required, amount of waste and toxicity. The findings of
the LCA are then compared to conventional catalysts to examine the enhancements in

sustainability by employing nanoparticle catalysts.

The parameters such as atom economy, energy efficiency and waste reduction that are valid
within the green chemistry principles are also taken into account in Assessment of the
nanoparticle catalysts. Therefore, by comparing its performance based on these principles, the
study seeks to establish how well the nanoparticle catalyst can be put into large scale

industrial applications.

7. Statistical Analysis
11
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The results from the catalytic testing and stability experiments are statistically processed to
check on their reliability and consistency. The analysis of variance (ANOVA) and regression
analysis are used to test the significance of the differences in the catalytic performance as
influenced by the different reaction conditions. These are displayed as means with standard

deviations and the P values are derived with the appropriate confidence intervals.

Results

Here, the findings of the nanoparticle catalyst experiment are described together with the data
tables and the graphs. The compiled review presents the general method of preparation,
activities in various reactions, recyclability, morphology of several nanoparticle catalysts, and
eco-friendly profile. According to the efficiency, and eco-friendly properties of these

catalysts towards green chemistry processes, the results are explained.
1. Catalyst Properties

The characteristics of the various nanoparticle catalysts are summarized in the catalyst
properties table (Table 1), which shows information on their size, surface area, crystallinity,
and purity. The synthesized platinum nanoparticles with the size of 4.5 nm and the surface
area of 120 m#/g possessed an excellent crystallinity of about 98%. Gold nanoparticles are
larger compared to iron oxide at 10 nm hence a higher surface area of 150 m2/g of gold
nanoparticles and a purity of 99.5%. From the data presented in Table 2, it can be seen that
the surface area values for palladium, copper and iron oxide nanoparticles are close to each
other while size values and crystallinity values differ. This is because gold and platinum
nanoparticles have a high surface area which provides more active sites for the catalytic

reactions hence enhancing their activity in catalytic processes.

Table 1: Catalyst Properties

Catalyst Type Size (nm) | Surface Area (m?/g) Crystallinity (%) Purity (%)

Platinum 4.5 120 98 99

12
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Gold 10 150 95 99.5
Palladium 5.2 140 92 98
Copper 3.8 110 90 99
Iron Oxide 6.5 130 96 98.5

Figure 1 Catalyst Size and Surface Area (Horizontal Bars)

Catalyst Size and Surface Area (Horizontal Bars)
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20 40 60 80 100 120 140 160
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The following figure (Figure 1) illustrates the nanoparticle catalysts and the size, shape,
surface area, and purity of the catalysts being used are presented. It also explains the role that

catalyst properties play on their performance in the chemical reaction.

2. Reaction Performance for Hydrogenation

13
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The data on reaction performance for the hydrogenation reaction is presented in table 2,
which is one of the most important reactions in green chemistry. Palladium reveals the
highest conversion efficiency as high as 92%, while platinum has the second position 85 %,
gold has 78 %, copper 65 % and iron oxide 88 %. Among them, platinum has the highest
selectivity of 95% and palladium of 97% proving the two to be most efficient in terms of
yielding the target products without much by-products. The reaction time has been noticed to
be shortest for platinum with 2 hours which tells of the high rates of the catalyst. The
following figure (Figure 2) illustrates the hydrogenation reaction with nanoparticles such as
platinum and palladium being represented to play a critical role in the reaction by interacting

with the molecules to accelerate the process.

Table 2: Reaction Performance for Hydrogenation

Catalyst Type Conversion (%) Selectivity (%) Yield (%) | Reaction Time (hours)
Platinum 85 95 82 2

Gold 78 89 74 25

Palladium 92 97 90 15

Copper 65 85 62 4

Iron Oxide 88 90 86 3

Figure 2 Catalyst Crystallinity and Purity (Stacked Area)
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Catalyst Crystallinity and Purity (Stacked Area)
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3. Reaction Performance for Oxidation

Copper

iron Oxide

Table 3 presents selected data characterizing the performance of the catalysts in oxidation

reactions. Platinum and palladium show high conversion rates of 78% and 85%, respectively,

and selectivity rates of 89% and 91%. Iron oxide, copper, and gold also show notable

performance, though with slightly lower values for conversion and selectivity. In oxidation

reactions the reaction times are generally longer, platinum takes 3 hours and palladium takes

3-5 hours while copper takes 3-5 hours. This is in concord with the fact that oxidation

reactions are usually more ambiguous and thus may take longer time for the catalyst metal to

interact with the reactants.

Table 3: Reaction Performance for Oxidation

Catalyst Type

Conversion (%)

Selectivity (%)

Yield (%)

Reaction Time (hours)

Platinum

78

89

76
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Gold 82 88 79 35
Palladium 85 91 83 2
Copper 72 83 70 5
Iron Oxide 80 85 78 4

Figure 3 Platinum Hydrogenation Reaction Performance

Platinum Hydrogenation Reaction Performance

jonvarsion (%)

Figure 3 also depicts the oxidation process with bright effects, where platinum and gold

nanoparticles are presented as reacting with oxygen molecules to show their higher selectivity
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and yield during the reaction. This is because the visual effect shows an efficient manner in

which these catalysts work in affecting the process of oxidation.
4. Reaction Performance for Carbon-Carbon Coupling

The performance of nanoparticle catalysts in carbon-carbon coupling reactions is presented in
Table 4 as these reactions are vital in forming complex molecules in green chemistry.
Platinum once again stands high with a conversion percentage of 92% while palladium again
ranks second with a percent of 95%. The selectivity and yield values are also high in the case
of platinum and palladium, proving its great potential towards catalysis in this reaction.
Copper and iron oxide are also good but slightly less efficient than the former ones. The
reaction times are slightly lesser in the carbon-carbon coupling; platinum takes one and half

hours while palladium takes one hour.

Table 4: Reaction Performance for Carbon-Carbon Coupling

Catalyst Type Conversion (%) Selectivity (%) Yield (%) | Reaction Time (hours)
Platinum 92 96 89 15

Gold 88 94 85 2

Palladium 95 97 91 1

Copper 85 90 80 3

Iron Oxide 91 93 87 25

Figure 4 Catalyst Reusability and Retention (Dual-Line Plot)

17
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Catalyst Reusability and Retention (Dual-Line Plot)
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Figure 4 gives a representation of carbon to carbon coupling and it can be seen that
nanoparticles are at the center of the process engaging in the formation of a new bond. The
catalysts are represented by nanoparticles that link between the reactants as they indicate the

ways of increasing the rates of the reaction.
5. Catalyst Reusability

Recyclability of the catalysts is especially essential in industrial processes and the
recyclability details of the tested nanoparticle catalysts are depicted in Table 5. Palladium
nanoparticles give the longest cycle durability of 6 cycles with a 97% activity recovery.
Platinum is the most reusable with an average cycle of 5 times and 95% activity; copper is
the least with an average cycle of 3 times and 85% activity. From this data, therefore, it is
evident that while platinum and palladium have high returns, the former offers more
predictable returns in the long run.

18
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Table 5: Catalyst Reusability

Catalyst Type Reusability (Cycles) Activity Retention (%) Selectivity Retention (%)
Platinum 5 95 93
Gold 4 90 88
Palladium 6 97 95
Copper 3 85 83
Iron Oxide 7 92 90

Figure 5 Environmental Impact (Energy and CO:)

Environmental Impact (Energy and COs)
|

g)

1k

100 |

ons (kg

J: Emissi

Energy (kWhikg) / CC

Palladium Copper iron Oxide

Q

Patinum Golt¢

The reusability of catalysts can be, therefore, illustrated in a dynamic cycle as depicted in

figure 5 and the palladium example. This way, the visual highlights long-term performance of
19
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nanoparticles, and with the help of color variations showing the retention percentages

observed in several cycles.
6. Catalyst Activity Over Multiple Cycles

In Table 6, the catalyst activity is documented as the number of cycles in order to determine
the extent of catalyst deactivation. Platinum has the highest activity rate of 100% in the first
cycle, and by the seventh cycle, it has reduced to 75%. Palladium also loses its activity after
the reactions, although it also remains quite active even after several cycles of the reaction
Gold and palladium show similar changes in their activity over the cycles of the reaction. The
results indicate that Cu has the highest reduction in activity where it deteriorates to 65% by

the seventh cycle.

Table 6: Catalyst Activity Over Multiple Cycles

Cycle No. | Platinum (%) Gold (%) | Palladium (%) Copper (%) Iron Oxide (%)
1 100 100 100 100 100

2 95 94 97 89 96

3 92 91 95 85 93

4 90 89 93 80 91

) 85 84 90 75 87

6 80 80 88 70 83

7 75 77 85 65 80

Figure 6 Environmental Impact (Water and Waste)
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Environmental Impact (Water and Waste)
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The flowchart in figure 6 illustrates this in terms of the cycle and activity of the catalysts
where the symbols are nanoparticles being reused and increasingly vibrant with each cycle.
This figure gives the user a feel of when some catalysts are gradually slowing down in

activity while others remain quite active.
7. Surface properties (XPS, BET, and TEM results)

Table 7 gives an outline of surface characteristics of the nanoparticles, XPS binding energy,
BET surface area, TEM average size, and pore volume are compared. The highest surface
area belongs to platinum and palladium, 120 and 140 m?#/g, respectively; at the same time, the
average particle size of gold reaches 10 nm. The binding energy values parsed out from XPS
reveal the way of bonding of the metallic species and the TEM analysis confirms that the
average particle size of platinum and palladium is lesser compared to other catalysts due to
which it has more and faster interaction with the reactants.

21



Nanoparticle-Engineered Catalysts for Green Chemistry...

Table 7: Surface Characterization (XPS, BET, and TEM Data)

Catalyst XPS Binding Energy | BET Surface Area TEM Average Size | Pore Volume
Type (eV) (m?/g) (nm) (cm3/g)
Platinum 72.3 120 4.5 0.25

Gold 83.1 150 10 0.3
Palladium 75.4 140 5.2 0.28

Copper 79.2 110 3.8 0.22

Iron Oxide 55.6 130 6.5 0.26

Figure 7 Catalyst Activity Over Multiple Cycles (Heatmap)

22




Global Research journal of Natural Science and Technology (Grinst) Volume 3 Issue 2 (2025)

Catalyst Activity Over Multiple Cycles (Heatmap) g
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Figure 7 depicts an artistic view of surface characterization of nanoparticle recognized by
XPS, BET and more observed through TEM at the background of molecules including in the
interaction with nanoparticle surfaces. This visual helps to illustrate how the surface
characteristics and qualities as well as size affect catalytic catalysis.

8. Environmental Impact Assessment (LCA Results)

An overview of the environmental cost of each catalyst is given in Table 8, which includes

energy use, CO: emissions, water usage, and waste material. For example, Platinum requires
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120 kWh/kg and emmits 2.1 kg of CO: per kilogram of the catalytic material. Obviously,

gold does consume the highest amount of energy with 150 kWh/kg and has similarly high

CO: emissions. Iron oxide, as much as it releases a lesser quantity of CO: it consumes energy

during the creation process of power. These findings indicate that even as platinum and

palladium are scientifically superior as catalysts to iron oxide, they are more of a concern to

the environment since they pollute it more than the latter.

Table 8: Environmental Impact Assessment (LCA Results)

Catalyst Energy Consumption | CO: Emissions Water Consumption | Waste Generation
Type (kWh/kg) (kg CO2/kg) (L/kg) (kg/kg)

Platinum 120 21 35 0.05

Gold 150 24 40 0.06

Palladium | 140 2.3 38 0.05

Copper 110 2.2 33 0.04

Iron Oxide | 130 2.0 36 0.05

Figure 8 Catalyst Selectivity Over Multiple Cycles (Styled Heatmap)
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Catalyst Selectivity Over Multiple Cycles (Styled Heatmap) -
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Figure 8 is illustrated to portray how the environmental impact of nanoparticle catalysts is
manifested by other icons of the environment and sustainability. Literally, the figure
compares energy, CO2 emission, and water consumption for various catalysts, enabling the

comparison of catalytic performance and sustainable requirements.
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From analyzing the findings and conclusions that were highlighted in this paper, it is evident
that the applications of nanoparticle catalysts, especially platinum, palladium, and gold are
more efficient, selective, and reusable in catalytic reactions. Although these catalysts exhibit
high efficiency in hydrogenation, oxidation, and carbon-carbon coupling reactions, their
effect on the chemical environment is a major factor in discussing their mass utilization. At
the same time, catalysts such as iron oxide while being slightly less effective in the process,
use less energy and produce fewer emissions compared to the conventional method. The
outcomes highlight the crucial role of the catalyst’s efficiency to the overall goal of designing

green chemistry materials and methods.

Discussion

Nanoparticle-engineered catalysts have recently emerged as prominent in the field of green
chemistry as they are efficient, selective and environmentally friendly for use in industrial
processes. This work focused on the description of the catalytic activity of various
nanoparticle catalysts such as platinum, gold, palladium, copper, and iron oxide for
hydrogenation, oxidation, and carbon-carbon coupling reactions. The outcome revealed that
compared to the conventional catalysts, nanoparticle catalysts mainly including platinum and
palladium have enhanced the reaction efficiencies including the rate, selectivity and recycle
level. However, there are three major problems associated with these materials which include
the effects on the environment, the cost and the ability to upscale for industrial uses. The
critique of the findings from the results section as well as comparing it with the literature is
done and relates the topic with green chemistry and sustainable industrial practices.

Catalytic Performance and Efficiency

The results of this investigation are in concordance with other studies that have shown that
platinum, palladium and gold have high catalytic efficiency due to their size, surface area and
electronic structure. Nanoparticles contain more active sites per volume than conventional
materials since they offer a large surface area to volume ratio, which would enhance the
adsorption of reactants hence hastening the rate of reaction. The hydrogenation reactions

indicated that the platinum nanoparticles had the highest turnover number of 85% and the
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highest selectivity of 95%. Bulk platinum has been substantiated to be highly efficient as well
as selective in the literature; particularly in hydrogenation reactions where nanoparticles’
electronic structure provides enhanced catalytic efficiency as compared to bulk platinum (Li
et al, 2021).

Catalytic application of palladium nanoparticles was equally impressive through yielding
97% selectivity in hydrogenation reactions. Palladium has been known for hydrogenation
reactions and its high activity towards hydrogenation of alkenes and alkynes can be ascribed
to its ability to activate hydrogen molecules effectively, this is according to Feng and his
colleagues (Feng et al., 2019). The evidence provided in this study also supports the
previously identified role of palladium as an effective catalyst for hydrogenation, especially
in the use of nanoparticles as the increased surface area and improved additional states spur

more reaction.

In hydrogenation reactions, gold nanoparticles are found to be slightly less effective in both
conversion (78%) and selectivity (89%) compared to other reactions yet they outcompete
bulk gold catalyst which is often analysed for its ineffectiveness in the hydrogenation
reactions. The differences in reactivity can be explained by the formation of bigger clusters,
as well as the differences in electronic structure of the cluster which are not observed in case
of bulk gold (Wang et al., 2020). Oxidation reactions have been demonstrated to undergo at
exceedingly high rates over gold nanoparticles, and results obtained in this research study
confirm this notion with ’Gold having greater preference compared to that of copper and

iron oxide” in the oxidation processes (Miinster et al., 2018).

However, the selectivity of copper and iron oxide nanoparticles was much lower in
hydrogenation and oxidation reactions; while copper was synthesized at 65% in
hydrogenation and 72% in oxidation. The reason stating that copper possesses comparatively
inferior catalytic activity can be attributed to the fact that copper forms phases of lower
reactivity at reaction conditions due to which its behavior is less effective than precious
metals like platinum and palladium (Nayak et al., 2019). However, new applications of

copper nanoparticles are still relevant mainly for certain reactions because of the low cost and
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availability of copper, as well as potentially more environmentally friendly catalytic

processes (Barman et al., 2020).
Catalyst Reusability and Stability

Among the benefits of using nanoparticle catalysts it is pertinent to mention their ability to be
reused. Here, the reusability of the developed palladium nanoparticles was the highest with
only 3% loss of activity post six cycles; whereas platinum exhibited only 5% loss of activity
after five cycles. Catalyst stability and reuse is always important for industrial applications
because the continuous production requires less frequency of catalysts’ replacement, which
also ensures that the world is protected from the wastes that are likely to be produced from
the many catalysts required. Palladium has the advantage of being highly reusable due to its
stability under reaction conditions, which results in minimal aggregation and sintering of the
catalyst during different catalytic cycles as noted by Burgess et al., 2019.

Growth of Platinum nanoparticles was successfully achieved and comparable to that of
palladium, which also showed good stability although its reusability was slightly low than
palladium. Such a slight decrease in activity after multiple cycles may be ascribed to cluster
formation of platinum or leaching of the platinum atoms into the solution, which is a typical
problem of noble-metal catalysts (Sanchez et al., 2020). However, the high endurance of
platinum at optimal catalytic turnover confirmed convenience to long-lasting industrial uses,

particularly in energy and fine chemical applications.

Copper based nanoparticles were less reusable and their activity was observed to be 85%
after the third cycle. This is in agreement with the previous studies that have established that
copper nanoparticles are highly sensitive to the temperature and are prone to aggregation and
sintering at high temperatures hence has a high probability of losing its surface area leading
to low catalytic activity, as observed by Wang et al, 2020. This means that the relative
recyclability of copper is a drawback that must be override if this metal is to be used
analogue- scale catalytic processes. Measures like anchoring copper nanoparticles on stable
support systems or altering the surface properties to avoid aggregation could help enhance
their stabilities and recyclability (Zhang et al., 2020).

28



Global Research journal of Natural Science and Technology (Grinst) Volume 3 Issue 2 (2025)

Surface Characterization and Catalyst Design

These data, given in Table 7, can be considered as a further characterization of the surface of
enzymes and shed light on the factors affecting the MPG of nanoparticles. The XPS binding
energy, BET surface area, and TEM analysis show that platinum and palladium nanoparticles
possess the least size (4.5 nm and 5.2 nm) and have the maximum surface area (120 m2/g and
140 m#g). These characteristics make them exhibit high catalytic activity since the reaction
rate is directly proportional to the number of active sites available for the adsorption of
reactants where the use of small nanoparticles provides many of such sites. The BET surface
area is proportional to the number of active sites on the catalyst surface and due to the high
surface area of platinum and palladium nanoparticles, the catalytic activity is high (Zhao et
al., 2021).

These TEM images also support the fact that the size of platinum and palladium nanoparticles
is smaller in comparison to other catalysts and this is the reason why these species are more
active. It has been established that the nanoparticle size plays an important role in enhancing
catalytic properties where smaller particles use its larger surface area as well as having
different electronic status as compared to its larger counterparts (He et al., 2019). It is
imperative to point out that the size of the nanoparticles and their distribution is a critical

factor in influencing the overall catalyst efficiency.
Environmental Impact and Sustainability

However, while these catalysts using platinum and palladium nanoparticles demonstrate great
performance, one must consider the consequences of their usage on environmental conditions
when determining their applicability in an industrial setting. The life cycle assessment LCA
has shown in the table below that platinum nanoparticles are the most energy-intensive with a
value of 120 kWh/kg Au and gold nanoparticles with 150 kWh/kg Au while both the
materials have a high value of CO: emission of 2.1kgCO:/k and 2.4kgCO:/k of Au
respectively. This is in line with the high energy costs in synthesizing platinum and gold
nanoparticles as these require time-honored and energy-intensive processes (Miller et al.,
2020).
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However, copper and iron oxide are comparatively less damaging with iron oxide being the
least with regard to CO: emissions (2.0 kg CO»/kg) and energy intake (130 kWh/kg).
Nonetheless, copper is somewhat costlier in terms of energy consumption than iron oxide; in
showdown to platinum and gold, the metallic is serene and more sustainable in applications
where cost plays a major role. Due to their reduced toxicity as compared to other metallic
nanoparticles, copper and iron oxide NPs are suitable for green chemistry applications where

environmental concerns are paramount (Sanchez et al., 2020).

In conclusion, the present findings demonstrate that nanoparticle engineered catalysts but
focused on platinum, palladium and gold offers several benefits in green chemistry
applications. These catalysts have higher efficiency in conversion, selectivity, and
recyclability for their usage in energy supply, synthesis of fine chemicals, and degradation of
hazardous compounds. However, mere usage of the platinum and palladium as a catalyst has
its drawbacks for which better suited alternatives such as copper/iron oxide have to be
researched employing lower eco- impacts. Future advancements in stabilizing these catalysts,
attempting more robust catalyst preparation, and reducing the costs of synthesizing these
catalysts will help realize the utility of these catalysts in industry more fully in the future.
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