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Abstract: Catalysts are substances that accelerate chemical reactions without
being consumed in the process. They are fundamental in modern chemical industry,
environmental protection, and biological systems. This paper discusses the
classification of catalysts, their mechanisms of action, and their industrial significance.
Additionally, recent advances in nanocatalysis and sustainable catalytic systems are
reviewed.
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1. Introduction

Catalysis is a core principle in chemistry that significantly improves reaction
efficiency and selectivity. A catalyst lowers the activation energy required for a
reaction, allowing it to proceed faster without being permanently altered. In modern
industry, more than 80-90% of chemical processes depend on catalytic systems,
highlighting their importance in economic and sustainable production.

The development of catalysts has enabled large-scale production of fertilizers,
fuels, polymers, and pharmaceuticals while reducing energy consumption and
environmental impact.

2. Classification of catalysts

2.1 Homogeneous catalysts

Homogeneous catalysts operate in the same phase as reactants, usually in liquid
solutions. They provide high selectivity and uniform reaction conditions.

Types of catalysts

Examples:

« Acid-base catalysis in ester hydrolysis

« Transition metal complexes in organic synthesis
Advantages:

« High selectivity

« Easy control of reaction conditions
Disadvantages:

« Difficult separation from products

« Limited reuse
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Catalysts: Mechanisms, Types, and Their Industrial Applications

Catalysts are substances that increase the rate of a chemical reaction without being consumed in the process.
They lower the activation energy, provide an alternative reaction pathway, and improve selectivity and efficiency.

1. WHAT IS A CATALYST? 2. MECHANISM OF CATALYSIS

Uncatalyzed General steps:
reaction

_______ I Ea
(uncat)
Ea
(cat)

3. TYPES OF CATALYSTS

Homogeneous Catalysts

In the same phase as reactants
(usually in solution).

Example: H,SO, in esterification

« Increases reaction rate A

Reactants adsorb on the catalyst surface

Not consumed or permanently

changed Bonds weaken / new bonds form

Works in small amounts Products desorb from the surface

Energy

Heterogeneous Catalysts
In a different phase; usually solid
catalysts in gas or liquid reactions.

(-

Highly selective Catalyst is regenerated

+ Reduces energy requirement Reactants (1) ) ) (3} 0o Example: Fe in Haber process
« Environmentally friendly Products Enzyme (Biocatalysts)
g o eT ’° — Naturally occurring proteins that

catalyze biological reactions.
Example: Amylase in starch breakdown

— — -
Reaction progress ‘ %
Catalysts provide an alternative pathway m m w

with lower activation energy (E,).

Organocatalysts

Organic molecules that catalyze
reactions.

Example: Proline in aldol reaction

@ ReactantA @ ReactantB (@) Product (@) Catalyst surface

4. INDUSTRIAL APPLICATIONS
| A : |

Haber Process ‘ Contact Process F ive Catalytic | Petroleum Refining 5. IMPORTANCE OF CATALYSTS

(Ammonia Production)
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(Cracking)

° Increase efficiency and reduce energy consumption
0 Enable reactions under mild conditions

0 Improve product selectivity and yield

— . O Reduce waste and environmental impact
N, + 3H, = 2NH, 250, + 0, = 250, R-CH=CH-R + H, » R-CH,-CH,-R | 2C0+2NO —=2C0, + N, | ¢ H_, — CgH,q + CgHyg
C,H, + 0, = CO, + H,0 @ Essential in chemical, pharmaceutical,
etroleum, and environmental industries
Catalyst: Fe (with K,0, Al,05) Catalyst: V,05 Catalyst: Ni Catalyst: Pt, Pd, Rh Catalyst: Zeolites P!
Use: Fertilizers, chemicals Use: H,S0, manufacture Use: Food industry Use: Reduces vehicle emissions ~Use: Gasoline production

@ Catalysts are the heart of modern chemical industry—driving sustainable, economical, and efficient processes.

2.2 Heterogeneous catalysts
Heterogeneous catalysts exist in a different phase, commonly solids interacting
with gas or liquid reactants.
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Examples:

« Iron catalysts in the Haber-Bosch process

« Platinum in catalytic converters

« Nickel in hydrogenation reactions

Advantages:

« Easy separation

« High thermal stability

« Reusability

Disadvantages:

« Lower selectivity compared to homogeneous catalysts

« Surface limitations

2.3 Enzyme catalysts (biocatalysts)

Enzymes are biological catalysts that operate under mild conditions and exhibit
extremely high specificity.

Examples:

« Amylase (carbohydrate breakdown)

« Protease (protein hydrolysis)

« Lipase (fat digestion)

Advantages:

« High efficiency

« Environmentally friendly

« Specific reaction control

3. Mechanism of catalysis

The catalytic process involves lowering the activation energy by providing an
alternative reaction pathway.

General mechanism:

1. Reactants adsorb onto catalyst surface (heterogeneous catalysis)
2. Formation of intermediate complex

3. Reaction proceeds with lower energy barrier

4. Products are released and catalyst is regenerated

This relationship shows that the activation energy of a catalyzed reaction is lower
than that of an uncatalyzed reaction.

4. Industrial applications

Catalysts are widely used in industrial chemical processes:

« Ammonia synthesis (Haber-Bosch process): production of fertilizers

« Petroleum refining: cracking long-chain hydrocarbons into fuels

« Polymer industry: production of plastics such as polyethylene and

polypropylene
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« Environmental protection: catalytic converters reduce harmful emissions in

vehicles
These applications demonstrate that catalysts are essential for both economic
efficiency and environmental sustainability.

CHj
2 — +  mixture of dimethylbenzenes
A
r N
methylbenzene benzene CH3
CH;
1,2-dimethylbenzene
CHj
CHj
1,3-dimethylbenzene
CHs

The three dimethylbenzene CH3

isomers are named to show
the positions of the two
methyl groups.

1,4-dimethylbenzene
CHj

Catalysis in industry

5. Nanocatalysis and modern developments

Nanotechnology has significantly advanced catalysis by increasing surface area
and reactivity.

Key features of nanocatalysts:

« High surface-to-volume ratio

« Enhanced reaction rates

« Improved selectivity

« Lower material consumption

Common nanocatalysts include platinum, palladium, and gold nanoparticles used
in energy and environmental applications.

6. Environmental importance

Catalysts play a crucial role in reducing pollution. For example, catalytic
converters in automobiles transform toxic gases such as CO and NOXx into less harmful
substances like CO2 and Na.

This contributes to cleaner air and supports global sustainability goals.
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7. Conclusion
Catalysts are indispensable in modern chemistry and industry. They improve
reaction rates, reduce energy consumption, and enable environmentally friendly
processes. Advances in nanocatalysis and biocatalysis are expected to further
revolutionize industrial chemistry. Future research should focus on developing more
efficient, stable, and cost-effective catalytic systems.
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