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Abstract
Chromatography has undergone significant evolution as a robust separation technique, adapting to

meet the demands of various scientific and industrial applications. This review delves into both
traditional and modern chromatographic methods, exploring their foundational principles, recent
advancements, and applications across fields like pharmaceuticals, environmental monitoring, and
food safety. Modern technologies like gas chromatography-mass spectrometry (GC-MS), two-
dimensional liquid chromatography (2D-LC), and ultra-high-performance liquid chromatography
(UHPLC) have significantly increased the accuracy of speed and sensitivity of analytical processes,
allowing for complex sample examination with greater precision. Chromatography use in natural
product research is investigated., along with emerging trends like eco-friendly chromatography and
portable miniaturized systems. Additionally, this review provides a comparative analysis of key
chromatographic techniques—such as gas chromatography, thin-layer chromatography, and high-
performance liquid chromatography —to direct method selection according to analytical goals.
Finally, future perspectives are discussed, such as the integration of Machine learning and artificial
intelligence in data interpretation, which promises to further expand the versatility and applications
of chromatography.

Keywords - Chromatography, including thin-layer, column, and paper chromatography; ion
exchange; surface adsorption; partitioning; and size exclusion.

INTRODUCTION

Chromatography is a fundamental analytical method for separating, identifying, and measuring
components within a mixture. The method, which was initially developed by Mikhail Tsvet in the
early 1900s, is determined by the allocation of various chemicals between two phases: a a mobile
phase and a sedentary phase. As they interact with each phase, the compounds in a sample separate
according on particular physical and chemical properties, such as polarity, charge, or molecule size.

This method has become invaluable across numerous scientific areas, including pharmaceuticals,
environmental science, food chemistry, and biotechnology, where accurate separation and analysis of
complex mixtures are crucial !
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Figure 1: Branches of Chromatography
One essential biophysical method is chromatography, which facilitates the components of a mixture
are separated, identified, and purified for both qualitative and quantitative reasons. For instance,
Proteins can be separated according to their net charge, size, and shape. surface hydrophobicity, and
binding affinity to the stationary phase. Among the molecular characteristics and interaction types
that are crucial to important separation strategies are ion exchange, surface adsorption, partitioning,
and size exclusion processes. Other types of chromatography, like paper, thin-layer, and column
chromatography, are differentiated by the stationary bed that is employed.[?!
Chromatography
The method of chromatography is used to separate the components of a mixture, or solutes, based on
the proportions of each solute dispersed between a fluid stream known as the mobile phase and a
stationary phase. [}
Basic Principle of Chromatography
The chromatography principle is based on the fact that components in a mixture are distributed
differently across t affinity for the stationary phase. o phases: a stationary phase and a mobile phase.
The stationary phase, which is a fixed substance (solid or liquid) that interacts with the components,
is traversed by the mobile phase, which carries the sample mixture across it.
Components in the sample mixture have varying affinities for each phase, resulting in differences in
migration rates through the stationary phase. This difference in movement allows for the separation
of each component based on specific characteristics, such as polarity, charge, size, and solubility.
Several types of chromatography operate on these fundamental principles but use different
mechanisms for separation Adsorption chromatography, for instance, separates substances according
on how well they stick to the phase that is stationary. In partition chromatography, the components'
relative solubility dictates the separation procedure. In ion-exchange chromatography, which is
dependent on the charge of molecules, ions in the sample are attracted to oppositely charged sites on
the stationary phase [
In general, the type of mixture and the unique characteristics of its constituent parts determine which
chromatographic technique is best. Chromatography enables accurate separation, identification, and
quantification of compounds in complicated mixtures by choosing the right stationary and mobile
phases. ]
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Paper Chromatography

Paper chromatography is a technique used in analytical chemistry to separate dissolved compounds
by taking advantage of differences in how quickly they migrate over paper sheets. !’

It's a cheap, highly efficient analytical instrument with minimal material requirements. Applying the
test solution or sample to one corner of a filter paper sheet is the procedure. In paper chromatography,
a small portion of the mixture to be divided is positioned on a strip of chromatography paper. After
that, the paper is submerged in a solvent. at the bottom edge, which causes capillary action to move
up the paper!®!

Principle of Paper Chromatography

The following explains how this principle works:

Stationary Phase

The chromatography paper itself, which is usually composed of cellulose, serves as the stationary
phase in paper chromatography. The paper has a porous structure that can adsorb components of the
mixture to varying degrees™’!

Mobile Phase

A mixture of solvents or a solvent that passes through the paper through capillary action is referred
to as the mobility phase. As it moves along the paper, the sample is carried by this solvent.
Differential Affinity

Disparities in the components' affinities for They separate as a result of the fixed and mobile phases.
Each component of the combination interacts in a different manner with the mobile phase and the
stationary phase.

Solubility

As the solvent rises, components that are In the mobile phase, more soluble will travel up the paper.
o Adsorption: Components that adhere more securely to the stationary phase migrate more slowly.
Capillary Action

Capillary action propels the solvent up the paper, enabling it to transport the dissolved materials along
with it. The various components start to split according to their rates of movement as the solvent front
moves forward. 1!

Separation

As a result of the different interactions between the mobile and stationary phases, the components of
the mixture travel varying distances along the paper, creating distinct spots or bands. Each spot
corresponds to a different component, and the distance travelled by each component can be measured
and analysed.
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Retention Factor (Rf)
The effectiveness of the separation can be quantified using the retention factor (Rf), which is
calculated as the ratio of the distance travelled by the substance to the distance travelled by the solvent

front. This value is unique for each compound under specific conditions, allowing for identification
[11]
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Figure 2: Paper Chromatography
Types of paper chromatography
Depending on the processes and techniques employed for separation, paper chromatography can be
divided into multiple types. The main kinds are as follows:
Ascending Paper Chromatography
The sample is applied near the bottom, and as the solvent rises, it carries the mixture components
with it, separating them according to their affinities for the stationary phase and the solvent.
Descending Paper Chromatography
In this method, the paper is positioned vertically, with the sample spot at the top. The solvent flows
downward through the paper by gravity. Although less commonly used than ascending
chromatography, this approach can be advantageous for specific applications.
Radial Paper Chromatography
Also referred to as circular chromatography, this technique involves placing the sample in the
center of a circular piece of paper. The solvent moves outward from the center in a radial manner.
This method is particularly useful for separating small sample sizes and provides a clear visual
representation of the components' movement.
Two-Dimensional (2D) Paper Chromatography
This approach entails conducting two separate chromatography runs at right angles to one another
on the same paper. After completing the first run and drying the paper, a second solvent is applied.
This allows for more complex mixtures to be separated using two different solvent systems.
Affinity Paper Chromatography
In this type, the stationary phase is modified to include specific ligands that selectively interact with
certain components in the mixture. This enables the separation of substances based on specific
binding interactions, making it particularly useful for purifying proteins or other biomolecules.
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Ion-Exchange Paper Chromatography

This technique focuses on separating ions based on their charge. The stationary phase is modified to
carry charged groups that interact with the ions in the sample. Components are separated according
to their affinity for the charged sites on the paper!'?!

Advantages of Paper Chromatography

Paper chromatography presents numerous advantages that contribute to its popularity in various
analytical applications. Here are some notable benefits:

Simplicity

The technique is easy to execute and requires minimal specialized equipment, making it accessible
for educational settings and smaller laboratories.

Cost-Effectiveness

Compared to other chromatographic methods, paper chromatography is relatively low-cost. The
materials needed, such as chromatography paper and common solvents, are widely available and
affordable.

No Specialized Equipment Required

Unlike gas chromatograph and high-performance liquid chromatograph, paper chromatography does
not require expensive or complicated equipment, allowing for quick and efficient analysis without a
significant financial investment- 113

Versatility

The ability of this approach to effectively separate a broad range of substances, such as pigments,
biomolecules, and small organic compounds, makes it valuable in a number of fields, including
biochemistry, environmental science, and food analysis.

Visualization of Components

Paper chromatography offers a clear visual display of separated components, facilitating easy
identification based on their migration distances. UV-active materials can be viewed under UV light,
and coloured compounds are readily visible.

Simultaneous Analysis of Multiple Samples

Multiple samples can be applied to a single piece of chromatography paper, allowing for efficient
analysis and comparison of different components within the same experiment.

Minimal Sample Volume Required

The technique needs only small quantities of sample, making it suitable for precious or limited
materials, such as plant extracts or biological specimens.

Educational Utility

Due to its straightforward nature and effectiveness, paper chromatography is commonly used in
educational laboratories to illustrate the principles of separation and analysis{!#

Thin Layer Chromatography

Thin layer chromatography a widely used technique for sorting and analysing mixtures according to
their differing affinities for a mobile phase. It is especially useful for qualitative chemical analysis in
organic chemistry and biology. !°!

Principle

TLC works on the basis of adsorption chromatography, in which a glass, plastic, or aluminium A
stationary phase, typically a thin layer of an adsorbent material (such as alumina or silica gel), is
applied to the plate. The mobile phase, which is a solvent or mixture of solvents, penetrates the
stationary phase by capillary action. 6]
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Figure 3: TLC Chromatography
GAS CHROMATOGRAPHY
Gas chromatography one of the most effective analytical techniques detecting, quantifying, and
separating chemicals in a sample. It is frequently used to analyse gases, liquids, and volatile solids in
the fields of chemistry, and environmental sciences. In GC, an inert gas typically nitrogen or helium
vaporizes a sample and transports it through a stationary phase in a long, thin column. [”]
Principle
Gas chromatography (GC) is a very practical analytical technique for detecting, measuring, and
separating volatile compounds in a sample. In the fields of chemistry, biology, and environmental
sciences, it is frequently used to analyse volatile solids, gases, and liquids. An inert gas, usually
nitrogen or helium, vaporises a sample and transports it through a stationary phase in a long, narrow

column in gas chromatography (GC). ['®!
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Figure 4: Gas Chromatography

Advantages of gas chromatography

High Sensitivity and Accuracy

GC can detect minute quantities of compounds with precision.

Rapid Analysis

GC allows for quick separation and identification, making it a fast analytical method.
Dual Analytical Capability

GC provides both qualitative and quantitative information about the sample.
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Adaptable Detection

GC can be paired with different detectors, such as mass spectrometers, to improve detection and
analysis of complex mixtures. 1]

Column Chromatography

Column chromatography fundamental separation method used in biology and chemistry to
isolate, identify, and purify molecules from mixtures. Its ability to separate chemicals based on
they react to stationary and a mobile phase is what makes it useful in industry, research, and
pharmaceutical development. 2!
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Figure 5: Column Chromatography
Column Chromatography principle

Q%ﬁ

Column chromatography functions on adsorption principles, where components of a sample
separated based on distinct affinities (2!}

Types of Column chromatography

Adsorption Chromatography

Based on exchanges with the stationary phase surface, separating compounds by their adsorption
strength.

Partition Chromatography

This method use charged stationary to separate ions according on their charge. Gel Filtration
(Exclusion of Size) Larger molecules elute more quickly than smaller ones in chromatography, which
separates molecules according to size. (%!

Advantages of Column Chromatography

Purifying Compounds

Widely used for purification in organic synthesis, pharmaceuticals, and biochemistry.

Isolating Active Ingredients

Extracts active compounds from plants, essential oils, and complex natural mixtures.

Sample Preparation

Acts as a preparative step to clean or concentrate samples before additional analysis like mass
spectrometry.

Drug Testing and Quality Control

Ensures purity in pharmaceutical production by separating impurities from drug compounds.
Environmental Analysis

Isolates and examines contaminants, pesticides, and pollutants in soil and water samples.
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Food Analysis

Separates additives, preservatives, and flavor compounds in food products.

Ion Exchange Chromatography

Ion exchange chromatography potent separation method that extracts ions and polar compounds from
a sample by using charge interactions. It is especially valuable in biochemical and environmental
applications, including the purification of proteins, amino acids, and nucleotides, as well as in water
treatment processes.

Principle

The fundamental idea behind The reversible exchange of ions between the charged (sample solution)
is known as ion exchange chromatography. which is an ion exchange resin. lons in the sample with
opposing charges are drawn to and bound by the charged groups in this resin.
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Figure 6: lon Exchange Chromatography

Capillary Chromatography

Capillary chromatography is a highly sensitive separation technique that utilizes narrow-bore
columns, known as capillaries, to isolate and examine chemical substances in minute amounts. This
method is particularly useful in analytical chemistry, environmental monitoring, and pharmaceuticals
due to its ability to provide high resolution and efficiency with minimal sample volumes.

Principle

The partitioning or adsorption of substances between the fundamental concept of capillary
chromatography is based on inside the capillary column. Because of the decreased band broadening
caused by the capillary's tiny diameter, the separation process is more efficient. [2*!

Applications

Analytical Chemistry

Capillary chromatography is widely employed in many chemistry domains to analyse small sample
quantities, which makes it perfect for researching complicated combinations.

Environmental Monitoring

This method provides useful information for environmental evaluations by identifying pollutants and
contaminants in environmental samples, including soil, water, and air.

Pharmaceutical Analysis
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To ensure product quality and safety, capillary chromatography is utilised in the pharmaceutical
business for the separation and quantification of active medicinal components.

Food and Beverage Testing

Capillary chromatography helps analyze flavor compounds, preservatives, and contaminants in food
and beverage products, supporting quality control and safety regulations.

Biochemical Research

Technique is useful analysing proteins, amino acids, and nucleotides, which helps with genetics,
molecular biology, and biochemistry research: 24

Advantages

High Sensitivity

The small sample size and efficient separation provide high sensitivity, making it suitable for trace
analysis.

Reduced Solvent Consumption

The narrow columns require less mobile phase, making it a more environmentally friendly option.
Rapid Analysis

Shorter analysis times due to the high efficiency and low dispersion of compounds.

Enhanced Resolution

The small diameter of capillary columns minimizes band broadening, resulting in better separation
and resolution of compounds. %!
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Figure 7: Capillary Chromatography

Supercritical Fluid Chromatography

Supercritical fluid chromatography a sophisticated chromatographic technique that separates and
analyses a wide range of compounds using supercritical fluids as the mobile phase.

This technology is particularly adept at handling

Principle

Supercritical fluids, which exist above their critical temperature and pressure and have characteristics
of both gases and liquids, are the basis for SFC's operations. Effective solvation and analyte transport
through the stationary phase are made possible by this special condition. 2]

Advantages of Supercritical Fluid Chromatography

High Efficiency

SFC allows for rapid separations due to the high diffusivity and low viscosity of supercritical fluids,
resulting in shorter analysis times compared to conventional methods.

Reduced Solvent Usage:
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Utilizing supercritical CO: significantly cuts down solvent consumption, positioning SFC as an eco-
friendlier alternative.

Enhanced Resolution

Superecritical fluids' special properties improve complex mixture resolution and separation efficiency.
Versatility

SFC is appropriate for a range of applications since it can analyse a vast number of chemicals, from
small organic molecules to bigger macromolecules. 2]
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Figure 8: Supercritical fluid chromatography
Size-Exclusion Chromatography (SEC)
This method is particularly valuable in biochemistry and polymer science for purifying proteins,
polysaccharides, and synthetic polymers. [28]
Principle
The differential permeation of molecules through a porous stationary phase is the fundamental idea
of SEC. Usually, the stationary phase is made up of porous beads that form a network of pores that
let in smaller molecules while keeping out bigger ones.
Advantages
Gentle Separation: Because SEC is a non-destructive technique, it can be used with delicate
biomolecules and guarantee that their functional integrity is preserved.
High Resolution
This method offers separations with high resolution, especially for intricate mixes of molecules of
different sizes.
Easy Sample Preparation
SEC usually calls only little sample preparation, and the procedure is uncomplicated, making it
simple to scale up for high sample volumes.
Versatile Applications
SEC is a flexible technique in many scientific domains because it may be used with a broad variety
of synthetic polymers and biomolecules.
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Figure 9: Size-exclusion chromatography

Ultra-High-Performance Liquid Chromatography (UHPLC)

This technology has become more and more important in a variety of industries, such as medicines,
environmental analysis, and food safety. (]

Principle

Although the fundamental idea of UHPLC is identical to that of HPLC, it uses smaller particles and
higher pressures in the stationary phase to improve separation efficiency and shorten analytical times.
[30]

Advantages of Ultra-High-Performance Liquid Chromatography

Enhanced Speed

More samples may be processed in less time because to the utilisation of smaller particles and higher
pressures, which drastically cut down on analysis times.

Improved Resolution

UHPLC's improved separation capabilities allow for the resolution of compounds that elute closely
together and increase the sensitivity of detection.

Less Solvent Consumption

UHPLC's efficiency makes it possible to use less solvent, which is more economical and
environmentally benign.

Versatility

UHPLC is appropriate for a variety of applications in diverse disciplines due to its ability to analyse
a broad spectrum of substances, from small organic molecules to big macromolecules. !
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2D Chromatography
By wusing two different separation procedures, two-dimensional chromatography (2D
chromatography) is a sophisticated analytical method that improves the separation capabilities of
conventional one-dimensional chromatography. This method works especially well for examining
complicated mixes that comprise a variety of constituents, such as proteins, lipids, and tiny molecules.
[32]
Principle
The key principle behind 2D chromatography involves conducting two separate chromatographic
separations in sequence, each based on different physicochemical properties of the analytes. This dual
methodology allows for greater resolution and the ability to separate components that might be
challenging to resolve using a single-dimensional approach. 3
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Figure 11: Two-dimensional chromatography
Advantages of Two-Dimensional Chromatography
Enhanced Resolution
2D chromatography greatly improves separation efficiency by utilizing two orthogonal separation
mechanisms, resulting in better resolution of complex mixtures.
Comprehensive Analysis
By enabling the simultaneous examination of several elements with different characteristics, this
technique offers a more thorough comprehension of the sample composition.
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Flexibility

2D chromatography can be tailored to a variety of applications by researchers by allowing them to
alter the two dimensions of separation according to the unique properties of the analytes.

Enhanced Sensitivity

2D chromatography's sequential structure can improve sensitivity, making it easier to find low-
abundance chemicals in complicated samples ¥

CONCLUSION

While thin-layer chromatography (TLC) enables rapid qualitative analysis, paper chromatography
offers a straightforward and economical technique for separating small amounts of chemicals. Gas
chromatography (GC) is frequently used in environmental and food safety applications and is
particularly good at analysing volatile chemicals. Liquid chromatography (LC), particularly its high-
performance form (HPLC), is crucial for complex mixture separation and pharmaceutical analysis.
The integration of two-dimensional chromatography enhances separation capabilities, making it
particularly valuable in fields like proteomics and metabolomics, where complex biological samples
require detailed analysis. Meanwhile, techniques like ion exchange and size-exclusion
chromatography offer specialized methods for separating ions and large biomolecules, respectively.
The continued evolution of these chromatographic methods, characterized by improvements in
resolution, sensitivity, and speed, promises to further enhance their applications across various
scientific disciplines. As researchers strive for greater accuracy and efficiency in analysis, these
chromatographic techniques remain pivotal in advancing our understanding of complex mixtures in
pharmaceuticals, environmental science, food safety, and beyond.
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