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Abstract  

The most common analytical method for detecting, measuring, and separating components in complicated 

mixtures is high-performance liquid chromatography. This review provides a comprehensive demonstration 

of HPLC, including its basic principles, instrumentation, operational modes, and applications in the field 

like pharmaceuticals, environmental analysis, food quality control, and biotechnology. Emphasis is placed 

on the different HPLC modes such as size-exclusion chromatography, reversed-phase, ion- exchange C 

alongside method development, normal-phase optimization validation. 

The article also discusses recent advancements and the integration of HPLC with modern detection 

techniques such as mass spectrometry (HPLC-MS) for enhanced analytical capabilities. 
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INTRODUCTION 

It is a laboratory technique utilized to separate & analyze components of mixture. The principle 

employ passing the mixture through a medium (stationary phase) by using solvent (mobile phase) 

Classification of the HPLC  

It is classified into several parts on the basis of mode of separation, nature of stationary phase & 

type of interaction between the sample & stationary phase. The main classifications HPLC are as 

follows: 

Normal Phase HPLC (NP-HPLC) 

Mobile Phase: Non-polar (hexane) Stationary Phase: Polar (silica) 

Separation Principle: Based on the polarity of the compounds. The polar stationary phase interacts 

more with polar molecules & it moves slowly while non-polar comp. move faster. 

Application: Used for separating compounds like water-soluble vitamins, sugar & organic acid 

Reverse Phase HPLC (RP-HPLC) 

Mobile Phase: Polar (water) Stationary Phase: Non-polar 

Separation Principle: Non-polar comp. Collaborate further with non-polar stationary phase & move 

slower, while polar compounds elute faster. 

Application 

Most commonly used for large number of comp. like pharmaceuticals, biomolecules & lipids. 
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Size Exclusion Chromatography (SEC) / Gel Permeation Chromatography (GPC) 

Stationary Phase: Porous material (like polymers) 

Mobile Phase: Often organic or aqueous solvents to 

Separation Principle: It is based on molecular size of compounds. Smaller molecule get stuck & 

elute later, whereas large molecule elute faster because they can’t fit through the stationary phase 

pore. 

Application 

Used for analyzing polymers, proteins, and other macromolecules. 

Ion-Exchange HPLC (IEX-HPLC) 

Stationary Phase: Charged (cationic or anionic resins) 

Mobile Phase: Aqueous buffer solutions 

Separation Principle: Based on the charge of the molecules. A negatively charged stationary phase 

attracts molecules with a positive charge, and a positively charged stationary phase attracts 

molecules with a negative charge. 

Application 

Ideal for separating charged molecules like amino acids, peptides, proteins, and nucleotides 

Affinity Chromatography (AC) 

Stationary Phase: Specific ligands that bind to the target analyte 

Mobile Phase: Buffers with varying salt concentrations or pH 

Separation Principle: In accordance with the particular way that the ligand attached into the 

stationary phase interacts with the analyte. Some molecules elute, but only those that attach to the 

ligand are kept. 

Application 

Used for purifying biomolecules such as enzymes, antibodies, and receptor proteins. 

Chiral HPLC 

Stationary Phase: Chiral materials capable of differentiating enantiomers 

Mobile Phase: Can be aqueous or organic 

Separation Principle: Separates enantiomers (molecules that are mirror images of each other) 

depending on attraction with chiral stationary phase. 

Application 

Often used in pharmaceuticals to separate and analyze enantiomers of chiral drugs. 

Ultra-Performance Liquid Chromatography (UPLC) 

Similar to HPLC but uses smaller particle sizes (less than 2 µm) in the stationary phase, enabling 

faster and more efficient separations. 

Application 

Used where high throughput and speed are essential, such as in drug development and 

metabolomics.[1] 

Introduction to HPLC  

It is a sophisticated analytical tool that offers high-resolution separations of complex samples. It 

operates under high pressure to push the liquid solvent through a tightly packed column containing 

stationary phase particles, thereby enabling the efficient separation sample depending on stationary 

phase. Since its development in the 1960s, HPLC has become indispensable in numerous industries 

due to accuracy, reproducibility & able to manage broad range of sample types. 
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Principles of HPLC  

HPLC works on principle of partitioning and differential adsorption of sample betn mobile & 

stationary phase. The interval at which component with various 22 affinities for the stationary phase 

will elute from the column. The key factors influencing retention include, 

Polarity of the analytes relative to the mobile & stationary phases. 

Solvent strength & its interaction with both the analytes & stationary phase. Column temp. & flow 

rate of mobile phase. 

Instrumentation in HPLC 

 

 

 

 

 

 

 

 

Figure1: Components of HPLC 

Components 

Solvent Reservoir 

Contains mobile phase that could be a mix. of H2O & solvents like methanol and additives to 

maintain pH or ionic strength. Mobile phase is pumped from reservoir into HPLC system & its 

constitution can vary based on the variety of analysis being performed. Here are some key details 

about solvent reservoirs in HPLC.[2] 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: HPLC-an overview 
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Key Features of Solvent Reservoirs 

Materials 

Solvent reservoirs are typically made of chemically inert materials like glass or Teflon, which can 

resist degradation from a wide variety of solvents (organic or aqueous). 

Capacity 

They come in various sizes, commonly ranging from 500 mL to several liters, depending on the 

volume of solvent needed for a given analysis. 

Filtration 

Solvent is often filtered before being placed in the reservoir to remove particulate matter, ensuring 

smooth flow and protecting the system’s components. 

Degassing 

Degassing is essential to remove dissolved gases (like oxygen) that could form bubbles and interfere 

with the detection or flow of the mobile phase. This can be done using inline degassers or by 

sonicating the solvent before use. 

Types of Mobile Phases Stored in Solvent Reservoirs 

Aqueous Solvents: Such as water or buffer solutions, often used in reverse-phase HPLC. 

Org. Solvents: hexane, methanol which is commonly utilities in various HPLC methods, including 

normal-phase and reverse-phase HPLC. 

Mixtures: Solvent reservoirs often contain mixtures of aqueous and organic solvents in different 

proportions, especially in gradient elution.[3] 

Importance of the Solvent Reservoir 

Purity of Solvents 

It is important that the solvents in the reservoir are of high purity (HPLC- grade) to avoid 

contamination, which can affect the accuracy of the analysis. 

Consistency in Flow 

The solvent reservoir must provide a consistent supply of mobile phase to the pump, as any 

interruption or inconsistency in the flow can affect the reproducibility of the separation and the 

quality of the results. 

Pump 

The pump is critical part dependable for delivering mobile phase to column at a consstant & precise 

flow rate 

Key Functions of the HPLC Pump 

Flow Rate Control 

The pump controls rate of flow of mobile phase, typically between 0.1 & 10 ml per minute, 

depending on the type of HPLC and the specific application. 

Pressure Generation 

HPLC systems operate at high pressures (up to 400 bar or higher for Ultra-Performance Liquid 

Chromatography, UPLC). The pump must generate sufficient pressure to overcome the resistance 

in the column caused by the stationary phase.[4] 

Types of Pumps in HPLC 

Reciprocating Pumps 

Most Common Type in modern HPLC systems. 

Use as mall chamber with a piston to deliver the mobile phase. 

Offers high pressure and a wide flow range. 
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Advantages 

High efficiency, can maintain consistent pressure, and can be used with both isocratic and gradient 

elution 

Disadvantages 

May produce small pulsations, though modern designs minimize this issue with pulse dampeners.[5] 

 

 

 

 

 

 

 

 

 

Figure 3: Reciprocating-pump 

Syringe Pumps 

Use a syringe that pushes the mobile phase at a steady rate 

Advantages 

Very smooth, pulse-free flow 

Disadvantages 

Limited solvent volume (as the syringe must be refilled), typically only used in specialized 

applications like very low-flow micro HPLC. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Syringe pump 

http://www.ijprdjornal.com/


 

 International Journal of Pharmacy and Herbal Technology                                                              Vol.3, Issue 1 

  3230                            www.ijprdjornal.com 

 

  

Constant-Pressure Pumps 

Principle 

Constant-pressure pumps maintain a steady pressure rather than a steady flow rate. Mobile phase is 

delivered at fixed press. & the flow rate can fluctuate based on the system’s resistance (e.g., column 

back pressure). 

Advantages 

Simple design and useful for low-pressure systems. 

Disadvantages 

The flow rate is not constant, and any change in system pressure (due to column blockages or 

solvent viscosity changes) can lead to unstable flow 

Applications 

Less common in modern HPLC systems, but occasionally used in preparative HPLC for certain 

applications where pressure control is more critical than flow rate control.[6] 

 

 

 

 

 

 

 

 

 

Figure 5: Constant pressure pump Types of Elution depends on Pump Operation 

Isocratic Elution 

It is acceptable for simple mixtures where all components elute in a reasonable time under constant 

conditions. 

Gradient Elution 

The pump can mix two or more solvents in varying proportions over time 

Starts with a weak mobile phase (e.g., more aqueous solvent) and gradually increases the proportion 

of a stronger mobile phase (e.g., more organic solvent). 

Gradient elution is used for complex mixtures, providing better separation by improving peak 

resolution and reducing analysis time.[7] 

Features of HPLC Pumps 

Multiple Channels 

Pumps may have multiple channels for gradient elution (e.g., two or more mobile phases mixed in 

precise ratios). 

Programmability 

Modern pumps are programmable, allowing users to set gradient profiles & adjust flow rates during 

analysis. 
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Pulse Dampeners 

Installed in reciprocating pumps to minimize pressure fluctuations & ensure smooth, stable flow. 

Importance of the Pump 

Reproducibility 

A consistent and accurate flow rate ensures reproducible retention times and peak areas, which is 

critical for quantitative analysis. 

Column Protection 

The pump’s ability to generate and maintain appropriate pressure protects the column from damage 

due to excessive pressure fluctuations or surges.[8] 

Injector 

It is the compound which is responsible for initiation of the analyte into flow of mobile phase convey 

it through column for separation. Accurate and precise sample injection is critical for ensuring 

reproducible results and reliable chromatographic analysis. 

Key Functions of the Injector 

Introduction of the Sample 

The injector introduces a defined volm of the analyte solution into MP stream without disrupting 

flow of system. 

Minimization of Dead Volume 

It is designed to minimize dead volume (the space where the sample might linger or mix) to prevent 

sample dispersion, which could affect resolution.[9] 

Types of Injectors in HPLC 

Manual Injector 

In older or simpler HPLC systems, sample injection is performed manually using a syringe 

The sample is injected into a fixed-loop comprises of a rotating valve along with loop of sample 

Advantages 

Simple and cost-effective. 

Disadvantages 

Dependent on the skill of the operator and less reproducible than automated injectors. 

Autosampler (Automated Injector) 

Most Common Type in modern HPLC systems. 

Automatically injects samples from vials placed in a sample tray, reducing manual laborand 

improving reproducibility. 

Advantages 

High reproducibility, precision, and accuracy in sample injection. 

Can handle large numbers of samples, enabling high-throughput analysis. 

Allows for programmed injection volumes and time intervals. 

Eliminates human errors associated with manual injections. 

Disadvantages: More expensive than manual injectors 

Fixed-Loop Injector 

The sample is loaded into a pre-determined volume loop (usually between 1 to 100 µL). 

Advantages 

Simple & reliable, ideal for routine analyses. 

Disadvantages 

Limited to a fixed volume and changing the volume requires changing the loop.[10] 
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Variable-Loop Injector 

Allows for variable sample volumes by adjusting the injection loop size or using partial loop 

injections. 

Advantages 

Provides flexibility in choosing sample volumes 

Disadvantages 

Slightly more complex than fixed-loop injectors, but more versatile for different injection volumes 

Key Considerations in HPLC Injection 

Sample Volume 

Typical injection volumes range from one µl to 100 µL based on type of analysis & detector 

sensitivity. Larger volumes can overload the column, while smaller volumes may not provide 

sufficient detection. 

Minimizing Sample Loss 

The injector design minimizes sample loss during loading and injection to ensure accurate analysis. 

Reproducibility 

Autosamplers, especially, are designed to provide highly reproducible injections, which is important 

for quantitative analysis. 

Advantages of Automated Injectors (Autosamplers) 

Efficiency 

Capable of handling a large number of samples with minimal human intervention 

Precision 

Ensures accurate injection volumes with minimal variability. 

Convenience 

Autosamplers can be programmed for overnight runs or long sequences of injections, making them 

ideal for high-throughput labs. 

Importance of the Injector 

Accuracy 

Precise sample injection is crucial for obtaining reproducible chromatograms and accurate 

quantitative results. 

Compatibility with Detection 

The injector works in conjunction with other HPLC components, especially the detector, to ensure 

reliable data collection.[11] 

Column 

The detachment of the section in a mix. occurs. It involves the stationary phase & is where the 

interaction betn mobile phase (solvent) & analytes (sample components) takes place, allowing for 

their separation based on different chemical and physical properties. 

Key Features of HPLC Columns 

Column Dimensions 

Length 

Typically ranges from 50 mm to 300 mm. 

Internal Diameter 

Varies between 2 mm to 4.6 mm for analytical columns. Narrower columns (e.g., 1 mm) are used 

for specialized applications like micro-HPLC, and wider columns are used in preparative HPLC. 
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Column Material 

Most columns are made up of stainless steel which can withstand high pressures. For specialized 

applications, columns may be made from glass or PEEK (polyether etherketone) to handle certain 

solvents or for biocompatibility.[12] 

Column Temperature Control 

Columns can be placed in a column oven to maintain a controlled temperature during the analysis. 

Temperature control is important because it can affect the viscosity of mobile phase & collaborate 

betn the analytes & SP & ultimately efficiency and reproducibility of the separation. 

Factors Affecting Column Performance 

Efficiency of the column 

Determined using the number of possible plates, which indicates how well a m column can separate 

its constituent parts. Higher efficiency means better separation. Column efficiency is affected by 

particle size (smaller particles give higher efficiency), column length & flow rate of mobile phase 

Column Lifetime 

The column can degrade over time due to factors like high pressure, contaminants in the sample, or 

interaction with aggressive solvents. Regular maintenance and careful selection of compatible 

mobile phases can extend the column’s lifetime.[13] 

Importance 

Selecting the right column type and optimizing operating conditions are essential for obtaining good 

resolution, sensitivity, and reproducibility in HPLC analysis. 

Detector 

The detector is compound responsible for identifying & quantifying detached components as they 

purify from column. It estimates effects of analytes & converts it into an electrical signal, which is 

recorded as a chromatogram. 

Key Functions of the HPLC Detector 

Detection of Eluted Compounds 

The detector monitors the column effluent, identifying compounds as they exit the column based 

on their physical or chemical properties. 

Sensitivity and Selectivity 

The detector should be sensitive enough to detect small quantities of analytes and selective enough 

to respond to specific compounds of interest. 

Compatibility 

The detector should appropriate due to MP & analytes, ensuring no interference from the solvent or 

impurities. 

Types: 

Common types include 

UV-Visible Absorbance: 

Wavelength Range: Typically operates in the 190-800 nm range. 

Types 

Fixed Wavelength 

Detects absorbance at a single wavelength. 

Variable Wavelength 

Allows the selection of different wavelengths for detection. 
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Diode-Array Detector (DAD) 

Simultaneously monitors absorbance over a wide range of wavelengths, providing spectral 

information. 

Advantages 

High sensitivity and widely used in routine HPLC analysis.[14] 

Refractive index (RI)  

Principle 

It measures change in RI of mobile phase as sample passes along with it. Refractive index changes 

as the concentration of solutes changes. 

Advantages 

Universal detector, as it can detect any solute that causes a refractive index change 

Disadvantages 

Less sensitive than UV detectors, and affected by temperature and pressure fluctuations 

Fluorescence 

Principle 

It measures fluorescence emitted by sample. The strength of light is proportional conc as to sample. 

Advantages 

Very high sensitivity, making it suitable for trace analysis. 

Disadvantages 

Limited to compounds that fluoresce naturally or can be derivatized. 

Mass Spectrometry (MS) Detector 

Principle 

It measures (m/z) ionized sample. It identifies & quantify compounds based on their mass spectra. 

Advantages 

Highly sensitive and selective, capable of identifying compounds based on their molecular weight. 

Disadvantages 

More expensive and requires specialized equipment and expertise.[15] 

Evaporative Light Scattering Detector (ELSD) 

Principle 

MP is vapourize and residual analytes are detected via scattering light. Amt of light scattered is 

proportional to analyte conc. 

Applications 

Suitable for non-volatile and semi-volatile compounds, including lipids, sugars, and polymers. 

Advantages 

Universal detector that is useful for analytes that do not absorb UV light or fluoresce. 

Disadvantages 

Less sensitive than UV detectors, and volatile analytes may not be detected. 

Conductivity Detector 

Principle 

Measures fluctuations in electrical conductivity of MP as ions move across detector. 

Applications 

Primarily used for ion chromatography, detecting inorganic ions, organic acids, and other ionic 

species. 

Advantages 

Highly sensitive for detecting ionic compounds. 
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Disadvantages 

Limited to applications involving charged species.[16] Factors to Consider When Selecting a 

Detector 

Sensitivity 

The detector must be sensitive enough to detect the analyte at the desired concentration range. 

Selectivity 

Some detectors are universal (e.g., RI, ELSD), while others are more selective (e.g., fluorescence, 

MS). 

Cost 

Some detectors, like MS, are more expensive and require more maintenance, while others, like UV-

Vis, are more affordable and widely available.[17] 

Importance of the Detector in HPLC 

The choice of detector impacts the sensitivity, accuracy, and overall effectiveness of the analysis. 

Detectors like UV-Vis are versatile and commonly used in routine analysis, while specialized 

detectors like MS or fluorescence are used for specific, sensitive applications.[18] 

Data System: 

The software & hardware used acquire, process, and interpret the data generated by the detector. It 

plays vital role translating the raw signals from detector into meaningful information, such as 

chromatograms, peak areas, retention times, and quantitative results.[19] 

Key Functions of the Data System 

Data Acquisition 

The data system captures the raw electrical signal generated by the detector in real-time as the 

separated components elute from the column. 

The system then digitizes the signal to produce a chromatogram, which displays detector response 

(e.g., absorbance, fluorescence, or mass signal) versus time. 

Peak Identification and Quantification 

The system identifies peaks in the chromatogram that correspond to different analytes based on their 

retention times. 

Baseline Correction 

It performs baseline correction to account for noise or drift in the detector signal. This ensures 

accurate peak area calculations and reliable results. 

Data Processing 

The system processes the chromatographic data to calculate key parameters such as retention times, 

peak widths, resolution, and theoretical plates (a measure of column efficiency). 

It also generates reports that summarize the analysis, including concentration results, 

chromatograms, and performance metrics.[20] 

Data Storage and Management 

The data system stores all chromatographic data, including raw detector signals, processed 

chromatograms, and quantitative results. 

Data can be archived and retrieved for future reference, comparison, or regulatory compliance (e.g., 

GMP, GLP). 

Validation and Reporting 

The system can automatically validate results by comparing them against specified criteria (e.g., 

retention time windows, calibration limits). 
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It generates comprehensive reports that include chromatograms, peak information, and sample 

details, which can be customized for different applications or regulatory requirements.[21] 

Components of the HPLC Data System 

Computer Hardware 

Typically, a dedicated PC or workstation that controls the HPLC instrument and processes the data. 

It interfaces with the HPLC system via digital/analog connections to receive the signal from the 

detector. 

Software 

The data system software is essential for managing the entire workflow, from data acquisition to 

final reporting. 

Examples of popular HPLC data systems include Chromeleon, Empower, ChemStation and 

OpenLab. 

These systems offer user-friendly interfaces, method development tools, and robust data processing 

capabilities. 

Analog to Digital Converter 

This allows the system to capture detector signals at specific time intervals, resulting in a digital 

representation of the chromatogram. 

Interface Modules 

In some systems, additional hardware modules are used to link the detector and the data system, 

allowing for signal amplification or filtering.[22] 

Key Features of an HPLC Data System 

Customization 

Users can customize integration parameters, signal processing options, and report formats based on 

their specific needs. 

Methods can be saved, allowing for consistent processing of similar sample types. 

Automation 

The system can automate multiple runs and analyze large batches of samples, which improves 

efficiency and reduces operator involvement. 

Multi-Detector Compatibility 

Modern data systems can handle signals from multiple detectors simultaneously (e.g., UV, 

fluorescence, MS), allowing for multi-dimensional analysis.[23] 

Importance of the Data System 

Accurate Quantification 

The data system’s ability to accurately process detector signals ensures reliable and reproducible 

quantitative analysis. 

Efficient Data Handling 

It enables rapid processing and interpretation of large volumes of data, which is essential in high-

throughput laboratories. 

User-Friendly Workflow 

The integration of method development, data acquisition, and reporting into one software 

environment simplifies the entire chromatographic process. 

Regulatory Compliance 

The data system ensures that results meet regulatory standards by providing tools for validation, 

documentation, and audit tracking.[24] 
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Method Development and Optimization 

Selection of Column & Mobile Phase 

Depend on nature of analyte (polarity, molecular weight), a suitable column and solvent system is 

selected. Adjustments to solvent composition (e.g., water/organic solvent ratio) can improve 

separation.[25] 

Gradient Elution vs. Isocratic Elution 

It gradually changes mobile phase composition enhance detachment of the complex mixtures, 

allowing early eluting components to separate quickly, while later eluting components are resolved 

more effectively.[26] 

Applications of HPLC 

Pharmaceuticals: For drug formulation, quality control, and pharmacokinetic studies. HPLC is 

critical for analyzing drug purity, degradation products, and active ingredients. 

Food and Beverages: Applied in quality control to analysis of colorants, vit. & Additives [27] 

Recent Advancements in HPLC 

Recent technological improvements have enhanced the capability of HPLC 

HPLC-MS (Mass Spectrometry) 

Coupling HPLC with MS has enabled more sensitive detection and structural elucidation of 

analytes, making it a powerful tool for both qualitative & quantitative analysis.[28] 

UHPLC 

An evolution of HPLC that uses smaller particle sizes in the column to achieve higher resolution 

and faster separation times.[29] 

Green HPLC 

Focuses on reducing solvent consumption and environmental impact by using more eco-friendly 

solvents and optimizing flow rates.[30] 

  

CONCLUSION 

HPLC remains offering versatility, precision, and adaptability for analysis of a broad range of comp. 

Through continuous advancements in instrumentation and detection methods, HPLC continues to 

play vital role in pharmaceutical, environmental, food, and biotechnology sectors. Future 

developments, particularly in miniaturization and eco-friendly methodologies, are expected to 

further enhance its capabilities and application In modern analytical science, HPLC’s adaptability 

and efficiency have enabled breakthroughs in drug development, quality control, and environmental 

monitoring. 
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