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ABSTRACT

High-Performance Liquid Chromatography (HPLC) is a widely utilized analytical technique for the
separation, identification, and quantification of compounds across pharmaceutical, environmental, and
biochemical domains. Among the various factors influencing chromatographic performance, mobile
phase selection plays a critical role in determining retention behavior, resolution, selectivity, and peak
shape. This review focuses on the fundamental principles governing mobile phase selection, including
polarity, pH, buffer systems, organic modifiers, and additives. Different chromatographic modes such
as normal phase, reverse phase, ion-exchange, and ion-pair chromatography are discussed in relation to
mobile phase characteristics. The article also highlights the impact of mobile phase composition on
chromatographic outcomes and outlines key optimization strategies including isocratic and gradient
elution, as well as modern approaches like Design of Experiments and Al-assisted method development.
Practical aspects such as mobile phase preparation, filtration, and degassing are also addressed. Recent
advances including ionic liquids, green chromatography, and UHPLC techniques are reviewed along
with current challenges in method development. Overall, this review provides a comprehensive
understanding of strategic mobile phase selection for achieving efficient and reproducible HPLC
analysis.

KEYWORDS: HPLC, Mobile phase selection, Chromatographic optimization, Gradient elution,
Buffer systems, Pharmaceutical analysis
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INTRODUCTION

High-Performance Liquid Chromatography (HPLC) is one of the most powerful analytical techniques
used for the separation, identification, and quantification of compounds in pharmaceutical,
environmental, and biochemical analysis®. It is particularly advantageous because it is not limited to
volatile or thermally stable compounds, unlike gas chromatography?.

In HPLC, separation is achieved based on differential partitioning of analytes between the stationary
phase and the mobile phase®. The mobile phase acts as a carrier medium that transports analytes through
the column under high pressure®. Compounds with higher affinity for the stationary phase move slower,
whereas those with lower affinity elute faster®.

Mobile phase selection is a key step in method development, as it significantly affects retention time
(Rt), resolution, selectivity, and peak shape®. Improper selection may lead to peak tailing, fronting, or
co-elution. Therefore, understanding the physicochemical properties of analytes and solvents is essential
for designing an effective mobile phase system’.

Injector Column

Chromatogram

Figure 1: HPLC System

Fundamentals of Mobile Phase in HPLC

Role of mobile phase:

The mobile phase in HPLC plays a fundamental role in the chromatographic process by acting as the
carrier that transports analytes through the column®. It significantly influences the retention and
selectivity of compounds by controlling their interaction with the stationary phase®. Additionally, the
composition and properties of the mobile phase directly affect peak symmetry, resolution, and overall
separation efficiency, making its proper selection essential for-accurate and reproducible analysis®®.

Types of Chromatographic Modes:

Tablel: Classification of Chromatographic Modes Based on Mobile Phase Characteristics and
Separation Mechanism

Chromatographic Mobile Phase Characteristics Example
Mode Nature

Normal Phase HPLC Non-polar Polar stationary phase; separates | Hexane
(NP-HPLC) polar compounds
Reverse Phase HPLC Polar Non-polar stationary phase; Water +
(RP-HPLC) widely used, high reproducibility | Methanol/ACN
lon-Exchange Aqueous buffer | Separation based on ionic charge | Buffer solutions
Chromatography interactions
lon-Pair Polar with ion- Enhances retention of ionic TFA, ion-pair
Chromatography pairing reagents | compounds reagents
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Figure 2: NP HPLC VS RP HPLC

Chromatographic separation in HPLC can be performed using different modes based on the nature of
the mobile and stationary phases. In Normal Phase HPLC, a non-polar mobile phase such as hexane is
used with a polar stationary phase, making it suitable for separating polar compounds. In contrast,
Reverse Phase HPLC employs a polar mobile phase, typically a mixture of water and organic solvents
like methanol or acetonitrile, along with a non-polar stationary phase, making it the most widely used
and reproducible technique!. lon-exchange chromatography utilizes aqueous buffer systems to separate
analytes based on their ionic charge, while ion-pair chromatography incorporates ion-pairing reagents
in the mobile phase to improve the retention and separation of ionic compounds*?.

Non-Polar
Stationary Phase

Polar Mobile Phase

Physicochemical Properties Governing Mobile Phase Selection
1.Polarity

Polarity is a key factor governing mobile phase selection in HPLC, as it directly influences the
interaction between analytes and the stationary phase. A mobile phase with high agueous content
increases the retention of non-polar analytes, leading to longer retention times, whereas a higher
proportion of organic solvent reduces polarity and results in faster elution. In gradient elution, the
polarity of the mobile phase is gradually decreased over time, enabling the efficient separation of
compounds with a wide range of hydrophobic characteristics®®.

Effect of Polarity on Retention

Retention Time
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Figure3: Effect of Polarity on Retention
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2. pH and lonization

The pH of the mobile phase is a critical parameter in HPLC, as it directly influences the ionization state
of analytes. It is typically controlled using appropriate buffer systems to maintain consistent conditions
throughout the analysis. Changes in pH affect both retention behavior and peak shape. For ionizable
compounds, suppression of ionization (by adjusting pH) increases retention on the column, whereas the
ionized form of the analyte is more polar and elutes faster, resulting in shorter retention times*4.

3. Buffer Systems

Buffers are used in the mobile phase to maintain a constant pH, which is essential for consistent retention
and reproducible chromatographic results'®>. Commonly employed buffer systems include phosphate,
acetate, and ammonium acetate. The selection of an appropriate buffer depends on its pKa being close
to that of the analyte to ensure effective control of ionization'®. Buffer concentration is generally
maintained within the range of 10-50 mM to provide adequate buffering capacity without causing
excessive system pressurel’. It is also important to ensure that the buffer remains soluble in the presence
of organic solvents to prevent precipitation and potential blockage of the column?®.

4.0rganic modifiers

Organic modifiers are widely used in HPLC to control the strength of the mobile phase and influence
the separation process!®. Common solvents include acetonitrile, methanol, and tetrahydrofuran.
Acetonitrile is frequently preferred because of its low viscosity, which results in reduced back pressure,
along with better peak shape and superior UV transparency. Methanol is a more economical option but
has higher viscosity, which can increase system pressure. Tetrahydrofuran provides strong elution
strength, although it is less commonly used due to certain limitations in routine analysis?.

5. Additives

Additives are commonly included in the mobile phase to improve chromatographic performance?:.
Substances such as formic acid, trifluoroacetic acid, and triethylamine help in achieving better peak
shape by reducing tailing and controlling the ionization of analytes??. These additives also enhance
detection sensitivity, particularly in techniques like LC-MS, by improving ionization efficiency.

Other Solvent Properties

Table2: Solvent Properties in Mobile Phase Selection

Property Description
Purity Use HPLC-grade solvents to avoid-impurities that can cause baseline noise
Viscosity Low viscosity helps reduce system pressure and improves column efficiency

UV Transparency | Solvent should not absorb at detection wavelength for accurate results

Miscibility Solvents must be miscible to prevent unstable baselines and pressure issues

Toxicity & Safety | Solvents should be handled carefully considering their health and safety risks

Non- Solvents must not damage or corrode HPLC system components
COrrosiveness
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Mobile Phase Composition and Its Effects

Table 3: Effect of Mobile Phase Composition on Polarity, Retention Behavior, and Analytical
Application in HPLC

Composition Polarity Retention Application
High aqueous High Long Polar compounds
Balanced Moderate Moderate General pharma
High organic Low Short Non-polar drugs
Buffered Controlled Stable lonizable compounds
High Aqueous: Long Retention High Organic: Fast Elution
High Aqueous Mobile Phase: High Organic Mobile Phase:
95% water, 5% acetonitrile 5% water, 95% acetonitrile
Higher aqueous
content increas
§ retention §
S | | More Water: dueto® g More Organic Solvent:
5 | | stronger interactions with e, fronger. . 5 <«— weaker interactions with
& | | stationary phase, slower y hydrgphobl_ch 2 stationary phase, faster
< | | elution, broader peaks JiRctions with elution, narrower peaks
stationary phase
6 é 110 115 2I0 0 ili 1I0 1l5 20

Time (min) Time (min)

Figure 4: Effect of composition on retention

As shown in figure 4: mobile phase composition has a direct impact on chromatographic behavior,
particularly polarity, retention time, and separation efficiency?3. A highly aqueous mobile phase exhibits
high polarity and results in longer retention times, making it suitable for the separation of polar
compounds?*. A balanced mixture of aqueous and organic solvents provides moderate polarity and
retention, and is commonly used in general pharmaceutical analysis. In contrast, a mobile phase with
high organic content has lower polarity, leading to shorter retention times and is ideal for non-polar or
lipophilic compounds. Buffered mobile phases are used to maintain a controlled pH environment,
ensuring stable retention and improved peak shape for ionizable analytes?.

Mobile Phase Optimization Strategies

Isocratic Elution:

Isocratic elution is a mode of HPLC in which the mobile phase composition remains constant throughout
the entire analysis. It is mainly used for simple mixtures where the components have similar properties
and can be separated under fixed conditions. This method is easy to operate, provides good
reproducibility, and is suitable for routine analysis, although it may not be effective for complex samples
with a wide range of polarities?.

Gradient elution:

Gradient elution is a technique in HPLC where the composition of the mobile phase changes gradually
during the analysis. It is particularly useful for separating complex mixtures containing compounds with
different polarities. This method improves resolution and allows faster elution of strongly retained
compounds, thereby reducing the overall analysis time?’.
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Optimization Techniques

Trial and Error Method: This is the traditional approach where different mobile phase conditions are
tested one by one until acceptable separation is achieved. Although simple, it is time-consuming and
less efficient?,

Design of Experiments: DoE is a systematic and statistical approach that studies the effect of multiple
variables simultaneously. It helps in identifying optimal conditions quickly and improves method
robustness and reproducibility?®.

Al Assisted Optimization: This modern approach uses computational tools and algorithms to predict
optimal chromatographic conditions. It reduces experimental effort, saves time, and enhances accuracy
in method development®.

Mobile Phase Preparation and Handling

Premixing:

Premixing involves measuring each solvent separately and then combining them to prepare the mobile
phase. This approach helps maintain the correct solvent ratio and avoids errors caused by volume
contraction when solvents are mixed directly®!,

Filtration:

Filtration is carried out to remove particulate matter from the mobile phase, preventing clogging of the
column and system components. Typically, a 0.45 um filter is used for HPLC, while a finer 0.22 pum
filter is preferred for UHPLC systems®.

Degassing:

Degassing is essential to remove dissolved gases from the mobile phase, which can otherwise form
bubbles and cause flow disturbances or detector noise. Common methods include sonication, vacuum
degassing, and helium sparging®3.

Special Considerations in RP-HPLC

lon suppression:

lon suppression is achieved by adjusting the mobile phase to a low pH, which reduces the ionization of
analytes. This helps in improving peak shape and increasing retention by minimizing unwanted
interactions with the stationary phase*.

Selectivity (a):

Selectivity refers to the ability of the chromatographic system to distinguish between two analytes. It
mainly depends on the composition of the mobile phase and can be easily adjusted by changing solvent
type, ratio, or pH to achieve better separation®®.

10

Resolution (Rs)
($2)

Selectivity (a) = ko/k;,
adjusted by mobile

2 - phase composition,
14 solvent type, ratio, or pH
0 T T T T T T T T T T T T T T
0.5 1.0 1.5 2.0

Selectivity (a)

Figure5: Resolution vs Selectivity Graph

Selectivity (o = ko/ki) measures a chromatographic system's ability to distinguish analytes, mainly
controlled by mobile phase composition, solvent type, ratio, or pH. It dramatically boosts resolution
(Ry), turning overlapping peaks into well-separated ones when a exceeds 1.2, as shown in Figure 5. This
makes it a key, adjustable tool for optimal separations.
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Temperature Effect:
Temperature plays an important role in HPLC by influencing solvent viscosity and mass transfer. An
increase in temperature reduces viscosity, allowing better flow and improving separation efficiency and
resolution®,
Types of Mobile Phases:

Table 4: Types of Mobile Phases in HPLC

Type Description
Agqueous Mobile Phases | Mainly composed of water with buffers; suitable for polar and water-
soluble compounds
Organic Mobile Phases | Consist of solvents like acetonitrile, methanol, or hexane; used for non-
polar compounds
Buffered Mobile Phases | Contain buffer salts to maintain stable pH; ideal for ionizable analytes

Gradient Systems Mobile phase composition changes during the run; useful for complex
mixtures

Supercritical Fluids | Use supercritical COa; provide fast and efficient separation

(SFC)

lonic Liquids Non-volatile solvents offering unigque selectivity; emerging application

Mixed Solvent Systems | Combination of solvents to adjust polarity and improve separation

Mobile phases in HPLC can be classified into several types based on their composition and application.
Aqueous mobile phases primarily consist of water, often combined with buffers, and are suitable for the
separation of polar and water-soluble compounds. Organic mobile phases include solvents such as
acetonitrile, methanol, or hexane and are commonly used for non-polar or moderately polar analytes.
Buffered mobile phases contain buffer salts to maintain a stable pH, which is essential for the consistent
separation of ionizable compounds. Gradient systems involve a gradual change in mobile phase
composition during the analysis, making them ideal for complex mixtures with varying polarities.
Supercritical fluid systems use supercritical carbon dioxide as the mobile phase, offering rapid and
efficient separations. lonic liquids are emerging as alternative mobile phase components due to their
unique selectivity and low volatility. Mixed solvent systems combine two or more solvents to achieve
the desired polarity and improve overall separation performance®’.

Applications in Pharmaceutical Analysis

HPLC is widely used in pharmaceutical analysis for various purposes such as drug assay, impurity
profiling, stability studies, and bioanalysis®. It plays a crucial role in ensuring the quality, safety, and
efficacy of pharmaceutical products by enabling accurate separation and quantification of active
ingredients as well as related substances®°.

Proper selection of the mobile phase is essential to achieve reliable analytical results. It directly
influences key performance parameters such as accuracy, precision, and reproducibility*°. An optimized
mobile phase ensures consistent retention behavior, improved peak shape, and overall robustness of the
analytical methods*.

Recent Advances in Mobile Phase Selection

lonic liquids as Additives:

lonic liquids are used to improve selectivity and enhance separation efficiency due to their unique
physicochemical properties*.

Al Based Method Development:

Avrtificial intelligence is used to predict optimal mobile phase conditions, reducing experimental time
and improving method accuracy®.

UHPLC Techniques:

Ultra-High Performance Liquid Chromatography uses low-viscosity mobile phases and high pressure to
achieve faster and more efficient separations**.

Green Chromatography:

Focuses on the use of eco-friendly solvents such as ethanol to reduce environmental impact and improve
safety in analytical processes*®.
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Challenges:

Mobile phase selection in HPLC is associated with several challenges that can affect analytical
performance. One common issue is buffer precipitation, especially when high concentrations of organic
solvents are used, which can lead to blockage of the column and system components. Detector
incompatibility is another concern, as certain mobile phase components may interfere with detection,
particularly in techniques like UV or LC-MS. Reproducibility can also be affected due to slight
variations in mobile phase composition, pH, or preparation methods. In addition, environmental
concerns related to the use and disposal of organic solvents have become increasingly important,
encouraging the development of safer and more sustainable alternatives.

CONCLUSION

Mobile phase selection is a fundamental aspect of HPLC method development that directly influences
chromatographic performance and analytical reliability. A thorough understanding of physicochemical
properties such as polarity, pH, and solvent characteristics is essential for achieving optimal separation.
The appropriate choice of mobile phase composition, along with suitable optimization strategies, ensures
improved resolution, reproducibility, and peak symmetry. Advances in analytical techniques, including
Al-assisted optimization and green chromatography, are further enhancing efficiency while addressing
environmental concerns. Despite existing challenges such as buffer precipitation and detector
compatibility, careful method design and proper handling practices can overcome these limitations.
Overall, strategic selection and optimization of the mobile phase remain crucial for robust and high-
quality chromatographic analysis in pharmaceutical applications.
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