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Abstract

Chromatographic methods separate complex pharmaceutical
mixtures based on differential interactions between
components, mobile phases, and stationary phases. HPLC
techniques utilize diverse separation mechanisms, stationary
phases, mobile phase compositions, and detection systems for
pharmaceutical assays, impurity profiling, and stability
studies. Gas chromatography analyzes volatile compounds,
residual solvents, and headspace samples with temperature
programming, specialized columns, and various detection
systems. Ion chromatography quantifies counterions, ionic
impurities, and ionic formulation components using
suppressed and non-suppressed systems for pharmaceutical
quality control. Size exclusion chromatography determines
molecular weight distributions for polymers, proteins, and
aggregates in biopharmaceuticals through calibration with
reference standards. Method development strategies apply
quality by design principles with experimental design, critical
parameter identification, and robustness testing to optimize
separations.
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characterization, Method optimization
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Learning Objectives

After completion of the chapter, the learners should be
able to:

e Describe principles of HPLC, GC, IC, and SEC
techniques

e Explain various separation mechanisms and
their applications

e Select appropriate chromatographic conditions

e Troubleshoot common separation problems

e Evaluate method performance using statistical
tools

e Develop optimized methods for complex
mixtures

INTRODUCTION
Chromatography is a powerful analytical technique

in pharmaceutical analysis that separates

compounds based on their distribution between
stationary and mobile phases. This fundamental process
applies across all chromatographic methods, though
specific interaction mechanisms vary considerably. The
technique originated in the early 20th century when
Mikhail Tswett separated plant pigments using calcium
carbonate columns, and has evolved dramatically since.

Chromatography is essential in pharmaceutical
science, providing analytical foundation for drug
development, manufacturing, and quality control.
Different techniques offer complementary capabilities:
liquid chromatography for non-volatile compounds, gas
chromatography for volatile substances, thin-layer
chromatography for rapid screening, ion chromatography
for ionic species, and size exclusion chromatography for
molecular weight analysis.
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Selection of appropriate chromatographic
technique depends on analyte properties, sample
complexity, sensitivity requirements, and available
instrumentation. Recent advances include ultra-high-
performance liquid chromatography, two-dimensional
separations, superficially porous particles, monolithic
columns, miniaturized systems, and environmentally
friendly techniques

Stationary Phase Differential Partitioning of Analytes

‘ Basic Principle of Separation

‘ Separation Mechanisms ]
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Figure 4.1 Separation mechanisms in chromatography

HIGH-PERFORMANCE LIQUID
CHROMATOGRAPHY (HPLC)

PLC separates analytes through selective

Hpartitioning between mobile and stationary

phases, governed by various molecular

interactions including hydrophobic forces, dipole-dipole
interactions, hydrogen bonding, and ionic interactions.

The partition coefficient (K) represents the equilibrium
distribution of an analyte between phases. The retention
factor (k) provides a more practical measure of retention,
calculated as (tR - t0)/t0, where tR is analyte retention time
and t0 is column void time. Optimal k values typically fall
between 1-10.

Selectivity (a) measures the system's ability to
discriminate between compounds, defined as the ratio of
retention factors (k2/kl). Resolution (Rs) quantifies
separation quality, accounting for both peak distance and
width: Rs = 2(tR2 - tR1)/(w1 + w2). A resolution value of
1.5 or greater indicates baseline separation.

Column efficiency is measured by plate number (N),
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calculated as 16(tR/w)?, while the height equivalent to a
theoretical plate (HETP) represents column length
required for one theoretical equilibration. The van
Deemter equation describes how HETP varies with
mobile phase velocity: H = A + B/u + Cu, where A
represents eddy diffusion, B represents longitudinal
diffusion, and C represents resistance to mass transfer.

Instrumentation

Modern HPLC systems comprise several sophisticated
components. The solvent delivery system provides
consistent flow of mobile phase, with pumps delivering
precise flow rates (0.1-10 mL/min) against substantial
backpressure. Reciprocating piston pumps and syringe
pumps are common designs, with systems classified as
isocratic (constant composition) or gradient (changing
composition).

Solvent 5 Data
Degasser Pumj Injector () Detector
Reservoirs P ) System

Common HPLC Columns
+ C18 (Reversed-Phase)

+C8, C4 (Reversed-Phase)

« Silica (Normal Phase)

« lon Exchange, HILIC, SEC

« UV-Visible (DAD/PDA) « Buffer/Water/Organic
« Fluorescence

+ Refractive Index (RI)

+ Mass Spectrometry (MS)

= Isocratic vs Gradient
+ pH Control (2-8)
+ Flow Rates: 0.1-5 mL/min

‘ Common Detectors ‘ Mobile Phases

Figure 4.2 HPLC System

Sample introduction occurs via automated injection
systems that deliver precise sample volumes into the
flowing mobile phase. Modern autosamplers achieve
injection precision better than 0.5% RSD and incorporate
temperature control, needle washing, and programmable
sequences.

The chromatographic column is where separation
occurs, typically consisting of stainless steel tubes packed
with stationary phase particles. Reversed-phase columns
with C18 bonded phases are most common. Column

technology has advanced with smaller particles, spherical
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morphology, and improved surface modifications
including core-shell technology and hybrid particles.

Detectors translate separation into measurable signals.
UV-Visible detectors (particularly diode array) remain
most widely used. Other detectors include fluorescence
(high sensitivity for fluorescent compounds), refractive
index (universal response), electrochemical (for
electroactive compounds), and mass spectrometric
(providing unparalleled specificity and structural
information)

Separation Modes

Various HPLC modes serve different analytical needs.
Reversed-phase =~ HPLC, employing hydrophobic
stationary phases with polar mobile phases, is most
common (80% of applications). Compounds partition
based on hydrophobicity, with retention controlled by
organic solvent percentage. Secondary mechanisms
including hydrogen bonding and m-m interactions
contribute to selectivity.

Normal-phase HPLC uses polar stationary phases
with non-polar mobile phases. Separation involves
competitive adsorption at active sites, with retention
correlating to analyte polarity. While less common than
reversed-phase, it excels at separating geometric isomers
and highly polar compounds.

Ion-exchange chromatography separates analytes
based on electrostatic interactions between charged
analytes and oppositely charged functional groups on the
stationary phase. Retention depends on charge density,
with elution controlled by competing ion concentration.

Hydrophilic interaction chromatography (HILIC)
combines aspects of normal-phase and reversed-phase,
using polar stationary phases with aqueous-organic
mobile phases. It's valuable for polar compounds that
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show poor reversed-phase retention.
Table 4.1: Comparison of HPLC Separation Modes

Separation Stationary Mobile Separation
Mode Phase Phase Mechanism
Reversed- C18, C8, Water- Hydrophobic
Phase Phenyl, Cyano | organic interactions
mixtures
Normal- Silica, Alumina, | Nonpolar Polar interactions
Phase Amino organic
solvents
(hexane,
heptane)
Ion- Positively or Aqueous Electrostatic
Exchange negatively buffers interactions
charged resins | with
varying
ionic
strength
HILIC Modified silica | High Partition/hydroge
(Hydrophilic | (amino, amide, | organic n bonding
Interaction) diol) with
aqueous
buffer
Chiral Cyclodextrins, Various, Stereochemical
macrocyclic depending | recognition
antibiotics, on column
polysaccharide
s
Size Porous Isocratic, Physical exclusion
Exclusion particles with compatible | by size
defined pore with
size packing
Affinity Specific ligands | Binding Specific
(protein A, and biochemical
lectins) elution interactions
buffers
Mixed-Mode | Multiple Various Multiple
functionality mechanisms
phases simultaneously
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Additional modes include affinity chromatography
(based on specific biological interactions) and chiral
chromatography (separating enantiomers using optically
active selectors).

Method Development in HPLC

Method development follows a systematic approach to
achieve optimal separation. Initial conditions selection
requires comprehensive evaluation of analyte properties
including chemical structure, ionization properties,
solubility, molecular weight, and sample matrix
complexity.

Mobile phase optimization is central to method
development. Selection of organic modifier (acetonitrile,
methanol, tetrahydrofuran) significantly influences
selectivity. Buffer composition, concentration, and pH are
crucial for ionizable compounds, with pH adjustment
providing powerful control over selectivity. Gradient
profile development considers initial/final organic
percentages and gradient slope.

Column selection involves consideration of stationary
phase chemistry, particle size and morphology, column
dimensions, and surface modification technology.
Modern method development often employs computer-
assisted approaches using specialized software to design
and interpret systematic screening experiments.

Advanced HPLC Techniques

Ultra-High Performance Liquid Chromatography
(UHPLC) extends HPLC capabilities through sub-2um
particles and elevated pressure operation (15,000+ psi).
This provides enhanced resolution, faster analysis times
(3-10 fold reduction), improved sensitivity, and reduced
solvent consumption. Specialized instrumentation
minimizes extra-column band broadening to preserve
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separation efficiency.

Two-dimensional liquid chromatography combines
independent separation mechanisms for dramatically
increased peak capacity. Comprehensive two-
dimensional chromatography (LCxLC) analyzes entire
samples across both dimensions, while heart-cutting (LC-
LC) transfers specific regions of interest.

Hydrophilic interaction chromatography (HILIC)
provides retention for polar compounds that show poor
retention in reversed-phase systems, while supercritical
fluid chromatography (SFC) offers rapid separation with
excellent compatibility with mass spectrometric detection.

GAS CHROMATOGRAPHY (GC)

as chromatography separates compounds

based on volatility and interaction with the

stationary phase. The process begins with
sample volatilization in a heated injection port, followed
by transport through a column by inert carrier gas.
Compounds partition between gas phase and stationary
phase according to their relative affinities.

The distribution coefficient determines retention time,
with higher values resulting in longer retention. This
coefficient depends on analyte nature, stationary phase
composition, and critically, column temperature, enabling
temperature programming to optimize separation across
wide volatility ranges.

GC excels in analyzing volatile compounds, with
applications including residual solvent analysis (critical
for pharmaceutical quality control per ICH guidelines),
essential oil analysis, thermal degradation product
identification, and volatile impurity characterization.
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Instrumentation

Modern GC systems incorporate sophisticated
components. Injection systems introduce samples as
narrow vapor bands, with split/splitless injectors most
common. Split mode directs only a portion of sample to
the column (preventing overloading), while splitless
maximizes sensitivity for trace analysis. Advanced
options include programmed temperature vaporizers and
headspace samplers.

GC Columns Common Detectors Operating Parameters
« Capillary (0.1-0.5mm ID) « Flame lonization (FID) « Carrier Gas: He, H:, Nx
« Film Thickness: 0.1-5um + Mass Spectrometry (MS) « Temperature: 40-350°C
« Polarity: Non-polar to Polar « Electron Capture (ECD) « Isothermal vs Gradient
+ Length: 10-100m + Thermal Conductivity (TCD) « Flow: 0.5-5 mL/min

Figure 4.3 GC Instrumentation
Column technology has evolved dramatically, with
modern capillary columns offering exceptional separation
efficiency. Parameters include internal diameter (affecting
efficiency and capacity), film thickness (determining
retention and sample capacity), column length
(influencing resolution and analysis time), and stationary
phase polarity (affecting separation selectivity).
Detection systems include Flame Ionization Detectors
(FID, providing excellent sensitivity for hydrocarbons),
Mass Spectrometers (offering unparalleled identification
capabilities), Electron Capture Detectors (extremely
sensitive for electronegative compounds), and Thermal
Conductivity Detectors (universal response).
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Table 4.2: GC Columns and Applications

Colum | Stationary Polarity Tempera | Typical
n Type | Phase ture Applicatio
Range ns

DB-1, 100% Nonpolar -60°C to General

HP-1, Dimethylpolysi 325- purpose,

RTX-1 loxane 350°C hydrocarbo
ns, residual
solvents

DB-5, 5% Phenyl-95% | Slightly -60°C to Pharmaceut

HP-5, dimethylpolysi | polar 325- icals,

RTX-5 loxane 350°C pesticides,
semi-
volatiles

DB-17, 50% Phenyl- Mid- 40°Cto Drug

HP-17 50% polarity 280- analysis,

dimethylpolysi 320°C steroids,
loxane phenols

DB- Polyethylene Highly 20°C to Alcohols,

WAX, glycol polar 250- free acids,

HP- 260°C essential

WAX oils

DB-624, | 6% Moderatel | -20°C to Residual

RTX- Cyanopropylp | y polar 260°C solvents

624 henyl-94% (usp

dimethylpolysi <467>),
loxane volatiles

DB- Nitroterephthal | Highly 40°Cto Free fatty

FFAP icacid polar 250°C acids, acidic

modified PEG compounds

PLOT Aluminum Selective -60°C to | Light gases,

(Al,Os/ | oxide 200°C Ci-Cs

KCl) hydrocarbo
ns

GS- Silica-based Specific -80°Cto | Permanent

GasPro | PLOT 300°C gases, light
hydrocarbo
ns

Chiral Cyclodextrins Stereosele | 30°C to Enantiomer

column | modified ctive 230°C separations
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