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PREFACE

The idea for writing this basic HPLC book was probably born in the New York
City subway system while I was a graduate student in the 1970s. Amidst the
rumbling noise of the subway, I was reading “the green book”—Basic Gas
Chromatography by McNair and Bonnelli—and was immediately impressed
with its simplicity and clarity. In the summer of 2004, I had just completed 
the editing of Handbook of Pharmaceutical Analysis by HPLC with Elsevier/
Academic Press, and was toying with the idea of starting a book project on
Fast LC and high-throughput screening. Several phone conversations with
Heather Bergman, my editor at Wiley, convinced me that an updated book on
modern HPLC, modeled after “the green book,” would have more of an
impact.

This book was written with a sense of urgency during weekends and
weekday evenings . . . through snow storms, plane trips, allergy seasons,
company restructuring, and job changes. The first draft was ready in only 10
months because I was able to draw many examples from my previous publi-
cations and from my short course materials for advanced HPLC in pharma-
ceutical analysis given at national meetings. I am not a fast writer, but rather
a methodical one who revised each chapter many times before seeking review
advice from my friends and colleagues. My goal was to provide the reader with
an updated view of the concepts and practices of modern HPLC, illustrated
with many figures and case studies. My intended audience was the practicing
scientist—to provide them with a review of the basics as well as best practices,
applications, and trends of this fast-evolving technique. Note that this basic
book for practitioners was written at both an introductory and intermediate
level. I am also targeting the pharmaceutical analysts who constitute a signif-
icant fraction of all HPLC users. My focus was biased towards reversed-phase
LC and pharmaceutical analysis. The scope of this book does not allow any-
thing more than a cursory mention of the other applications.

Writing a book as a sole author was a labor of love, punctuated with flashes
of inspiration and moments of despair. It would have been a lonely journey
without the encouragement and support of my colleagues and friends. First
and foremost, I would like to acknowledge the professionalism of my editor
at John Wiley, Heather Bergman, whose enthusiasm and support made this a



happy project. I also owe much to my reviewers, including the 10 reviewers of
the book proposal, and particularly to those whose patience I tested by asking
them to preview multiple chapters. They have given me many insights and
valuable advice. The list of reviewers is long:

Prof. David Locke of City University of New York (my graduate advisor);
Prof. Harold McNair of Virginia Tech, whose “green book” provided me with
a model; Prof. Jim Stuart of University of Connecticut; Drs. Lloyd Snyder and
John Dolan of LC Resources; Drs. Raphael Ornaf, Cathy Davidson, and
Danlin Wu, and Joe Grills, Leon Zhou, Sung Ha, and Larry Wilson of Purdue
Pharma; Dr. Ron Kong of Synaptic; Drs. Uwe Neue, Diane Diehl, and Michael
Swartz of Waters Corporation, Wilhad Reuter of PerkinElmer; Drs. Bill
Barbers and Thomas Waeghe of Agilent Technologies; Drs. Krishna Kallary
and Michael McGinley of Phenomenex; Dr.Tim Wehr of BioRad; John Martin
and Bill Campbell of Supelco; Dr. Andy Alpert of PolyLC; Margie Dix of
Springborn-Smithers Laboratories; Dr. Linda Ng of FDA, CDER; and Ursula
Caterbone of MacMod.

Finally, I acknowledge the support and the unfailing patience of my wife,
Cynthia, and my daughter, Melissa, for putting up with my long periods of 
distraction when I struggled for better ways for putting ideas on paper. To
them, I pledge more quality time to come after 2006.

Norwalk, Connecticut Michael W. Dong
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“[. . .] a concise and ‘to-the-point’ text, covering the broad topic of HPLC.
While the book is not intended to be a comprehensive treatise, it addresses all
major topics in HPLC and provides updated, practical information not found
in other introductory texts. I found the author’s use of bullet points, tabula-
tion and figures extremely effective in conveying practical ‘take-home’ mes-
sages and providing sound and definitive guidance.”

—Henrik T. Rasmussen, PhD

“This is a great introductory book on liquid chromatography. I especially like
the intuitive explanations and clear figures.”

—John W. Dolan, PhD

“Dong’s book is especially written for the pharmaceutical industry. I am sure
that it will be highly welcomed by the practitioners in this field, not only
because of its numerous relevant examples of drug separations but also
because of its focus on regulatory aspects.”

—Veronika Meyer, PhD
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1.1 INTRODUCTION

1.1.1 Scope

High-performance liquid chromatography (HPLC) is a versatile analytical
technology widely used for the analysis of pharmaceuticals, biomolecules,



polymers, and many organic and ionic compounds. There is no shortage of
excellent books on chromatography1,2 and on HPLC,3–9 though many are out-
dated and others cover academic theories or specialized topics. This book
strives to be a concise text that capsulizes the essence of HPLC fundamentals,
applications, and developments. It describes basic theories and terminologies
for the novice and reviews relevant concepts, best practices, and modern trends
for the experienced practitioner. While broad in scope, this book focuses on
reversed-phase HPLC (the most common separation mode) and pharmaceu-
tical applications (the largest user segment). Information is presented in a
straightforward manner and illustrated with an abundance of diagrams, chro-
matograms, tables, and case studies and supported with selected key references
or web resources.

Most importantly, this book was written as an updated reference guide for
busy laboratory analysts and researchers. Topics covered include HPLC oper-
ation, method development, maintenance/troubleshooting, and regulatory
aspects. This book can serve as a supplementary text for students pursuing a
career in analytical chemistry. A reader with a science degree and a basic
understanding of chemistry is assumed.

This book offers the following benefits:

• A broad-scope overview of basic principles, instrumentation, and 
applications.

• A concise review of concepts and trends relevant to modern practice.
• A summary update of best practices in HPLC operation, method devel-

opment, maintenance, troubleshooting, and regulatory compliance.
• A summary review of modern trends in HPLC, including quick-

turnaround and “greener” methods.

1.1.2 What Is HPLC?

Liquid chromatography (LC) is a physical separation technique conducted in
the liquid phase. A sample is separated into its constituent components (or
analytes) by distributing between the mobile phase (a flowing liquid) and a
stationary phase (sorbents packed inside a column). For example, the flowing
liquid can be an organic solvent such as hexane and the stationary phase can
be porous silica particles packed in a column. HPLC is a modern form of LC
that uses small-particle columns through which the mobile phase is pumped
at high pressure.

Figure 1.1a is a schematic of the chromatographic process, where a mixture
of analytes A and B are separated into two distinct bands as they migrate down
the column filled with packing (stationary phase). Figure 1.1b is a representa-
tion of the dynamic partitioning process of the analytes between the flowing
liquid and a spherical packing particle. Note that the movement of component
B is retarded in the column because each B molecule has stronger affinity for
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the stationary phase than the A molecule. An in-line detector monitors the
concentration of each separated component band in the effluent and gener-
ates a trace called the “chromatogram,” shown in Figure 1.1c.

1.1.3 A Brief History

Classical LC, the term chromatography meaning “color writing,” was first dis-
covered by Mikhail Tswett, a Russian botanist who separated plant pigments
on chalk (CaCO3) packed in glass columns in 1903.10 Since the 1930s, chemists
used gravity-fed silica columns to purify organic materials and ion-exchange
resin columns to separate ionic compounds and radionuclides. The invention
of gas chromatography (GC) by British chemists A.J.P. Martin and co-workers
in 1952, and its successful applications, provided both the theoretical founda-
tion and the incentive for the development of LC. In the late 1960s, LC turned
“high performance” with the use of small-particle columns that required high-
pressure pumps. The first generation of high-performance liquid chro-
matographs was developed by researchers in the 1960s, including Horvath,

INTRODUCTION 3
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Figure 1.1. (a) Schematic of the chromatographic process showing the migration of two bands
of components down a column. (b) Microscopic representation of the partitioning process of
analyte molecules A and B into the stationary phase bonded to a spherical solid support. (c) 
A chromatogram plotting the signal from a UV detector displays the elution of components 
A and B.



Kirkland, and Huber. Commercial development of in-line detectors and reli-
able injectors allowed HPLC to become a sensitive and quantitative technique
leading to an explosive growth of applications.10 In the 1980s, the versatility
and precision of HPLC rendered it virtually indispensable in pharmaceuticals
as well as other diverse industries. The annual worldwide sales of HPLC
systems and accessories approached three billion US$ in 2002.11 Today, HPLC
continues to evolve rapidly toward higher speed, efficiency, and sensitivity,
driven by the emerging needs of life sciences and pharmaceutical applications.
Figure 1.2a depicts the classical technique of LC with a glass column that is
packed with coarse adsorbents and gravity fed with solvents. Fractions of the
eluent containing separated components are collected manually. This is con-
trasted with the latest computer-controlled HPLC, depicted in Figure 1.2b,
operated at high pressure and capable of very high efficiency.

1.1.4 Advantages and Limitations

Table 1.1 highlights the advantages and limitations of HPLC. HPLC is a
premier separation technique capable of multicomponent analysis of real-life
samples and complex mixtures. Few techniques can match its versatility and
precision of <0.5% relative standard deviation (RSD). HPLC is highly auto-
mated, using sophisticated autosamplers and data systems for unattended
analysis and report generation. A host of highly sensitive and specific detec-
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2a 2b

Figure 1.2. (a) The traditional technique of low-pressure liquid chromatography using a glass
column and gravity-fed solvent with manual fraction collection. (b) A modern automated HPLC
instrument (Waters Acquity UPLC system) capable of very high efficiency and pressure up to
15,000psi.



tors extend detection limits to nanogram, picogram, and even femtogram
levels. As a preparative technique, it provides quantitative recovery of many
labile components in milligram to kilogram quantities. Most importantly,
HPLC is amenable to 60% to 80% of all existing compounds, as compared
with about 15% for GC.3,4

HPLC suffers from several well-known disadvantages or perceived limita-
tions. First, there is no universal detector, such as the equivalence of flame ion-
ization detector in GC, so detection is more problematic if the analyte does
not absorb UV hays or cannot be easily ionized for mass spectrometric detec-
tion. Second, separation efficiency is substantially less than that of capillary
GC, thus, the analysis of complex mixtures is more difficult. Finally, HPLC has
many operating parameters and is more difficult for a novice.As shown in later
chapters, these limitations have been largely minimized through instrumental
and column developments.

1.2 MODES OF HPLC

In this section, the four major separation modes of HPLC are introduced and
illustrated with application examples, each labeled with the pertinent param-
eters: column (stationary phase), mobile phase, flow rate, detector, and sample
information. These terminologies will be elaborated later.

1.2.1 Normal-Phase Chromatography (NPC)

Also known as liquid-solid chromatography or adsorption chromatography,
NPC is the traditional separation mode based on adsorption/desorption of the
analyte onto a polar stationary phase (typically silica or alumina).3–5 Figure
1.3a shows a schematic diagram of part of a porous silica particle with silanol
groups (Si-OH) residing at the surface and inside its pores. Polar analytes
migrate slowly through the column due to strong interactions with the silanol
groups. Figure 1.4 shows a chromatogram of four vitamin E isomers in a palm
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Table 1.1. Advantages and Limitations of HPLC

Advantages
• Rapid and precise quantitative analysis
• Automated operation
• High-sensitivity detection
• Quantitative sample recovery
• Amenable to diverse samples

Limitations
• No universal detector
• Less separation efficiency than capillary GC
• More difficult for novices
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Figure 1.3. Schematic diagrams depicting separation modes of (a) normal-phase chromatog-
raphy (NPC) and (b) reversed-phase chromatography (RPC).

Column: Pecosphere 5 x 15C 
Silica
(150 x 4.6 mm)

Mobile Phase: 0.74% Ethanol in 
Hexane

Flow Rate: 2.0 mL/min
Detection: Fluorescence at 298 nm 

(Ex) / 325 nm (Em)
Sample: 5 µL of 0.1% of Crude 
Palm Olein in Hexane

Component Identification
1. α-tocopherol
2. α-tocotrienol
3. β-tocotrienol
4. γ-tocotrienol
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Figure 1.4. A normal-phase HPLC chromatogram of a palm olein sample showing the sepa-
ration of various isomers of vitamin E. Chromatogram courtesy of PerkinElmer.



olein sample using a nonpolar mobile phase of hexane modified with a small
amount of ethanol. It is believed that a surface layer of water reduces the activ-
ity of the silanol groups and yields more symmetrical peaks.3 NPC is particu-
larly useful for the separation of nonpolar compounds and isomers, as well as
for the fractionation of complex samples by functional groups or for sample
clean-up. One major disadvantage of this mode is the easy contamination of
the polar surfaces by sample components. This problem is partly reduced by
bonding polar functional groups such as amino- or cyano-moiety to the silanol
groups.

1.2.2 Reversed-Phase Chromatography (RPC)

The separation is based on analytes’ partition coefficients between a polar
mobile phase and a hydrophobic (nonpolar) stationary phase. The earliest sta-
tionary phases were solid particles coated with nonpolar liquids. These were
quickly replaced by more permanently bonding hydrophobic groups, such as
octadecyl (C18) bonded groups, on silica support. A simplified view of RPC is
shown in Figure 1.3b, where polar analytes elute first while nonpolar analytes
interact more strongly with the hydrophobic C18 groups that form a “liquid-
like” layer around the solid silica support.This elution order of “polar first and
nonpolar last” is the reverse of that observed in NPC, and thus the term
“reversed-phase chromatography.” RPC typically uses a polar mobile phase
such as a mixture of methanol or acetonitrile with water. The mechanism of
separation is primarily attributed to solvophobic or hydrophobic intereac-
tion.12,13 Figure 1.5 shows the separation of three organic components. Note
that uracil, the most polar component and the most soluble compound in the
mobile phase, elutes first. t-Butylbenzene elutes much later due to increased
hydrophobic interaction with the stationary phase. RPC is the most popular
HPLC mode and is used in more than 70% of all HPLC analyses.3,4 It is suit-
able for the analysis of polar (water-soluble), medium-polarity, and some non-
polar analytes. Ionic analytes can be separated using ion-suppression or
ion-pairing techniques, which will be discussed in Sections 2.3.4–2.3.6 in
Chapter 2.

1.2.3 Ion-Exchange Chromatography (IEC)

In ion-exchange chromatography,3–5 the separation mode is based on the
exchange of ionic analytes with the counter-ions of the ionic groups attached
to the solid support (Figure 1.6a). Typical stationary phases are cationic
exchange (sulfonate) or anionic exchange (quaternary ammonium) groups
bonded to polymeric or silica materials. Mobile phases consist of buffers, often
with increasing ionic strength, to force the migration of the analytes. Common
applications are the analysis of ions and biological components such as amino
acids, proteins/peptides, and polynucleotides. Figure 1.7 shows the separa-
tion of amino acids on a sulfonated polymer column and a mobile phase of

MODES OF HPLC 7
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Column : C18 (32 x 4.6 mm i.d.)
Mobile Phase : 80% Methanol in water
Flow rate :  1 mL/min
Pressure : 1000 psi
Detection: UV at 254 nm
Sample : A mixture of organics at

0.01 - 2% levels
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Figure 1.5. A reversed-phase HPLC chromatogram of three organic components eluting in the
order of “polar first and nonpolar last.” The basic pyridine peak is tailing due to a secondary
interaction of the nitrogen lone-pair with residual silanol groups of the silica based bonded
phase. Figure reprinted with permission from reference 8, Chapter 2.
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Figure 1.6. a. Schematic diagrams depicting separation modes of (a) ion-exchange chro-
matography (IEC), showing the exchange of analyte ion p+ with the sodium counter ions of the
bonded sulfonate groups; (b) size-exclusion chromatography (SEC), showing the faster migra-
tion of large molecules.



increasing sodium ion concentration and increasing pH. Since amino acids 
do not absorb strongly in the UV or visible region, a post-column reaction
technique is used to form a color derivative to enhance detection at 550nm.
Ion chromatography14 is a segment of IEC pertaining to the analysis of low
concentrations of cations or anions using a high-performance ion-exhange
column, often with a specialized conductivity detector.

1.2.4 Size-Exclusion Chromatography (SEC)

Size-exclusion chromatography15 is a separation mode based solely on the
analyte’s molecular size. Figure 1.6b shows that a large molecule is excluded
from the pores and migrates quickly, whereas a small molecule can penetrate
the pores and migrates more slowly down the column. It is often called gel-
permeation chromatography (GPC) when used for the determination of
molecular weights of organic polymers and gel-filtration chromatography
(GFC) when used in the separation of water-soluble biological materials. In
GPC, the column is packed with cross-linked polystyrene beads of controlled
pore sizes and eluted with common mobile phases such as toluene and tetrahy-
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Column: Protein Hydrolyzate 
(150  x  4.0 mm i.d.) 

Mobile Phase: Na315  and  Na740 
Flow Rate: 0.3 mL/min at 55 °C  
Detection: Visible at 550 nm 
Reagent: Trione,  0.3 mL/min  at  

130 °C

Peak
Identification
1. Asp   11. Iso
2. Thr   12. Leu
3. Ser   13. Tyr
4. Glu    14. Phe
5. Pro   15. Lys
6. Gly    16. NH3

7. Ala    17. His
8. Cys   18. Trp
9. Val    19. Arg

10. Met

Figure 1.7. An ion-exchange HPLC chromatogram of essential amino acids using a cationic
sulfonate column and detection with post-column reaction. Note that Na315 and Na740 are
prepackaged eluents containing sodium ion and buffered at pH of 3.15 and 7.40, respectively.
Trione is a derivatization reagent similar to ninhydrin. Chromatogram courtesy of Pickering 
Laboratories.



drofuran. Figure 1.8 shows the separation of polystyrene standards showing
an elution order of decreasing molecular size. Detection with a refractive index
detector is typical.

1.2.5 Other Separation Modes

Besides the four major HPLC separation modes, several others often encoun-
tered in HPLC or related techniques are noted below.

• Affinity chromatography9: Based on a receptor/ligand interaction in which
immobilized ligands (enzymes, antigens, or hormones) on solid supports
are used to isolate selected components from a mixture.The retained com-
ponents can later be released in a purified state.

• Chiral chromatography16: For the separation of enantiomers using a
chiral-specific stationary phase. Both NPC and RPC chiral columns are
available.

• Hydrophilic interaction chromatography (HILIC)9: This is somewhat
similar to normal phase chromatography using a polar stationary phase
such as silica or ion-exchange materials but eluted with polar mobile
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Column: PLGel 5 µm mixed
(300 x 7.8 mm i.d.)

Mobile Phase: THF
Flow Rate: 0.8 mL/min
Detection: UV at 265 nm

Peak Identification
1. polystyrene 1,650,000 MW
2. polystyrene 480,000 MW
3. polystyrene 180,000 MW
4. polystyrene 76,000 MW
5. polystyrene 39,000 MW
6. polystyrene 11,000 MW
7. polystyrene 2,900 MW
8. polystyrene 580 MW
9. o-chlorobenzene
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Figure 1.8. A GPC chromatogram of polystyrene standards on a mixed-bed polystyrene
column. Chromatogram courtesy of Polymer Laboratories.


