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PREFACE

High-performance liquid chromatography (HPLC) is now nearly 25 years old.
It is therefore surprising to find that until now no book has been written that is
dedicated to HPLC columns, despite the importance of column technology to
the success of HPLC. Hence I was delighted when the idea of writing such a
book was proposed to me. It is a commonplace saying that the chromato-
graphic column is the heart of the HPLC system. Consequently, a thorough
understanding of the physics and chemistry of the processes that take place in a
column is of significant importance to the analytical chemist who uses HPLC.

One of the first steps in writing a book is to define the audience for which
it is written. I decided to address the text to the HPLC practitioner working
in the laboratory. Therefore the book is largely a practical guide, but it also
contains sufficient theoretical background information to give an in-depth
understanding of the topics covered. Thus it should be useful for both the
novice and the experienced user of chromatography.

Another decision that needs to be made early is which subjects should be
covered and what should be omitted. Since the book is intended for the HPLC
user, I limited the discussion of packings and columns largely to those that are
commercially available. At the same time, I did not include the lengthy tables
of commercially available products found in some other books. In my ex-
perience, these tables are far from complete and full of erroneous information.
Generally, I give sources only for columns or packings, if they are available
from only one supplier and if this supplier may not be widely known. Of
course, when specific data or examples are shown, a complete reference is given.

The chapters of the book are not intended to be review articles. Therefore,
I have been fairly selective with the references. The references given are for the
most part key publications on the subject, review articles or sources that are
largely unknown. For those who want to explore the subjects in greater depth,
I have included recommendations for further reading.

Large portions of the book are based on seminars and lectures that I have
put together over the years for both my colleagues at Waters Corporation and
Waters customers. However, all material has been updated to incorporate the
current state of knowledge. ’

Many data and examples that I use to illustrate points were provided by my
co-workers in the chemical products group at Waters. I want to thank each
and every one of them for their contributions.

Xv




xvi PREFACE

Throughout the writing of the book, I have asked my colleagues at Waters
and Phase Separations for comments and suggestions. Their feedback has
strengthened the quality of the book, and I would like to thank Dorothy J.
Phillips, Tom H. Walter, Richard M. King, Edouard S. P. Bouvier, Glen E.
Knowles, Ray P. Fisk, Peter Myers, Michael S. Young, Jim Krol, Rick Nielson,
Yefim Brun, Steve Cohen, Todd Peltonen, Barbara Murphy, Robin Andreotti,
and John E. O'Gara for their input.

Also, to further improve the book’s content, I have asked M. Zoubair El
Fallah to write the chapter on methods development. Zoubair’s strong back-
ground in chromatographic theory as well as his broad practical experience
made him the ideal choice for producing this chapter. Furthermore, we have
previously cooperated in the elaboration of method development strategies,
and some of the work reported in this chapter originated in this cooperation.

Finally, I want to apologize to my family for spending the better part of my
“free” time during the last year writing this book. I promise to make up for it
in the future. '

I hope that this book will serve you, the reader, well and helps you in the
application of HPLC to your analytical or preparative separation problems.

Uwe DIETER NEUE
Ashland, Massachusetts
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1 Introduction

1.1 History

1.2 Scope of This Book

1.3 What Is HPLC?

14 Separation Mechanisms Used in HPLC

History is not merely a record of the dead past.
—R. A. Raff, The Shape of Life

High-performance liquid chromatography (HPLC), together with its derivative
techniques, is today the dominant analytical separation tool in many indus-
tries. It is used extensively in the pharmaceutical industry in applications
ranging from content uniformity assays to pharmacokinetic studies. The
chemical industry relies on HPLC in the quality control of raw materials,
intermediates, and finished products. In environmental laboratories, HPLC is
used for the analysis of pesticides and other contaminants in soil and water.
Applications of HPLC in the food industry include the analysis of pesticide
residues or the content of nutrients or additives. In clinical analysis, therapeutic
drug monitoring is performed by HPLC. These are just a few examples that
illustrate the broad scope of HPLC.

1.1 HISTORY

HPLC as we know it today emerged around 1973. During that year, packing
technologies were developed that made it possible for the first time to
reproducibly prepare high-efficiency columns from 10-um particles. Older
packing techniques had failed to give good results for particles smaller than
about 30 um. Also during 1973, the modification of the silica surface via
silanization became commercially feasible. These breakthroughs in the technol-
ogy lead to the marketing of the first 10-um reversed-phase columns. An
example is uBondapak C, g, which became available in August 1973, packed
into a 30~cm-long column with an internal diameter of 3.9 mm. Thereafter for
the first time sufficient separation power was available to tackle a broad range
of real-life problems within a reasonable analysis time. Especially in the

1



2 INTRODUCTION

pharmaceutical industry HPLC became a nearly instantaneous success, and its
impact on the chemical industry in general was significant.

HPLC had now become competitive with gas chromatography, the other
major instrumental analytical separation technique of the time. HPLC was
able to deal with a broader range of samples than gas chromatography (GC),
and had the advantage of simplified sample preparation in those cases that
could be solved by either technique. In principle, anything that can be
dissolved can be subjected to an HPLC analysis. Consequently the number of
application areas of HPLC expanded rapidly.

Between 1973 and 1978 the groundwork was laid for a basic understanding
of the fundamentals of the technology. Guiochon and co-workers published a
series of papers titled Study of the Pertinency of Pressure in Liquid Chromatog-
raphy, which provided the foundation of rational column design. Halasz and
co-workers pointed out the “Ultimate Limits of High-Pressure Liquid
Chromatography”. The research by Horvath and co-workers furnished the first
theories of the mechanisms of reversed-phase chromatography, which had
quickly become the most popular separation technique. Columns packed with
S-um particles became commercially available, and column manufacturers
wrestled with issues of bed stability and batch-to-batch reproducibility of the
packing material. One outcome from these efforts was the stabilization of the
packed bed by radial compression.

The next 5 years (1978-1983) were characterized largely by a consolidation
of the knowledge and an expansion of the application of chromatography into
new areas. lon chromatography was an important derivative of HPLC and
quickly dominated the analysis of inorganic ions. Kirkland and Glajch formed
the first framework for rational method development for reversed-phase
chromatography based on solvent selectivity. This was soon followed by the
development of alternative strategies and the expansion to other parameters to
manipulate selectivity. During this time period, the compromises surrounding
smaller-diameter columns were explored as well, largely through the work of
Novotny, Scott, and Ishii.

The key developments of the subsequent decade were in the realm of
bonded-phase technology. The efforts of many researchers gave us a superior
understanding of the retention mechanisms, and the structure and preparation
of bonded phases, including the pretreatment of the silica surface itsel.
Important tools were refined chromatographic characterization techniques and
the use of sophisticated instruments such as solid-state nuclear magnetic

resonance (NMR).

To the casual observey/ might appear that HPLC column technology has
changed little between '1978 and 1996. We are still using predominantly
columns packed with S-um particles, and our preferred packing is a C,,
bonded phase. In reality, much progress has been made, but all advances lie in
the details of the column technology. Most major column manufacturers have
honed their packing skills significantly to the extent that the reproducibility of
the column packing operation and the mechanical stability of the packed bed
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are no longer an issue. Another area of significant progress is the chemistry of
the HPLC packings. Manufacturers have learned to improve the adsorption
properties of a silica-based reversed-phase packing and to implement controls
over the manufacturing processes that result in better batch-to-batch reproduc-
ibility. An example is the drastically reduced tailing of basic compounds on
packings that were developed in the late 1980s and the 1990s compared to
packings developed in the 1970s.

But the limits of column technology continue to be explored. Areas of
developments include smaller particle sizes and smaller column diameters.
From the standpoint of column technology, there is no fundamental techno-
logical hurdle to overcome to reduce the column diameter. In fact, several
advantages could be realized if the column diameter could be pushed to less
than 100 um. However, without a parallel development of an instrument, we
will not be able to achieve any gains. In 1973, column technology drove the
design of the HPLC instrument. Maybe we will see a similar development
again.

1.2 SCOPE OF THIS BOOK

In this book we give a comprehensive overview over the state of the art of
column technology and explain the underlying principles. We give practical
advice on the use of columns and show application examples. We address the
question of which column should be selected and include a section on method
development. We also discuss special techniques, including techniques of pre-
parative chromatography, such as continuous chromatography and the
simulated moving bed. Finally, this book would not be complete without a
troubleshooting section. In summary, we have tried to create a practical guide,
designed for the HPLC practitioner working in the laboratory, while supplying
sufficient theoretical background information to give an in-depth understand-
ing of the subject.

13 WHAT IS HPLC?

Before we delve into the details, let us spend a moment to define high-
performance liquid chromatography. Chromatography in general comprises all
separation techniques in which analytes partition between different phases tbat
move relative to each other or where the analytes have different migration
velocities. The latter part of the definition includes chromatographic techniqut‘:s
in which the analytes are transported via a field, such as in electrokinetic
chromatography.

In countercurrent chromatographic techniques, both phases are moving, but
in most chromatographic techniques one phase is stationary, while the other




4 INTRODUCTION

one is mobile. In liquid chromatography, the mobile phase is a liquid, while
the stationary phase can be a solid or a liquid immobilized on a solid.
High-performance liquid chromatography comprises all liquid chromatog-
raphic techniques that require the use of elevated pressures to force the liquid
through a packed bed of the stationary phase. It is therefore also often called
high-pressure liquid chromatography. Because sophisticated and therefore ex-
pensive instrumentation is required, cynics have also called it high-priced liquid
chromatography.

HPLC is primarily an analytical separation technique, used to detect and
quantitate analytes of interest in more or less complex mixtures and matrices.
However, it is also used to isolate and purify compounds. Since the goals of
preparative chromatography are substantially different from the goals of
analytical HPLC, a separate chapter is dedicated to the special issues asso-
ciated with this technique.

14 SEPARATION MECHANISMS USED IN HPLC

In this section we briefly review the separation mechanisms used in HPLC. The
various separation techniques are covered in separate chapters, which describe
the mechanisms, the practice, and typical applications in detail.

The traditional form of liquid chromatography employed a polar adsorbent
such as silica or alumina, and a nonpolar mobile phase based on hydrocarbons
such as petrol ether or chlorinated hydrocarbons such as chloroform. Today,
this type of chromatography is known as normal-phase chromatography, in
contrast to reversed-phase chromatography. It is also often referred to as
adsorption chromatography. It is based on the interaction of the polar func-
tional groups of the analytes with polar sites on the surface of the packing.
Normal-phase chromatography has lost its initial importance and has been
eclipsed by reversed-phase chromatography.

In reversed-phase chromatography, a nonpolar stationary phase is used in
conjunction with polar, largely aqueous mobile phases. Between 70 and 80%
of all HPLC applications utilize this technique. Its popularity is based largely
on its ease of use; equilibration is fast, retention times are reproducible, and
the basic principles of the retention mechanism can be understood easily. Most
stationary phases are silica-based bonded phases, but polymeric phases, phases
based on inorganic substrates other than silica, and graphitized carbon have
found their place as well.

Some applications, such as protein separations, require a surface less
hydrophobic thzz(l:at of reversed-phase packings. Proteins are denatured by
the aqueous-organic mobile phases commonly used in reversed-phase
chromatography. If the hydrophobicity of the stationary phase is reduced
significantly, proteins can be eluted with water or dilute buffer as eluent. In this
technique, termed hydrophobic interaction chromatography, the analytes are
typically adsorbed onto the packing in a buffer with a high salt concentration,
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and eluted with a buffer of low ionic strength. This technique can be viewed as
an extension of reversed-phase chromatography.

In ion-exchange chromatography, the interaction of charged analytes with
oppositely charged functional groups on the stationary phase is utilized.
Elution is effected by either an increase of the ionic strength of the buffer, thus
increasing the concentration of competing counterions, or through the change
of pH, which can modify the charge of the analyte or of the ion exchanger.
Strong and weak cation and anion exchangers are employed. The application
range of ion-exchange chromatography is broad, covering organic and inor-
ganic analytes. A large application area is the separation of biopolymers,
specifically, proteins and nucleic acids. _

In size-exclusion chromatography, the separation is based on the partial
exclusion of analytes from the pores of the packing, due to the size of the
analyte. It is used largely for the analysis or characterization of industrial
polymers and biopolymers, but its separation range extends all the way down
to oligomers. Known also as gel-permeation chromatography, it is one of the
parent techniques of today’s instrumental HPLC.

Hydrophilic interaction chromatography can be viewed as an extension of
normal-phase chromatography to the realm of very polar analytes and aque-
ous mobile phases. Suitable stationary phases are the same as used in
normal-phase chromatography. The most important application is the separ-
ation of sugars, oligosaccharides, and complex carbohydrates.

True liquid-liquid partition chromatography is seldom used today. In this
technique, the pores of a packing are filled with a liquid that is immiscible with
the mobile phase. The preparation of the column is complicated, and it is
difficult to maintain precise equilibrium conditions. The use of bonded phases
has completely displaced classic partition chromatography. One can argue that
reversed-phase chromatography or hydrophilic interaction chromatography
are really versions of partition chromatography that use a very thin layer of
stationary phase. True liquid-liquid partitioning is briefly discussed as a
special technique of normal-phase chromatography.

Several special techniques are worth mentioning. An example is ion-pair
chromatography, which is carried out using ionic surfactants on reversed-phase
packings. It is covered in Chapter 10. Another example is ion chromatography,
which is a special technique of ion-exchange chromatography applied to
inorganic ions. The unique requirements of the associated detection technique
resulted in distinct stationary phases different from those of standard ion
exchangers; these are covered in Chapter 12.






