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PREFACE

This book is about wodern liquid chrematopraphy. By
this we mean automatad, high-pressura 1i ..1d chroma-
tography in columns, with a capability f£~: the high-
resolution separation of a wide rangs o1 suwnle types,
within times of a few minutes to perhaps & hour, Mod-
ern liquid chromatography (LC) 1is now about &ive years
old. By early 19692 it was possible tc purchase egquip-
ment and high-pevicrmance column packings wiiich togeth-
er largely bridged the gap between classiceal iiquid
chromatography and gas chromatography. Sincs that £iw
there has been a flurry cof activity on the p vt of con
panies that supply equipment and materials fuur L

-

Within the past few vears there have been furtuer =
o
jor advances in the theory and practice of LC. 7 .a.
- ~

ly, numercus appiicztion: of modern LT to a wico

of problems are now being reported., The technim:: oo
reached the point where the avevage chromatczraphaor
can achieve--by yesterday®s standards--consicrtent vy
spectacular resulis,

To get the most out of modern LT, some care 13 vo-
quired in choosing s wfoht technigue, selecting ©
best scparation conditions, and using the proper ego:
ment o best advantore. In short, the practical wo
must know what he is doing. Moveover, his knowledg-
mist be a balance of theory and experience; 1t must

ﬂ
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i
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viii Preface

irclude both principles and practice, Unfortunately,
there has been a tendency for those in chromatography
to stress either the theoretica! or the “practical”
side of the subject., Also, the theory of chromatog-
raphy-~and of modernm LC--has ofton been represented as
highly complex, with its appilication to real separaticn
preblems cither not obvious, or impossibly tedious.

We thin¥ there is a better approsch,

An effective presentation of what modern LC is all
about must be a blend of practicsl details plus down-
to-earth theory. This conviction led us in 1971 to
develor the American Chemic:i Society short course
"rodern Hquid Chromarography.’ “Within the next two

> prosente4 the course to about 800 students,

¢hly enthusiastic response, The course it-
smtinued to evolve during this time, largely in

<o the questions and comments cf the studencs,
1972 it appeared worthwhile to raduce wur ap-
te tevtbook form, and tha oresent pook is the

goal fer this bool wss ro retain the es
of ths short course, d ¢ add certain mate-
be included ir e two-day serie:

iec . not hope to present everything of
conceivahla intersst ro 1C in a bouk ~f this size, yet
@ were determined not te ﬁlix%t any area of signifi-
cani wractical importance. ‘Jnere compromise botween
twe ouge‘t ives eventually proved necessary, it
”efc:vu\LP” other sources, The
ool was renm to e salf.anfficient in terms of
212 needs cf tEe average ;tﬁft SiChu( or technician

with modeym LC. We ptelieve this book
aloratories where moderm LG

in most 1
In conzlusion. we wouid like to express our appre-

icn to numerous profess! asscciates who have
shraped our thinkirg as set 4o 1 the present book,
r= the hundreds of students who utook our course--and




Preface ix

helped make it better for the next class, and to the
staff of the Continuing Education Department of the
American Chemical Society for their help with and spon-
sorchip of the short course. We are especially grate-
ful to the specisi contributors, Dr. J. J. DeStefano of
the Biochemicais izuisctment, E, T, du Pont de Nemours
& Co,, and Mr, H. 0. Adler ci the Research Department,
Technicon Instrument Corporation, who wrote material in
areas of their expertise to £ii]l in gaps in the origin-
al ACS short course, We are also grateful to several
of our friends for agreeing to review the initial man-
uscript, and who much improved f{t: DUx. D. L. Saunders
of the Union 0il Compauy, Dr. H. M. McNair and Mr,
Daniel Marsh of the Virginia ?oivyzechmic Institute,
Dr. B. L. Xarger of Northesscern Yniversity, Dr. C.
Horvath of Yale University, and Dr. J. J. DeStefanc,
However, we siiould hasten to add thar we dld not always
need their advice, aznd we mus: take vesponsibility for
any ervoers that remairn.
The efforces of our
Elizabeath G111 and Mrs,
Instrument Corpo aiisnm
Du Poat are m
debted to Miss :
preparacion of che fi
of cur respective depart
also cf great a
famiiies for
months that were

serretaries, Mrs.

of the Technicon

-y Lyon Edwards of

rarticuiarliy in-

Pont for her
The support

nection was

J. J. Kirklend
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CHAPTER ONE

INTRODUCTION

Over the past forty years the practice of chromatog-
raphy has witnessed a2 continuing growth in almost every
respect: the number of chromatcgraphers, the amount of
published work, the variety and complexity of samples
peing separated, sepavation speed end convenience, and
so on. However, this growth curve has not moved smooth-
ly upward from year to year. Rather the history of
chromatography is one of periodic upward spurts that
have followed some major innovation. It 1s easy to
recognize several major milestones of this type: the
irzroduction of partition and paper chromatography in
ti- 1340s, gas and thin-layer chrouwatogzraphy in the
1650s, and the various gel or exciusion methods in the

o

carly 1360s. A few vears later 4 was pessible to fore-
see still another of those major developments which
were destined to reveluvtiorniz: tre nractice of chroma-
tography: a technigue which we will caill mocdern liquid
chromatography.

what do we mean by '"'modern liquid chromatcgraphy'?
Ligquid chromatography (iC}; rclcrs to any chromatograph-
ic process in which the moving vhase is a liguid, in
contrast to the moving gas phase of gas chrowmatography.
Traditional column chromatography {whether adsorption,

Pt



2 Introduction

partition, or ion exchange), chin-layer and paper chrc-
matography;, and modern LC are all forms of liquid chro-
matography. The diiference between modern LC and these
older procedures includes details of equipment, materi-
als, technique, and theory. But mainly, modern 1C
offers major adventages Iin convenlence, accuracy, Sspeec,
and the ability to carry cut difficult separations. To
appreciate the urique velue of modern LC it will help
to draw two comparisons:

lrsdd chromatography versus gis chroma-

@ Mode.n (L versus traditional LC procedures.
Lol LIQUIN VERSU: GAS CHAROMATUCRATHY

i gss chromatography {GC) to
omplen mixtures 7s aow widely
o previous chromatograghic meth
1oions that e mich faster and
aatie eguipment for GC was soon
tteaded operstion. How-
handled by GC. either be-
veletile znd 2anncot nass
> vhey are thormally un-
= the conditions ~f separa-
tiat only 207 of known

7 zat :fzctcrlly by CT,

<, i'nia
s

r-lq_

B
{

is not limited by 5ample Vo
Thus, 12 is ideally
macromolectrles end ienic
gp2cies ol i, labile natural prod-
ucte, anid = i " other high wclecular-weighc
and/o¢ iess stabie comeounds; for example,

by

1.C on tlie cthe:-
tility or i
suited for

2olysaccharides pharmaceuticals
¢ ploments dves
- iipids surfactants

~
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Liquid Versus Gas Chromatography 3

drug and pesticide steroids synthetic polymers
conjugates
purines vitamins antioxidants

Liquid chromatography also enjoys certain other
advantages with respect to GC. Very difficult separa-
tions are often more readily achieved by liquid than by
gas chromatography. The reasons for this include:

e Two chromatographic phases in IC for selec-
tive interaction with sample molpcules,
versus only one in GC;

e A4 greater variety of uniquely useful column

)
)

packings {(stationary rhases) in LC;

@ Lowar separation temperaturass in L.
Chromatographic separation is the result ¢f specilii~
interactions between sample molecules and the stat.on-
ary and moving phases. These interactions are asner-
tially absent in the moving gas phase of GC. but
present in the liquid phase of LC--thus providi
additionsl variable for coﬂtrolitng and impirov
pration. Furthermorz, 2 groater varietry of sta
phases has been found useful in 1£, which aBaxa
a wideyr variaticr: of these selective interact Lva, and
greater possibilities for ssparation, Finaliv, ot
tograplic s=pavation is gererally enhanced as the tem
perature is lowersd, because intermolecular interactions
then become more effeClee. Thig favors procedures
such as 1C which are usually used at temperatures near
ambient.

Liquid chromatography also offers a number of
unique detectors which have so far found little or neo

i

vt L g ey

> Y. : . 20 with colox-forming
reaciic.:i: . . ceparated sample components.
& UV absorption and fluorescence detecters.
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Radiometric detectors.
Conductivity detectors.
Polarographic detectors.
Refractive index detectors.

In certain LC analyses that are illustrated later, the
availability of the right selective detector can elim-
inate the need for complete separation.

A final advantage of liquid versus gas chromatog-
raphy is in the relative ease of sample recovery. Sep-
arated fractions are easily collected in 1C, simply by
placing an open vessel at the end of the columm. Recov-
ery is quantitative, and separated sample components
are readily isolated. The recovery of separated sampl:
components in GC is also possible--but is generally
iess convenient and quantitative.

Desgpite these advantages of LC relative to GC, the
latter is usually the method of choice when nc specisal
problems are expected for a given sample, Separations
by GC are often faster and more gensitive, as well as
more convenient. Also, most laboratories are already
well equipped for GC, in terms of both equipment and
operating persommnel. The time is rapidly passing, how-
ever, when GC is automaticslly a first choice for the
separation of most samples. Before long we can expect
to see more samples being analyzed by modern LC than
by GC.

1.2 MODERN VERSUS TRADITIONAL LC PROCEDURES

Consider now the diff:rence between modern LC and clas-
gical column or open-bed chromatography. These thr.e
general procedures are illustrated in Figure 1.1, In
clsgsical IC a columm was generally used only once,
then discarded. Therefore, packing a column (step I

uff Tlgure 1.1, '""Bed Preparation') had to be repeated
for each separation, and this represented a signifi-
cant expense of both manpower and material. Sample



