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Foreword to the first English
edition

In Dutch, scheikunde (German: Scheidekunst = the art of separation) is synonymous
with ‘Chemistry’. No chemistry whatsoever without separation, without analysis!
And no analysis without ‘Instrumentation Methods and Techniques’, i.e. without
the sub-title of the present book!

Instrumentation was, for a long time, rather crude by today’s standards: the
furnace, the alembic, the separatory funnel, the filter, the balance. .. Crude, and
cheap. Today, no modern analytical laboratory is without M$ investments in
optical, mass and NMR spectrometers, in high performance chromatographs, in
electro-analytical equipment.

But also, how heavy the responsibility resting on the shoulders of the analytical
chemist! He is the one who in the first place is responsible for the forced closing
of a dioxin-delinquent waste incineration plant, for the approval of a new non-
persistent pesticide, for the demotion of an athlete from his Olympic title for having
used illegal drugs, for the identification of a criminal by the traces of gunpowder on
his hands, for the quantification of environmental contaminants, for the detection
of diabetes or of poisoning, for the establishment and the enforcement of standards
used in World trade. . . The analyst, with his power to say ‘yes’ or ‘no’, is one of
the most influential of our contemporaries!

There are many books on analytical chemistry, but there were very few, and
rather old ones, in French, until F. and A. Rouessac published the first French
edition of the present book, eight years ago: they had a niche to fill. Four successive
editions have confirmed that they had filled it well: their book was simple, highly
informative, and it was kept up-to-date. Through its successive improvements,
it has become mature for translation. I am sure the present English version, for
which I see no equivalent, will now be useful world-wide to students, as well as
to professionals. Fare well, Rouessac & Rouessac!

14 February 2000
Guy Ourisson
President of the French Academy of Sciences






Preface to the first English
edition

The book entitled Analyse Chimique. Methodes et techniques instrumentals
modernes, written originally in French by Professor F. Rouessac and his wife
A. Rouessac, has been revised several times and is now in its 4th edition. It is an
ongoing project that provides updated versions and increases the usefulness of the
manuscript.

The purpose of the work has been to provide basic information on methods of
chemical analysis and new instrumentation techniques that have been developed
and improved in recent years. Its objective is to provide the analyst with a reference
manual while providing students with a teaching tool that covers the basics of
most instrumental techniques presently used in chemical analysis. It incorporates
basic principles, describes commonly used instruments and discusses the main
application for most of the analytical techniques.

The book classifies methods of analysis according to three categories: separation
techniques, spectroscopy techniques and other methods. It was written for under-
graduate students in chemistry but with the view that it may be of interest for
students in other disciplines (physics, biology, etc.) where chemical methods of
analysis and instrumental techniques are used. Thus, it provides sufficient infor-
mation to understand the techniques and their application and allows students
to find additional information in more advanced works that discuss specialised
instrumental techniques in more detail.

Professor Rouessac gathered the material presented in this book during his
teaching career at the University of Le Mans and he has made an effort to integrate
theory and practice in a remarkable way. The chapters contain detailed descriptions
of instruments and techniques with a few applied examples that are useful to
appreciate the scope of the techniques as well as their strengths and limitations in
the applied world. The philosophy behind the manuscript is to show that although
analytical chemistry and chemical analysis are sometimes considered as different
topics, they are inherently intertwined.

Over the years, we have seen a tremendous evolution in chemical analysis.
Because of developments in electronics and computer sciences, many new
approaches have been developed based on physical measurements and these
approaches are now widely used. Nowadays, there is a legion of instrumentation
techniques that are more sensitive, more selective and can be applied to analytical
problems in many areas of science where the structure determination and quan-
tisation of chemical species is needed. For example, physical methods of chemical



xvi PREFACE TO THE FIRST ENGLISH EDITION

analysis are being used overwhelmingly in the biological sciences. Moreover, the
combination of two or more instrumentation analysis techniques had led to the
introduction of hyphenated methods that are extremely powerful and require the
basic knowledge of the underlying principles. This manuscript provides the essen-
tial knowledge for the understanding of these techniques and opens the door to
their areas of applications. It also treats some older techniques that maintain their
important place in industrial processes. It has been a pleasure for us to translate
Professor Rouessac’s work. Although we have been able to translate the technical
material relatively precisely, there is a flavour of expression used by the authors
in their native language that cannot be transposed, as is usually the case with
translations. In spite of this limitation, we believe that the content of this book
will be extremely useful to readers that are seeking knowledge and information
on chemical analysis and analytical instrumentation.

Michel J. Bertrand, Professor

Karen C. Waldron, Assistant Professor
Department of Chemistry

Université de Montréal

September 1999



Preface to second edition

This textbook presents an explanatory and exploratory review of the basic concepts
behind the methodologies most frequently encountered in the qualitative, quan-
titative and structural chemical analysis employed in sectors as diverse as the
chemical, pharmaceutical, food and agricultural industries as well as those areas
of the environment subjected to stringent controls.

The techniques under review have been classed into one of the following three
categories: Separative Methods, Spectral Methods and Other Methods, each of
which is the object of an investigative study of the fundamental ideas, their exten-
sion, development and application to the corresponding principal, instrumental
techniques. Each chapter is illustrated by photographs, numerous diagrams and
schemes of chemical reactions or technical principles many of which have been
inspired by real instruments and documents obtained from the constructors.
However, in order that the book be contained within a reasonable volume, those
methods rarely used, or currently in regression are not discussed.

Written and presented as comprehensively as possible, the text addresses a broad
spectrum of techniques relevant to a wide range of subjects in chemistry, physics
and applied biology and will prove appropriate for students of pre-university,
undergraduate and postgraduate levels. Specialist technicians in university support,
research and industrial training services will equally find this book useful. The
current needs of certain professional sectors in chemical analysis, some of which
may appear to have been neglected, linked with the increasing choice of techniques
and instruments available, equally justify this compendium of information which
updates and unifies several previously available texts.

Though aimed at an otherwise broad readership, this book has been principally
designed to engage the interest of students of chemical analysis and to harness
their appreciation of the subject as a particular tool employed in a great many
experimental sciences and a variety of associated domains.

The authors have included reminders of fundamental principles and have taken
account of the evolution of knowledge and the developments in approaches to
physical and mathematical phenomena. The text contains only a minimum of
theory in order not to lose the attention of the broader readership whose interest is
preferential for the technical content. Those readers so wishing may undertake the
reading of the more specialised ceuvres without major difficulty, having acquired
from this book a suitable introduction to both the current methods and practical
aspects.

The content also reflects the profound changes in analytical techniques currently
employed in laboratories. The inherent changes resulting from the growth in
demand, the now quite necessary volume of data to be treated, from computeri-
sation and the new requirements most notably in trace analysis.



xviii PREFACE TO SECOND EDITION

Comprising a discussion of more than twenty methods, which bearing in mind
the large number of applications for each capable of being the subject of a lengthy
review, along with the addition of individual exercises, (problems and solutions)
and the whole delivered in less than 580 pages, the authors have responded to a
considerable challenge. They have preferred a format limited to the presentation
of the tools themselves rather than to descriptions of all that their use permits
them to do. The choice of applications has therefore been simplified to those
which express an illustrative value.

The origin of this book has been the coursework, accumulated over a number of
years, which has been presented to the students of the Institute of Technology at the
University of Le Mans, France. Colleagues and friends have given graciously of their
time for both the re-reading of the text and for critical suggestions. This version
of Chemical Analysis is the 2nd International Edition and has been updated and
completed with respect to its predecessor. The fifth edition of this book has equally
been translated into Spanish. The title is Analisis Quimico. Methodos y Técnicas
Instrumentales Modernas, McGraw-Hill Interamerica de Espana, S.A.U.

EF. & A. Rouessac
Le Mans, December 2005
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Introduction

Analytical chemistry is a science close to physical chemistry, which is a branch
of pure chemistry. The objective of analytical chemistry is essentially to develop
and apply new methodology and instrumentation with the goal of providing
information on the nature and composition of matter. Analytical chemistry also
allows the determination of a compound’s structure, either partially or totally, in
samples of differing complexity. Finally, part of the role of analytical chemistry is
to provide an interpretation of the results obtained.

From a more applied point of view, analytical chemistry is the basis of chemical
analysis, which corresponds to the study of the methods and their diverse tech-
niques designed to solve the concrete problems of analysis. The term chemistry is
a reminder that analytical chemistry involves the analysis of chemical elements and
the defined compounds derived from these.

The vast discipline of analytical chemistry has implications in all experimental
sciences. Its study requires knowledge of many different areas. As a multidisci-
plinary science, also sometimes referred to as transferable, analytical chemistry
calls upon many phenomena, certain of which quite distant from chemistry in
the usual sense of the term, in order to provide results. Thus, modern chemical
analysis is based on physico-chemical measurements obtained through the use
of a variety of instruments, which have greatly benefited from the appearance of
microcomputers.

Gradually a tremendous arsenal of processes has been developed, allowing the
analyst to respond to an increasing number of various demands. Furthermore,
the study of modern chemical analysis techniques is far removed from traditional
descriptive chemistry. Many analyses are conducted in non-specialized environ-
ments, either on site or at simple workbenches. The determination of compounds
is currently quite remote from the use of chemical reactions, which are often
avoided for many reasons.

Former wet chemistry methods, at the origin of the term analytical chemistry,
have become less important because they are labour intensive, require large samples
due to their lack of sensitivity, are lengthy and their precision can too easily
be altered by the use of insufficiently pure reagents. Nonetheless, wet chemistry
methods are still interesting to study.

Analytical chemistry has become indispensable in a number of areas beyond
those considered traditional such as chemistry or parachemistry, being increa-
singly present in activities closely associated with mankind such as applications in
medical sciences (diagnostics), biochemistry, food sciences, environmental sciences



Xxii INTRODUCTION

(pollution), security in a world often dangerous and in numerous industrial
sectors. Analytical chemistry is no longer confined to chemistry. For example,
development of regulations in countries regarding the free circulation of products
and the agency in charge of environmental protection both require a great number
of analyses; evidence that analytical chemistry will assuredly have a privileged
position in the future.

More than ever, analytical chemistry is a lively discipline with applied research,
specialized journals and many international events (Pittsburgh Conference,
Salon du Laboratoire, Analytica, etc.) attended by internationally recognized
manufacturers.

One way of determining the importance of a technique is to examine the
economic statistics related to the sale of corresponding instruments. The diffusion
of a technique increases the probability that an analyst will encounter it during
his professional career. For example, chromatographic techniques alone represent
more than half of the sales of instruments for molecular analysis, as opposed
to elemental analysis which is half of this. However, the latter domain is far
from static, other emerging sectors of analysis or novel, alternative methods are
being developed and will no doubt come to the prominence. Elsewhere, economic
indicators are not the only factor taken into account when assigning the importance
of a method. For certain analyses, even a rarely used method can be the most
important if it represents the only available means of solving a problem.

Chemical analysis is the proof of many innovations: the evolution of tech-
nologies has led to the development of high-performance instruments bringing
newer and broader possibilities, notably hyphenated methods and non-destructive
methods. Non-destructive tests can be conducted on very small samples that do
not necessitate extensive sample preparation prior to the measurement. Users
can finally acquire instruments that meet the quality and precision requirements
necessary for attaining certification. This latter requirement an important step in
the official recognition of the quality of the laboratory. Certification procedures
are enforced by a number of test compounds all over the world.

Being an analyst requires scientific competence, austerity and honesty. To under-
take these kinds of study the analyst must be well trained in different techniques.
She/He must be expert and aware of the basic concepts of chemistry realising that
a compound might be analysed by alternate methods. Selecting the appropriate
method and if possible the best requires knowledge of many parameters. A whole
range of questions come up, not necessarily in the following order:

® The sample is of what kind (steel, soil, water...)?

® Does it require a partial or complete analysis of the sample?

e Is the analyte a major component (1 to 100 per cent), minor component
(0.01 to 1 per cent) or trace level component (less than 0.01 per cent) of the
sample?

® Are qualified personnel available to conduct the analysis?
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® Must the analysis be repetitive?

e What is the precision needed?

What is the cost of analysis?

Must the sample be recovered after measurement?

What are the consequences of a possible error in measurement?

How long will the analysis take?

What will the reliability of the results be for the method chosen?

As demonstrated by the questions above, when a new analytical objective has
been defined, the problem must be approached methodically. The science called
chemometrics is aimed at helping to find the best method required for solving an
analytical problem as a function of imposed constraints and according to three
different directions: methodology, data treatment and interpretation of results.

Taking into account the nature of the analyte to be determined, the starting point
consists of choosing a method of analysis: the spectroscopic method, electrochemical
method, separation method, etc.

The second step concerns that of choosing a technique. For example, if chro-
matography has been chosen as the method, will gas-phase or liquid-phase chro-
matography be better?

The third decision to make concerns the choice of sample procedure and the
sample preparation method that will be required to obtain a good result.

As far as experimental protocol is concerned, this will correspond to the mode
of operation chosen. This is effectively the ‘recipe of the measurement’, genera-
lly a procedure working within existing norms (AFNOR). This normalization is
based upon the standardization of the steps at each stage of analysis from sample
preparation to experimental measurement.

Finally, the results are presented and the raw data from analysis is archived, if
possible, as non-rewritable computer files. All of these important aspects of an
analysis can be found in official texts under the heading Good Laboratory Practice
or GLP.

In order that the most appropriate method is selected for an analysis there exists
a science called chemiometrics which has the aim of assisting and advising the
analyst, as a function of the imperatives required and according to several orien-
tations: appropriate methodology, minimum sampling plan, treatment of the data
and interpretation of the results. By use of computerized instruments a correct
response can be proposed through exploitation of the results by means of statistical
methods in order to reduce the number of lengthy or costly analytical trials.

In conclusion, analytical chemistry includes both chemical analysis and
chemiometry. Chemical analysis has the aim of producing results, generally quan-
titative (concentrations) while chemiometrics applies mathematical methods based
on formal logic to extract chemically information from chemical data.
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2 SEPARATION METHODS
The invention of chromatography

Who invented chromatography, one of the most widely used laboratory techniques? This question
leads to controversies. In the 1850s, Schdnbein used filter paper to partially separate substances
in solution. He found that not all solutions reach the same height when set to rise in filter
paper. Goppelsrdder (in Switzerland) found relations between the height to which a solution
climbs in paper and its chemical composition. In 1861 he wrote ‘I am convinced that this
method will prove to be very practical for the rapid determination of the nature of a mixture of
dyes, especially if appropriately chosen and characterised reagents are used’.

Even if both of them did valuable work towards the progress of paper chromatography, it is
traditional to assign the invention of modern chromatography to Michael S. Tswett, shortly after
1900. Through his successive publications, one can indeed reconstitute his thought processes,
which makes of him a pioneer, even if not the inventor, of this significant separative method.
His field of research was involved with the biochemistry of plants. At that time one could extract
chlorophyll and other pigments from house plants, usually from the leaves, easily with ethanol.
By evaporating this solvent, there remained a blackish extract which could be redissolved in
many other solvents and in particular in petroleum ether (now one would say polar or non-polar
solvents). However, it was not well understood why this last solvent was unable to directly
extract chlorophyll from the leaves. Tswett put forth the assumption that in plants chlorophyll
was retained by some molecular forces binding on the leaf substrate, thus preventing extraction
by petroleum ether. He foresaw the principle of adsorption here. After drawing this conclusion,
and to test this assumption he had the idea to dissolve the pigment extract in petroleum
ether and to add filter paper (cellulose), as a substitute for leaf tissue. He realized that paper
collected the colour and that by adding ethanol to the mixture one could re-extract these same
pigments.

As a continuation of his work, he decided to carry out systematic tests with all kinds of
powders (organic or inorganic), which he could spread out. To save time he had carried out
an assembly which enabled him to do several assays simultaneously. He placed the packed
powders to be tested in the narrow tubes and he added to each one of them a solution of the
pigments in petroleum ether. That enabled him to observe that in certain tubes the powders
produced superimposed rings of different colours, which testified that the force of retention
varied with the nature of the pigments present. By rinsing the columns with a selection of
suitable solvents he could collect some of these components separately. Modern chromatography
had been born. A little later, in 1906, then he wrote the publication (appeared in Berichte des
Deutschen Botanische Gesellshaft, 24, 384), in which he wrote the paragraph generally quoted:
‘Like light rays in the spectrum, the different components of a pigment mixture, obeying a
law, are resolved on the calcium carbonate column and then can be measured qualitatively and
quantitatively. I call such a preparation a chromatogram and the corresponding method the
chromatographic method.’




1

General aspects of
chromatography

Chromatography, the process by which the components of a mixture can be
separated, has become one of the primary analytical methods for the identification
and quantification of compounds in the gaseous or liquid state. The basic prin-
ciple is based on the concentration equilibrium of the components of interest,
between two immiscible phases. One is called the stationary phase, because it is
immobilized within a column or fixed upon a support, while the second, called
the mobile phase, is forced through the first. The phases are chosen such that
components of the sample have differing solubilities in each phase. The differ-
ential migration of compounds lead to their separation. Of all the instrumental
analytical techniques this hydrodynamic procedure is the one with the broadest
application. Chromatography occupies a dominant position that all laboratories
involved in molecular analysis can confirm.

1.1 General concepts of analytical chromatography

Chromatography is a physico-chemical method of separation of components
within mixtures, liquid or gaseous, in the same vein as distillation, crystallization,
or the fractionated extraction. The applications of this procedure are therefore
numerous since many of heterogeneous mixtures, or those in solid form, can
be dissolved by a suitable solvent (which becomes, of course, a supplementary
component of the mixture).

A basic chromatographic process may be described as follows (Figure 1.1):

1. A vertical hollow glass tube (the column) is filled with a suitable finely
powdered solid, the stationary phase.

2. At the top of this column is placed a small volume of the sample mixture to
be separated into individual components.

Chemical Analysis: Second Edition Francis and Annick Rouessac
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Figure 1.1 A basic experiment in chromatography. (a) The necessary ingredients (C, column;
SP, stationary phase; MP, mobile phase; and S, sample); (b) introduction of the sample; (c)
start of elution; (d) recovery of the products following separation.
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3. The sample is then taken up by continuous addition of the mobile phase,
which goes through the column by gravity, carrying the various constituents
of the mixture along with it. This process is called elution. If the components
migrate at different velocities, they will become separated from each other
and can be recovered, mixed with the mobile phase.

This basic procedure, carried out in a column, has been used since its discovery
on a large scale for the separation or purification of numerous compounds
(preparative column chromatography), but it has also progressed into a stand-alone
analytical technique, particularly once the idea of measuring the migration times of
the different compounds as a mean to identify them had been conceived, without
the need for their collection. To do that, an optical device was placed at the
column exit, which indicated the variation of the composition of the eluting phase
with time. This form of chromatography, whose goal is not simply to recover the
components but to control their migration, first appeared around 1940 though its
development since has been relatively slow.

The identification of a compound by chromatography is achieved by compar-
ison: To identify a compound which may be A or B, a solution of this unknown
is run on a column. Next, its retention time is compared with those for the two
reference compounds A and B previously recorded using the same apparatus and
the same experimental conditions. The choice between A and B for the unknown
is done by comparison of the retention times.

In this experiment a true separation had not been effected (A and B were pure
products) but only a comparison of their times of migration was performed. In
such an experiment there are, however, three unfavourable points to note: the
procedure is fairly slow; absolute identification is unattainable; and the physical
contact between the sample and the stationary phase could modify its properties,
therefore its retention times and finally the conclusion.
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This method of separation, using two immiscible phases in contact with each
other, was first undertaken at the beginning of the 20th century and is credited to
botanist Michaél Tswett to whom is equally attributed the invention of the terms
chromatography and chromatogram.

The technique has improved considerably since its beginnings. Nowadays
chromatographic techniques are piloted by computer software, which operate
highly efficient miniature columns able to separate nano-quantities of sample.
These instruments comprise a complete range of accessories designed to assure
reproducibility of successive experiments by the perfect control of the different
parameters of separation. Thus it is possible to obtain, during successive analyses
of the same sample conducted within a few hours, recordings that are reproducible
to within a second (Figure 1.2).

The essential recording that is obtained for each separation is called a
chromatogram. It corresponds to a two-dimensional diagram traced on a chart
paper or a screen that reveals the variations of composition of the eluting mobile
phase as it exits the column. To obtain this document, a sensor, of which there
exists a great variety, needs to be placed at the outlet of the column. The detector
signal appears as the ordinate of the chromatogram while time or alternatively
elution volume appears on the abscissa.

B The identification of a molecular compound only by its retention time is somewhat

arbitrary. A better method consists of associating two different complementary
methods, for example, a chromatograph and a second instrument on-line, such as a
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Figure 1.2 The principle of analysis by chromatography. The chromatogram, the essential
graph of every chromatographic analysis, describes the passage of components. It is obtained
from variations, as a function of time, of an electrical signal emitted by the detector. It is
often reconstructed from values that are digitized and stored to a microcomputer for repro-
duction in a suitable format for the printer. (a). For a long time the chromatogram was
obtained by a simple chart recorder or an integrator (b). Right, a chromatogram illustrating
the separation of a mixture of at least three principal components. Note that the order of
appearance of the compounds corresponds to the relative position of each constituent on the
column.
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mass spectrometer or an infrared spectrometer. These hyphenated techniques
enable the independent collating of two different types of information that are inde-
pendent (time of migration and ‘the spectrum’). Therefore, it is possible to determine
without ambiguity the composition and concentration of complex mixtures in which
the concentration of compounds can be of the order of nanograms.

1.2 The chromatogram

The chromatogram is the representation of the variation, with time (rarely volume),
of the amount of the analyte in the mobile phase exiting the chromatographic
column. It is a curve that has a baseline which corresponds to the trace obtained
in the absence of a compound being eluted. The separation is complete when the
chromatogram shows as many chromatographic peaks as there are components in
the mixture to be analysed (Figure 1.3).
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Figure 1.3 Chromatographic peaks. (a) The concept of retention time. The hold-up time 7,
is the retention time of an unretained compound in the column (the time it took to make
the trip through the column); (b) Anatomy of an ideal peak; (c) Significance of the three
basic parameters and a summary of the features of a Gaussian curve; (d) An example of a
real chromatogram showing that while travelling along the column, each analyte is assumed to
present a Gaussian distribution of concentration.
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(d) Comparaison between a true chromatrogram and normal Gaussian-shaped peaks

— P
Gaussian

Figure 1.3 (Continued)

A constituent is characterized by its retention time ty, which represents the time
elapsed from the sample introduction to the detection of the peak maximum on
the chromatogram. In an ideal case, #; is independent of the quantity injected.

A constituent which is not retained will elute out of the column at time ¢,
called the hold-up time or dead time (formerly designated ¢,). It is the time required
for the mobile phase to pass through the column.

The difference between the retention time and the hold-up time is designated
by the adjusted retention time of the compound, #;.

If the signal sent by the sensor varies linearly with the concentration of a
compound, then the same variation will occur for the area under the corresponding
peak on the chromatogram. This is a basic condition to perform quantitative
analysis from a chromatogram.

1.3 Gaussian-shaped elution peaks

On a chromatogram the perfect elution peak would have the same form as the
graphical representation of the law of Normal distribution of random errors (Gaus-
sian curve 1.1, cf. Section 22.3). In keeping with the classic notation, u would
correspond to the retention time of the eluting peak while o to the standard devi-
ation of the peak (0 represents the variance). y represents the signal as a function
of time x, from the detector located at the outlet of the column (Figure 1.3).

This is why ideal elution peaks are usually described by the probability density
function (1.2).

y=— -exp[——(x_'u)z} (L.1)

o2 20

1 x?
=73 "



8 CHAPTER 1 - GENERAL ASPECTS OF CHROMATOGRAPHY

This function is characterized by a symmetrical curve (maximum for x =0,
v=0.3999) possessing two inflection points at x=+/ — 1 (Figure 1.3), for which
the ordinate value is 0.242 (being 60.6 per cent of the maximum value). The width
of the curve at the inflection points is equal to 20, (o =1).

In chromatography, w, , represents the width of the peak at half-height (w, , =
2.350) and o the variance of the peak. The width of the peak ‘at the base’ is
labelled w and is measured at 13.5 per cent of the height. At this position, for the
Gaussian curve, w =40 by definition.

Real chromatographic peaks often deviate significantly from the Gaussian ideal
aspect. There are several reasons for this. In particular, there are irregularities of
concentration in the injection zone, at the head of the column. Moreover, the
speed of the mobile phase is zero at the wall of the column and maximum in the
centre of the column.

The observed asymmetry of a peak is measured by two parameters, the skewing
factor a measured at 10 per cent of its height and the tailing factor TF measured
at 5 per cent (for the definition of these terms, see Figure 1.4):

(a) Linear isotherm (b)  Convex isotherm (c) Concave isotherm
A A
Cs a>1 ’ Cs a<1 d I
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Figure 1.4 Distribution isotherms. (a) The ideal situation corresponding to the invariance of the
concentration isotherm. (b) Situation in which the stationary phase is saturated — as a result of
which the ascent of the peak is faster than the descent (skewing factor greater than 1); (c) The
inverse situation : the constituent is retained too long by the stationary phase, the retention time
is therefore extended and the ascent of the peak is slower than the descent apparently normal. For
each type of column, the manufacturers indicate the capacity limit expressed in ng/compound,
prior to a potential deformation of the corresponding peak. The situations (a), (b) and
(c) are illustrated by authentic chromatograms taken out from liquid chromatography technique.
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(1.3)

TF = —— (1.4)

1.4 The plate theory

For half a century different theories have been and continue to be proposed to
model chromatography and to explain the migration and separation of analytes in
the column. The best known are those employing a statistical approach (stochastic
theory), the theoretical plate model or a molecular dynamics approach.

To explain the mechanism of migration and separation of compounds on the
column, the oldest model, known as Craig’s theoretical plate model is a static
approach now judged to be obsolete, but which once offered a simple description
of the separation of constituents.

Although chromatography is a dynamic phenomenon, Craig’s model considered
that each solute moves progressively along a sequence of distinct static steps. In
liquid—solid chromatography this elementary process is represented by a cycle of
adsorption/desorption. The continuity of these steps reproduces the migration of
the compounds on the column, in a similar fashion to that achieved by a cartoon
which gives the illusion of movement through a sequence of fixed images. Each
step corresponds to a new state of equilibrium for the entire column.

These successive equilibria provide the basis of plate theory according to which
a column of length L is sliced horizontally into N fictitious, small plate-like discs
of same height H and numbered from 1 to n. For each of them, the concentration
of the solute in the mobile phase is in equilibrium with the concentration of this
solute in the stationary phase. At each new equilibrium, the solute has progressed
through the column by a distance of one disc (or plate), hence the name theoretical
plate theory.

The height equivalent to a theoretical plate (HETP or H) will be given by
equation (1.5):

L

HZN (1.5)

This employs the polynomial approach to calculate, for a given plate, the mass
distributed between the two phases present. At instant /, plate J contains a total
mass of analyte m which is composed of the quantity m,, of the analyte that has
just arrived from plate J — 1 carried by the mobile phase formerly in equilibrium
at instant / — 1, to which is added the quantity mg already present in the stationary
phase of plate J at time 7 — 1 (Figure 1.5).

mp(LJ)y=my(I—1,J—-1)+mg(I—1,J)
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Figure 1.5 Schematic of a column cross-section.

If it is assumed for each theoretical plate that: mg = Km,, and m = my + ms,
then by a recursive formula, m (as well as my, and mg), can be calculated. Given
that for each plate the analyte is in a concentration equilibrium between the two
phases, the total mass of analyte in solution in the volume of the mobile phase V},
of the column remains constant, so long as the analyte has not reached the column
outlet. So, the chromatogram corresponds to the mass in transit carried by the
mobile phase at the (N + 1)tk plate (Figure 1.6) during successive equilibria. This
theory has a major fault in that it does not take into account the dispersion in the
column due to the diffusion of the compounds.

B The plate theory comes from an early approach by Martin and Synge (Nobel
laureates in Chemistry, 1952), to describe chromatography by analogy with distillation
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Figure 1.6 Theoretical plate model. Computer simulation, aided by a spreadsheet, of the
elution of two compounds A and B, chromatographed on a column of 30 theoretical plates
(Ky=0.6; Kz =1.6. M, =300ug; Mg =300ug).The diagram represents the composition of
the mixture at the outlet of the column after the first 100 equilibria. The graph shows that
application of the model gives rise to a non-symmetrical peak (Poisson summation). However,
taking account of compound diffusion and with a larger number of equilibriums, the peaks
look more and more like a Gaussian distribution.
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and counter current extraction as models. This term, used for historical reasons, has
no physical significance, in contrast to its homonym which serves to measure the
performances of a distillation column.

The retention time ty, of the solute on the column can be sub-divided into
two terms: f; (hold-up time), which cumulates the times during which it is
dissolved in the mobile phase and travels at the same speed as this phase, and #,
the cumulative times spent in the stationary phase, during which it is immobile.
Between two successive transfers from one phase to the other, it is accepted that
the concentrations have the time to re-equilibrate.

B In a chromatographic phase system, there are at least three sets of equilibria:
solute/mobile phase, solute/stationary phase and mobile phase/stationary phase. In
a more recent theory of chromatography, no consideration is given to the idea of
molecules immobilized by the stationary phase but rather that were simply slowed
down when passing in close proximity.

1.5 Nernst partition coefficient (K)

The fundamental physico-chemical parameter of chromatography is the equilib-
rium constant K, termed the partition coefficient, quantifying the ratio of the
concentrations of each compound within the two phases.

K— Cs _ Molar concentration of the solute in the stationary phase

(1.6)

" Cy  Molar concentration of the solute in the mobile phase

Values of K are very variable since they can be large (e.g. 1000), when the mobile
phase is a gas or small (e.g. 2) when the two phases are in the condensed state.
Each compound occupies only a limited space on the column, with a variable
concentration in each place, therefore the true values of Cy and Cg vary in the
column, but their ratio is constant.

Chromatography and thermodynamics. Thermodynamic relationships can be
applied to the distribution equilibria defined above. K, (Cs/Cy,), the equilibrium
constant relative to the concentrations C of the compound in the mobile phase
(M) and stationary phase (S) can be calculated from chromatography experiments.
Thus, knowing the temperature of the experiment, the variation of the standard
free energy AG® for this transformation can be deduced:

Cy & Cs AG°=—RTIn K

In gas chromatography, where K can be easily determined at two different
temperatures, it is possible to obtain the variations in standard enthalpy AH° and
entropy AS° (if it is accepted that the entropy and the enthalpy have not changed):

AG°=AH° —TAS®
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The values of these three parameters are all negative, indicating a spontaneous
transformation. It is to be expected that the entropy is decreased when the
compound moves from the mobile phase to the stationary phase where it is fixed.
In the same way the Van’t Hoff equation can be used in a fairly rigorous way to
predict the effect of temperature on the retention time of a compound. From this
it is clear that for detailed studies in chromatography, classic thermodynamics are
applicable.

dan_ AH
dT =~ RT2

1.6 Column efficiency
1.6.1 Theoretical efficiency (number of theoretical plates)

As the analyte migrates through column, it occupies a continually expanding zone
(Figure 1.6). This linear dispersion o, measured by the variance o} increases with
the distance of migration. When this distance becomes L, the total column length,
the variance will be:

o;=H-L (1.7)

Reminding the plate theory model this approach also leads to the value of the
height equivalent to one theoretical plate H and to the number N, of theoretical
plates (N =L/H).

Therefore (Figure 1.7), any chromatogram that shows an elution peak with the
temporal variance o permits the determination of the theoretical efficiency N for
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Figure 1.7 Dispersion of a solute in a column and its translation on a chromatogram. Left,
graph corresponding to the isochronic image of the concentration of an eluted compound at
a particular instant. Right, chromatogram revealing the variation of the concentration at the
outlet of the column, as a function of time. t; and o are in the same ratio as L and o;. In the
early days the efficiency N was calculated from the chromatogram by using a graduated ruler.
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the compound under investigation (1.8), and by deduction, of the value of H
knowing that H=L/N;

L f
=— Or N==% (1.8)
o; (o

N
If these two parameters are accessible from the elution peak of the compound,
just because 7y and o are in the same ratio as that of L to ;.

On the chromatogram, o represents the half-width of the peak at 60.6 per
cent of its height and #; the retention time of the compound. #; and o should
be measured in the same units (time, distances or eluted volumes if the flow
is constant). If o is expressed in units of volume (using the flow), then 40
corresponds to the ‘volume of the peak’, that contains around 95 per cent of the
injected compound. By consequence of the properties of the Gaussian curve (w=
40 and w, , =2.350), Equation 1.9 results. However, because of the distortion of
most peaks at their base, expression 1.9 is rarely used and finally Equation 1.10 is
preferred.

N is a relative parameter, since it depends upon both the solute chosen and the
operational conditions adopted. Generally a constituent is selected which appears
towards the end of the chromatogram in order to get a reference value, for lack
of advance knowledge of whether the column will successfully achieve a given
separation.

2

t
N = 16w—R2 (1.9)
l2
N =5.54—FX (1.10)
wl/zz

1.6.2 Effective plates number (real efficiency)

In order to compare the performances of columns of different design for a given
compound — or to compare, in gas chromatography, the performances between
a capillary column and a packed column — more realistic values are obtained by
replacing the total retention time ty, which appears in expressions 1.8—-1.10, by the
adjusted retention time t;, which does not take into account the hold-up time ty
spent by any compound in the mobile phase (t; =tz — ;) The three preceding
expressions become:

1
Ng=-—% (1.11)

t
Ng=16% (1.12)
w
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2
’
tR

N,

€

5 =5.54 (1.13)

Wy /p

Currently it is considered that these three expressions are not very useful.

1.6.3 Height equivalent to a theoretical plate (HETP)

The equivalent height of a theoretical plate H, as already defined (expression 1.5),
is calculated for reference compounds to permit a comparison of columns of
different lengths. H does not behave as a constant, its value depends upon the
compound chosen and upon the experimental conditions.

For a long time in gas chromatography an adjustment value called the effective
height of a theoretical plate H,; was calculated using the true efficiency.

This corresponds to the Equation 1.14;

L
Hqi=— 1.14
eff N ( )

eff

In chromatography, in which the mobile phase is a liquid and the column
is filled with spherical particles, the adjusted height of the plate £, is often
encountered. This parameter takes into account the average diameter d,, of the
particles. This eliminates the effect of the particle size. Columns presenting the
same ratio (length of the column)/(diameter of the particles) will yield similar
performances.

(1.15)

1.7 Retention parameters
Hold-up times or volumes are used in chromatography for various purposes,

particularly to access to retention factor k. and thermodynamic parameters. Only
basic expressions are given below.

1.7.1 Retention times

The definition of retention times, hold-up time, t,, retention time, ty and adjusted
retention time, ty, have been given previously (paragraph 1.2).
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1.7.2 Retention volume (or elution volume)

The retention volume Vi of an analyte represents the volume of mobile phase
necessary to enable its migration throughout the column from the moment of
entrance to the moment in which it leaves. To estimate this volume, different
methods (direct or indirect) may be used, that depend of the physical state
of the mobile phase. On a standard chromatogram with time in abscissa, V; is
calculated from expression 1.16, if the flow rate F is constant,

Vo=t F (1.16)

The volume of a peak, V., corresponds to that volume of the mobile phase in
which the compound is diluted when leaving the column. It is defined by:

Vpeakzw'F (1.17)

1.7.3 Hold-up volume (or dead volume) V/,

The volume of the mobile phase in the column (known as the dead volume),
V> corresponds to the accessible interstitial volume. It is often calculated from a
chromatogram, provided a solute not retained by the stationary phase is present.
The dead volume is deduced from t#,; and the flow rate F:

Vu=ty-F (1.18)

Sometimes, in the simplest cases, the volume of the stationary phase designated
by Vi can be calculated by subtracting the dead volume V,, from the total internal
volume of the empty column.

1.7.4 Retention (or capacity) factor k

When a compound of total mass my is introduced onto the column, it separates
into two quantities: m,,, the mass in the mobile phase and myg, the mass in
the stationary phase. During the solute’s migration down the column, these two
quantities remain constant. Their ratio, called the retention factor k, is constant
and independent of m:

ms G Vs _p Vs

k= = —
my Gy Vu Vm

(1.19)

The retention factor, also known as the capacity factor k, is a very important
parameter in chromatography for defining column performances. Though it does



16 CHAPTER 1 - GENERAL ASPECTS OF CHROMATOGRAPHY

not vary with the flow rate or the column length, k is it not a constant as it depends
upon the experimental conditions. For this reason it is sometimes designated by
k' rather than k alone.

This parameter takes into account the ability, great or small, of the column to
retain each compound. Ideally, k& should be superior to one but less than five,
otherwise the time of analysis is unduly elongated.

An experimental approach of k can be as follows:

Suppose the migration of a compound in the column. Recalling Craig’s model,
each molecule is considered as passing alternately from the mobile phase (in
which it progresses down the column), to the stationary phase (in which it is
immobilized). The average speed of the progression down the column is slowed
if the time periods spent in the stationary phase are long. Extrapolate now to a
case which supposes n molecules of this same compound (a sample of mass m;).
If we accept that at each instant, the ratio of the ng molecules fixed upon the
stationary phase (mass mg) and of the n, molecules present in the mobile phase
(mass m,,), is the same as that of the times (7 and t,,) spent in each phase for a
single molecule, the three ratios will therefore have the same value:
ng _ms I

:—:—:k
Ny My Iy

M Take the case of a molecule which spends 75 per cent of its time in the stationary
phase. Its average speed will be four times slower than if it rested permanently in the
mobile phase. As a consequence, if 4 ug of such a compound has been introduced
onto the column, there will be an average of 1ug permanently in the mobile phase
and 3 g in the stationary phase.

Knowing that the retention time of a compound #y is such that fy =), + £, the
value of k is therefore accessible from the chromatogram (¢, =t;); see Figure 1.7:

th —t
k=R=2_M (1.20)
tM tM

This important relation can also be written:
tr =ty (1+k) (1.21)

Bearing in mind the relations (1.16) and (1.18), the retention volume V; of a
solute can be written :

Ve =V (14k) (1.22)
or
Ve=Vy +KV; (1.23)

This final expression linking the experimental parameters to the thermodynamic
coefficient of distribution K, is valid for the ideal chromatography.
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Figure 1.8 Retention factors and separation factor between two compounds. Each compound
has its own retention factor. On this figure, the separation factor is around 1.3. The separation
factor is also equal to the ratio of the two retention factors. o alone is not enough to determine
whether the separation is really possible.

1.8 Separation (or selectivity) factor between two
solutes

The separation factor «, (1.24) enables the comparison of two adjacent peaks
1 and 2 present in the same chromatogram (Figure 1.8). Using Equations 1.20
and 1.19, it can be concluded that the separation factor can be expressed by
Equation 1.25.

By definition « is greater than unity (species 1 elutes faster than species 2):

t/

a=—-2 (1.24)
Ir@r)
or
k, K
a=-—==22 (1.25)
kl Kl

For non-adjacent peaks the relative retention factor r, is applied, which is calculated
in a similar manner to a.

1.9 Resolution factor between two peaks

To quantify the separation between two compounds, another measure is provided
by the resolution factor R. Contrary to the selectivity factor which does not take
into account peak widths, the following expression is used to calculate R between
two compounds 1 and 2 (Figure 1.9):

IR2) — Ir()
w; + w,

R=2 (1.26)
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1 1 1
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, . 0.02
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Figure 1.9 Resolution factor. A simulation of chromatographic peaks using two identical Gaus-
sian curves, slowly separating. The visual aspects corresponding to the values of R are indicated
on the diagrams. From a value of R = 1.5 the peaks can be considered to be baseline resolved,
the valley between them being around 2 per cent.
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Figure 1.10 Effect of column length on the resolution. Chromatograms obtained with a GC
instrument illustrating that by doubling the length of the capillary column, the resolution is
multiplied by 1.41 or /2 (adapted from a document of SGE Int. Ltd).

Other expressions derived from the preceding ones and established with a view
to replacing one parameter by another or to accommodate simplifications may
also be employed to express the resolution. Therefore expression 1.27 is used in
this way.
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It is also useful to relate the resolution to the efficiency, the retention factor
and the separation factors of the two solutes (expression 1.28, obtained from
1.26 when w, = w,). The chromatograms on Figure 1.10 present an experimental
verification.

IRy — lr()

R=1.177 1.27
5,79, (1.27)
r=ltyn. 2=tk (1.28)
T4V a4k, '
N a—1 k—k
R=£.a 2~ M (1.29)

2 a  ktk+2

1.10 The rate theory of chromatography

In all of the previous discussion and particularly in the plate theory, the velocity
of the mobile phase in the column and solute diffusion are, perhaps surprisingly,
never taken into account. Of all things, the speed should have an influence upon
the progression of the analytes down the column, hence their dispersion and by
consequence, upon the quality of the analysis undertaken.

Rate theory is a more realistic description of the processes at work inside a
column which takes account of the time taken for the solute to equilibrate between
the two phases. It is the dynamics of the separation process which is concerned.
The first kinetic equation for packed columns in gas phase chromatography was
proposed by Van Deemter.

1.10.1 Van Deemter’s equation

This equation is based on a Gaussian distribution, similar to that of plate theory.
Its simplified form, proposed by Van Deemter in 1956, is well known (expression
1.30). The expression links the plate high H to the average linear velocity of the
mobile phase u# in the column (Figure 1.11).

B
H=A+—+Ci (1.30)
u

The three experimental basic coefficients A, B and C are related to diverse
physico-chemical parameters of the column and to the experimental conditions.
If H is expressed in cm, A will also be in cm, B in cm?/s and C in s (where
velocity is measured in cm/s).
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Figure 1.11 Van Deemter’s curve in gas chromatography with the domains of parameters A,
B and C indicated. There exists an equation similar to that of Van Deemter that considers
temperature: H=A 4 B/T + CT.

This equation reveals that there exists an optimal flow rate for each column,
corresponding to the minimum of H, which predicts the curve described by
Equation 1.30.

The loss in efficiency as the flow rate increases is obvious, and represents what
occurs when an attempt is made to rush the chromatographic separation by
increasing the pressure upon the mobile phase.

However, intuition can hardly predict the loss in efficiency that occurs when
the flow rate is too slow. To explain this phenomenon, the origins of the terms
A, B and C must be recalled . Each of these parameters represents a domain of
influence which can be perceived on the graph (Figure 1.11).

The curve that represents the Van Deemter equation is a hyperbola which goes
through a minimum (H,;,) when:

fop =1/ = (1.31)

Packing related term A=2A.d,

Term A is related to the flow profile of the mobile phase passing through the
stationary phase. The size of the particles (diameter d,), their dimensional distri-
bution and the uniformity of the packing (factor characteristic of packing A) can all
be the origin of flow paths of different length which cause broadening of the solute
band and improper exchanges between the two phases. This results in turbulent
or Eddy diffusion, considered to have little importance in liquid chromatography
and absent for WCOT capillary columns in GC (Golay’s equation without term
A, cf. paragraph 1.10.2). For a given column, nothing can be done to reduce the
A term.
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Gas (mobile phase) term B=2vyD

Term B, which can be expressed from Dy, the diffusion coefficient of the analyte
in the gas phase and A, the above packing factor, is related to the longitudinal
molecular diffusion in the column. It is especially important when the mobile phase
is a gas.

This term is a consequence of the entropy which reminds us that a system will
tend spontaneously towards the maximum degrees of freedom, chaos, just as a
drop of ink diffuses into a glass of water into which it has fallen. Consequently,
if the flow rate is too slow, the compounds undergoing separation will mix faster
than they will migrate. This is why one never must interrupt, even temporarily, a
chromatography once underway, as this puts at risk the level of efficiency of the
experiment.

Liquid (stationary phase) term C=Cg+ C,

Term C, which is related to the resistance to mass transfer of the solute between the
two phases, becomes dominant when the flow rate is too high for an equilibrium to
be attained. Local turbulence within the mobile phase and concentration gradients
slow the equilibrium process (Cs < Cy,). The diffusion of solute between the two
phases is not instantaneous, so that it will be carried along out of equilibrium. The
higher the velocity of mobile phase, the worse the broadening becomes. No simple
formula exists which takes into account the different factors integrated in term C.
The parameter Cg is dependent upon the diffusion coefficient of the solute in a
gaseous mobile phase, while the term C; depends upon the diffusion coefficient
in a liquid stationary phase. Viscous stationary phases have larger C terms.

B In practice, the values for the coefficients of A, B and C in Figure 1.11 can be
accessed by making several measurements of efficiency for the same compound
undergoing chromatography at different flow rates, since flow and average linear
speed are related. Next the hyperbolic function that best satisfies the experimental
values can be calculated using, by preference, the method of multiple linear
regression.

1.10.2 Golay’s equation

A few years after Van Deemter, Golay proposed a modified relationship reserved to
capillary columns used in gas phase chromatography. There is no A term because
there is no packing in a capillary column (see paragraph 2.5.2).

H=—+C i+ Csit (1.32)

SERe>
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Expression 1.33 leads to the minimum value for the HETP for a column of radius
r, if the retention factor of the particular compound under examination is known.

The coating efficiency can then be calculated being equal to 100 times the
ratio between the value found using expression 1.33 and that deduced from the
efficiency (H = L/N) obtained from the chromatogram.

[14 6k + 11k?
H W =F | ——— 1.33
theo.min r 3(1 +k)2 ( )

1.10.3 Knox's equation

Another, more recent equation, the Knox equation, is applicable to various types
of liquid chromatography and includes the adjusted height A:

B
h=Au""+ =+ Ci (1.34)
u

1.11 Optimization of a chromatographic analysis

Analytical chromatography is used essentially in quantitative analysis. In order
to achieve this effectively, the areas under the peaks must be determined with
precision, which in turn necessitates well-separated analytes to be analysed. A
certain experience in chromatography is required when the analysis has to be
optimized, employing all available resources in terms of apparatus and software
that can simulate the results of temperature modifications, phases and other
physical parameters.

B In gas phase chromatography, the separations can be so complex that it can
be difficult to determine in advance whether the temperature should be increased
or decreased. The choice of column, its length, its diameter, the stationary phase
composition and the phase ratio (V,/Vg) as well as the parameters of separation
(temperature and flow rate), are amongst the factors which interact with each other.

The resolution and the elution time are the two most important dependent
variables to consider. In all optimizations, the goal is to achieve a sufficiently
complete separation of the compounds of interest in the minimum time, though
it should not be forgotten that time will be required to readjust the column to the
initial conditions to be ready for the next analysis. Chromatography corresponds,
in fact, to a slow type of analysis. If the resolution is very good then optimization
consists to save time in the analysis. This can be done by the choice of a shorter
column - recalling that the resolution varies with the square root of the column
length (cf. the parameter N of formula 1.28 and Figure 1.10).
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Figure 1.12 Chromatograms of a separation. The mobile phase in each trace is a binary mixture
water/acetonitrile: (a) 50/50; (b) 55/45; (c) 60/40; (d) 65/35. The arrow indicates the dead time
ty (min) (JW. Dolan, LC-GC Int., 1994 7(6), 333).

Figure 1.12 shows the optimization of a separation, by liquid chromatography,
of a mixture of aromatic hydrocarbons. In this case, optimization of the separation
has been carried out by successive modifications of the composition of the mobile
phase. Note that by optimizing the sequence in this manner, the cycle time of
analysis increases.

If only certain compounds present in a mixture are of interest, then a selective
detector can be used which would detect only the desired components. Alternately,
at the other extreme, attempts might be made to separate the largest number of
compounds possible within the mixture.

Depending upon the different forms of chromatography, optimization can be
more or less rapid. In gas phase chromatography optimization is easier to achieve
than in liquid chromatography in which the composition of mobile phase must

Resolution

Figure 1.13 The chromatographer’s triangle. The shaded areas indicate the domain corres-
ponding to analytical chromatography based principally upon the five parameters K, N, k, «
and R.
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be considered: software now exists that can help in the choice of mobile phase
composition. Based upon certain hypotheses (Gaussian peaks), the areas of poorly
defined peaks can be found.

The chromatographer must work within the limits bound by a triangle whose
vertices correspond to three parameters which are in opposition: the resolu-
tion, the speed and the capacity (Figure 1.13). An optimized analytical separation
uses the full potential of the selectivity which is the most efficient parameter.
In the chromatographer’s triangle shown, the optimized conditions are close to
the vertex of resolution.

1.12 C(Classification of chromatographic techniques

Chromatographic techniques can be classified according to various criteria: as
a function of the physical nature of the phases; of the process used; or by the
physico-chemical phenomena giving rise to the Nernst distribution coefficient K.
The following classification has been established by consideration of the physical
nature of the two phases involved (Figure 1.14).

1.12.1 Liquid phase chromatography (LC)

This type of chromatography, in which the mobile phase is a liquid belongs to
the oldest known form of the preparative methods of separation. This very broad
category can be sub-divided depending on the retention phenomenon.

Liquid/solid chromatography (or adsorption chromatography)

The stationary phase is a solid medium to which the species adhere through the
dual effect of physisorption and chemisorption. The physico-chemical parameter
involved here is the adsorption coefficient. Stationary phases have made much
progress since the time of Tswett, who used calcium carbonate or inulin (a very
finely powdered polymer of ordinary sugar).

Ion chromatography (IC)

In this technique the mobile phase is a buffered solution while the solid stationary
phase has a surface composed of ionic sites. These phases allow the exchange of
their mobile counter ion with ions of the same charge present in the sample. This
type of separation relies on ionic distribution coefficients.
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Figure 1.14 Selection guide for all of the different chromatographic techniques with liquid mobile
phases. The choice of technique is chosen as a function of the molar mass, solubility and the
polarity of the compounds to be separated.

Size exclusion chromatography (SEC)

The stationary phase here is a material containing pores whose dimensions are
selected as a function of the size of the species to be separated. This method
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therefore uses a form of selective permeability at the molecular level leading to its
name, gel filtration or gel permeation depending on the nature of the mobile phase,
which is either aqueous or organic. For this technique, the distribution coefficient
is called the diffusion coefficient.

Liquid/liquid chromatography (or partition chromatography, LLC)

The stationary phase is an immobilized liquid upon an inert and porous material,
which has only a mechanical role of support. Impregnation, the oldest procedure
for immobilizing a liquid on a porous material, is a method now abandoned
because of the elevated risk of washing out the column, which is called bleeding.

Liquid/bound phase chromatography

In order to immobilize the stationary phase (generally a liquid polymer), it is
preferable to fix it by covalent bonding to a mechanical support. The quality
of separation depends upon the partition coefficient K of the solute between the
two phases, a phenomenon comparable to a liquid-liquid extraction between an
aqueous and organic phase in a separating funnel.

1.12.2 Gas phase chromatography (GC)

The mobile phase is an inert gas and as above this form of chromatography can
be sub-divided according to the nature of the phase components:

Gas/liquid/ chromatography (GLC)

As indicated above the mobile phase here is a gas and the stationary phase is an
immobilized liquid, either by impregnation or by bonding to an inert support
which could be, quite simply, the inner surface of the column. This is the tech-
nique commonly called gas phase chromatography (GC). The gaseous sample must
be brought to its vapour state. It was Martin and Synge who, in 1941, suggested
the replacement of the liquid mobile phase by a gas in order to improve the sepa-
rations. From this era comes the true beginnings of the development of analytical
chromatography. Here once again it is the partition coefficient K that is involved.

Gas/solid chromatography (GSC)

The stationary phase is a porous solid (such as graphite, silica gel or alumina)
while the mobile phase is a gas. This type of gas chromatography is very effective
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for analyses of gas mixtures or of compounds that have a low boiling point. The
parameter concerned is the adsorption coefficient.

1.12.3 Supercritical fluid chromatography (SFC)

Here the mobile phase is a fluid in its supercritical state, such as carbon dioxide
at about 50°C and at more than 150 bar (15 MPa). The stationary phase can be
a liquid or a solid. This technique combines the advantages of those discussed
above: liquid/liquid and gas/liquid chromatography.

Problems

1.1

1.2

1.3

1.4

A mixture placed in an Erlenmeyer flask comprises 6 mL of silica gel
and 40 mL of a solvent containing, in solution, 100 mg of a non-volatile
compound. After stirring, the mixture was left to stand before a 10 mL
aliquot of the solution was extracted and evaporated to dryness. The residue
weighed 12 mg.

Calculate the adsorption coefficient, K = Cy/Cy,, of the compound in
this experiment.

The retention factor (or capacity factor), k of a compound is defined as k =
mg/my;, that is by the ratio of the masses of the compound in equilibrium
in the two phases. Show, from the information given in the corresponding
chromatogram, that the expression used — k = (ty — t\,)/#y — is equivalent
to this. Remember that for a given compound the relation between the
retention time fy, the time spent in the mobile phase f,, (hold-up or dead
time) and the time spent in the stationary phase f, is as follows:

R=Iyt1s

Calculate the separation factor (or selectivity factor), between two
compounds, 1 and 2, whose retention volumes are 6 mL and 7 mL, respec-
tively. The dead volume of the column used is 1 mL. Show that this factor is
equal to the ratio of the distribution coefficients K, /K, of these compounds

(trq1y < tr(2))-

For a given solute show that the time of analysis — which can be compared
with the retention time of the compound held longest on the column —
depends, amongst other things, upon the length of the column, the average
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linear velocity of the mobile phase and upon the volumes Vg and V,,; which
indicate respectively the volume of the stationary and mobile phases.

1.5 Equation (2) is sometimes employed to calculate N . Show that this relation
is equivalent to the more classical equation (1):

N,

(tg — ty)?
¢ P

Wy,
k2
Nyg=N——
eff (k+ 1)2

(2)

1.6 The resolution factor R for two solutes 1 and 2, whose elution peaks are
adjacent, is sometimes expressed by equation (1):

togn — 1

R— _r@ "o 0
Wiy T Wiy
1 a—1 k,

R=-/N,—— 2
4V a 14k, @

1. Show that this relation is different from the basic one by finding the
expression corresponding to the classic equation which uses w,, the
peak width at the baseline.

2. If it is revealed that the two adjacent peaks have the same width at
the baseline (w, = w,), then show that relation (2) is equivalent to
relation (1) for the resolution.

1.7 1. Show that if the number of theoretical plates N is the same for two
neighbouring compounds 1 and 2, then the classic expression yielding
the resolution, equation (1) below, can be transformed into (2).

VN k—k

=— (1)
2 ki+k,+2
1 a—1 k
R=—V/N———— 2
2 a+11+k @

2. Show that if k = (k, +k,)/2 then expressions (1) and (2) are equivalent.
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The effective plate number N, may be calculated as a function of the
separation factor a for a given value of the resolution, R. Derive this
relationship.

2

N TR

€

ff — 16R2

Consider two compounds for which #,, = 1min, #, =11.30min and ¢, =
12min. The peak widths at half-height are 10s and 12s, respectively.
Calculate the values of the respective resolutions using the relationships
from the preceding exercise.

Certain gas phase chromatography apparatus allows a constant gas flow in
the column when operating under programmed temperature conditions.

1. What is the importance of such a device?

2. Deduce from the simplified version of Van Deemter’s equation for a
full column the expression which calculates the optimum speed and
which conveys a value for the HETP.

Explain how the resolution can be expressed in terms of the retention
volumes in the following equation:

_ @ VR(Z) - VR(])
2 Vray+ Ve

R

Which parameters contribute an effect to the widths of the peaks on a
chromatogram? Is it true that all of the compounds present in a sample
and which can be identified upon the chromatogram have spent the same
amount of time in the mobile phase of the column? Can it be said that
a reduction in the retention factor k of a compound enhances its elution
from the column?






Gas chromatography

Gas chromatography (GC) is a widely used technique whose first applications date
back more than 60 years. Since then, development has continued making the best
use of the extreme sensitivity, versatility, the possibilities of automation and the
ease with which new analyses can be developed. Because separation of compound
mixtures on the column occurs while they are in the gaseous state, solid and
liquid samples must first be vaporized. This represents, without hesitation, the
greatest constraint of gas phase chromatography and weighs against it, since its
use is limited to the study of thermostable and sufficiently volatile compounds.
However, the applications are numerous in all domains and the development of
high speed or multidimensional gas chromatography make this technique even
more attractive. Its very great sensitivity permits detection of quantities of the
order of picograms for certain compounds.

2.1 Components of a GC installation

A gas chromatograph is composed of several components within a special frame.
These components include the injector, the column and the detector, associated
with a thermostatically controlled oven that enables the column to attain high
temperatures (Figure 2.1). The mobile phase that transports the analytes through
the column is a gas referred to as the carrier gas. The carrier gas flow, which is
precisely controlled, enables reproducibility of the retention times.

Analysis starts when a small quantity of sample is introduced as either liquid or
gas into the injector, which has the dual function of vaporizing the sample and
mixing it with the gaseous flow at the head of the column. The column is usually
a narrow-bore tube which coils around itself with a length that can vary from
1 to over 100 m, depending upon the type and the contents of the stationary phase.
The column, which can serve for thousands of successive injections, is housed in
a thermostatically controlled oven. At the end of the column, the mobile phase
(carrier gas), passes through a detector before it exits to the atmosphere. Some gas
chromatographs models of reduced size have their own electrical supply, enabling
them to operate in the field (see Figure 2.19).

Chemical Analysis: Second Edition Francis and Annick Rouessac
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Figure 2.1 A GC installation. Schematic of a gas chromatograph. A commercial gas chromato-
graph with a mass spectrometry system for detection (Model GCMS 5973 manufactured by
Agilent Technologies). The instrument shown here is equipped with an auto-sampler. Below,
the chromatogram for a mixture of ketones is displayed.
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B In GC there are four operational parameters for a given stationary phase: L, length
of the column, u, velocity of the mobile phase (which affects the theoretical effi-
ciency N, see Section 1.6.1), T, temperature of the column and 3, phase ratio (see
Section 2.6.4), which affects the retention factor k (Section 1.7.4). The operating
conditions of the chromatograph allows modifications in terms of T and u and there-
fore affects both the efficiency of the column and the retention factors.

2.2 Carrier gas and flow regulation

The mobile phase is a gas (helium, hydrogen or nitrogen), either drawn from
a commercially available gas cylinder or obtained, in the case of hydrogen or
nitrogen, from an on-site generator, which provides gas of very high purity. The
carrier gas must be free of all traces of hydrocarbons, water vapour and oxygen,
because all of these may deteriorate polar stationary phases or reduce the sensitivity
of detectors. For these reasons the carrier gas system includes filters containing
a molecular sieve to remove water and a reducing agent for other impurities.
The nature of the carrier gas has no significant influence upon the values of the
partition coefficients K of the compounds between the stationary and mobile
phases, owing to an absence of interaction between the gas and solutes. By contrast,
the viscosity of the carrier gas and its flow rate have an effect on the analytes’
dispersion in the stationary phase and on their diffusion in the mobile phase (cf.
Van Deemter’s equation), and by consequence upon the efficiency N and the
sensitivity of detection (Figure 2.2). Hydrogen is the carrier gas of choice. If this
gas cannot be used for safety reasons, helium may be substituted.

. 4 HETP (mm) 30 4 )
1.04,, (average values) N, Y 1),3 05 He\//_:,: ''''''''
\ © g
o gt
=, ,/_ ______
> 20 A PR N2/
8 I
S y %
10 1 o,
u, T C);
10 20 30 40 50 60 70 80 90 0 100 200 300
Average linear velocities (cm/s) Change in viscosity with T (°C)

Figure 2.2 Efficiency as a function of the linear velocity of the carrier gas — viscosities of carrier
gases. These are typical Van Deemter curves showing that hydrogen, of the three gases studied
under the same conditions, allows a faster separation, conveying a greater flexibility in terms
of the flow rate, which is very useful for temperature programming. Note the increase in the
viscosity of these gases with the temperature and that helium is more viscous than nitrogen at
the same temperature.
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The pressure at the head of the column (several tens to hundreds of kPa) is
stabilized either mechanically or through an electronic pressure control (EPC)
in order that the flow rate remains constant at its optimal value. This device is
valuable because if the analysis is performed with temperature programming, the
viscosity of the stationary phase and by consequence the loss of charge in the
column, increase with temperature. Therefore to maintain the carrier gas flow
constant, the pressure must be finely tuned to compensate this effect. The result
is a faster analysis and a longer life for the column.

The injector and the detector have dead volumes (hold-up volumes) which are
counted in the total retention volume. In GC, since the mobile phase is a gas,
the flow rate measured at the outlet of the column should be corrected by a
compression factor J, which compensates for the higher pressure at the head of
the column (cf. expression 2.1).

If a chromatogram contains a peak for a compound that is not retained on
the stationary phase, it is possible to calculate the average linear velocity of the
progression, i, of the carrier gas. Elsewhere by installing a flow meter at the outlet
of the instrument (atmospheric pressure P,) and knowing the diameter of the
column the velocity i, of the carrier gas, at the end of the column, can be deduced.
The ratio between these two velocities is equal to J, the compression factor, which
is linked to the relative pressure P/P, (P, the pressure at the head of the column):

_ 3 (P/Ry)' -1

=3 W (2.1)

u
J = —
Uy
2.3 Sample introduction and the injection chamber
2.3.1 Sample introduction
The most common injection method is where a microsyringe is used (Figure 2.3)

to inject a very small quantity of sample in solution (e.g. 0.5 L), through a rubber
septum into a flash vaporizer port at the head of the column. For gaseous samples,

plunger-in-needie type “plunger-in-needle” needle

[ ||
E [ T i 05 01 0 [ |

plunger grip syringe barrel

plunger-in-barrel type
“open” needle

I [ 1
u L 10 ul 5 1 0 |

Figure 2.3 Typical syringes used in GC. Several models exist adapted to different types of
injectors and columns. For some of them, (0.5 to 1 wL), a plunger, pushed by the piston, enters
the needle to deliver all of the sample.
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loop injectors are used similar to those described in liquid chromatography
(cf. paragraph 3.4). To better control the reproducibility of the injections — simply
changing the user can lead substantial deviations, when in manual mode — most
instruments are provides with autosamplers in which the syringe movements are
automated (Figure 2.1). The assembly operates in a cyclic fashion, taking the
sample, injecting it rapidly (0.2 s) and rinsing the syringe. The latter is important
to avoid cross-contamination of successive samples that have similar composition.

B A sampling technique known as ‘headspace’, of which there are two modes, static
and dynamic, is very widespread in GC for the qualitative and even quantitative
analyses of volatile constituents present in some samples (cf. Chapter 21).

2.3.2 Injectors

The injector, which is the sample’s entrance to the chromatograph, has different
functions. Besides its role as an inlet for the sample, it must vaporize, mix with the
carrier gas and bring about the sample at the head of the column. The characteristics
of the injectors, as well as the modes of injection, differ according to column type.
The use of an automatic injection system can significantly enhance measurement
precision.

Direct vaporization injector

For packed and megabore columns (see paragraph 2.5), which typically use a flow
rate of about 10 mL/min, direct vaporization is a simple way to introduce the
sample. Any model of this type comprises a metal tube with a glass sleeve (called
the insert). It is heated to the average boiling temperature of the compounds being
chromatographed. The needle of the micro-syringe containing the sample pierces
the septum, made of silicone rubber, which closes the end of the injector. The other
end, also heated, is connected directly to the column (Figure 2.4). Once all of the
liquid plug has been introduced with a syringe it is immediately volatilized and
enters the column entirely within a few seconds, swept along by the carrier gas.

Split/splitless injector

For capillary columns able to handle only a small capacity of sample, even the
smallest volume that it is possible to inject with a micro-syringe (0.1 L), can
saturate the column. Special injectors are used which can operate in two modes,
with or without flow splitting (also called split or splitless).

In the split mode a high flow rate of carrier gas arrives in the vaporization
chamber where it mixes with the vapours of injected sample (Figure 2.5). A vent
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Figure 2.4 Direct vaporization injector used for packed columns. Typical schematic of a model
employing a septum. Depending upon the function required a wide range of inserts exist. Right,
a variety of self-sealing septum (the ‘Microseal’” Merlin), which can be used thousands of times
(reproduced courtesy of Agilent Technologies).

valve, regulated at between 50-100 mL/min, separates this flow into two fractions,
of which the largest portion is vented from the injector, taking with it the majority
of the sample introduced. The split ratio typically varies between 1:20 and 1: 500.
Only the smallest fraction, containing an amount of sample equal to the ratio of
division, will penetrate into the column.

(split outlet flow rate + column outlet flow rate)

Split ratio =
p column outlet flow rate

When working with capillary columns, this type of injector is also used for
very dilutes samples in the splitless mode. In this mode a smaller volume of
solution is injected very slowly from the micro-syringe during which bleeding
valve 2 (Figure 2.5) is maintained in a closed position for 0.5 to 1 minute in order
that the vaporized mixture of compounds and carrier solvent are concentrated
in the first decimetre of the column. The proper use of this mode of injection,
which demands some experience, requires a program that starts with a colder
temperature in order that the solvent precedes the compounds onto the column.
The re-opening of valve 2 provides an outlet for an excess of solvent-diluted
sample. Some less volatile compounds are eliminated and that can interfere with
the results of the analyses.

B In quantitative analysis, the use of the split/splitless injector can result in concentra-
tion errors owing to a strong discrimination between compounds that are of different
volatility: the composition of the fraction entering the column is different to that which
is eliminated from the injector. This mode of operation should be avoided when
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Figure 2.5 Injectors. (a) Above left, injection chamber. The carrier gas enters the chamber
and can leave by three routes (when the injector is in split mode). A proportion of carrier gas
(1) flows upward and purges the septum, another (2) exits through the split outlet (a needle
valve regulates the split) and finally a proportion passes onto the column. (b) Above right, cold
injection onto the column. (c) Below, a typical chromatogram obtained in splitless mode. For
solvent peaks which are superimposed upon those of the compounds, a selective detector which
does not ‘see’ the solvent is recommended.

using an external standard (cf. paragraph 4.8). However this problem can be partially
corrected by a good choice of the glass insert.

Cold on-column injection

This is not a vaporization technique. The sample is deposited directly into the
capillary column (‘cold on-column’ or COC). A special micro-syringe, whose needle
(steel or silica) is of 0.15mm diameter, is necessary for penetrating the column
which is cooled to 40°C before being allowed to return to its normal operating
temperature. This procedure, useful for thermally labile compounds or high boiling
compounds, is difficult to master without the aid of an autosampler. It is known
not to discriminate between compounds of different volatilities (Figure 2.5).
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Programmed temperature vaporization injector

This injector, named PTV (programmed temperature vaporizer), is conceptually
similar to the split/splitless model. The temperature of the injection chamber can
be programmed to effect a gradient, e.g. from 20 up to 300°C, in a few tens of
seconds (Figure 2.6). So, the advantages of the split/splitless injection are combined
with those of the cold injection onto the column.

It becomes possible to inject greater volumes with standard syringies avoiding
needle-induced discrimination. Furthermore, compounds having low boiling
points (particularly solvents) can be eliminated.

The three principal modes of operation are named split cold injection, splitless
cold injection and injection with elimination of solvent.

o Split cold injection: the sample is introduced into the vaporization chamber and
immediately the vent valve is opened and the injector is heated. As the sample
is not instantaneously vaporized, the solvent and the different compounds
penetrate onto the column in the order of their boiling points. In this way
the column is never overcharged.

Rubber
septum

Septum purge
Gas inlet —> valve

Cooling air

U

e ||

Glass liner __+
(Insert) 1

Glass wool —|

Cooling air — 1 Gas outlet

=

Capillary column

Figure 2.6 PTV injector. To modify very rapidly temperatures, the chamber of the injector is
surrounded by an heating element or cooled by the circulation of a cold gas
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o Splitless cold injection: this mode is employed for trace analysis. The vent valve
is closed during the injection. The injection chamber is then heated in order
to transfer the sample to the column, which is maintained cold.

o Injection with elimination of solvent: the sample is introduced into the cold
injector after which the vent valve is opened. Vent flow rate is very high and
can attain 1000 mL/min to eliminate all of the solvent. The injector is then
heated to permit transfer of the less volatiles compounds onto the column,
the bleed valve now being closed (splitless mode). In this way it is possible to
inject up to 50pL in a single injection or up to 500 wL of sample solution,
over several injections. This method eliminates the step of the preliminary
concentration of sample prior to injection.

2.4 Thermostatically controlled oven

The gas chromatograph comprises an oven with sufficient volume to hold one or
two columns easily and which can heat up to more than 400 °C. A weak thermal
inertia permits a rapid but controlled temperature climb (gradient able to attain
100°C/ min). The temperature must be controlled to within 0.1°C in order to
get reproducible separations in isothermal or temperature programmed modes.
By installation of a cryogenic valve fed with N, or CO, in the liquid state, the
oven can be regulated at low temperature.

2.5 Columns

There are two column types, which differ in their performance: packed columns
and capillary columns (Figure 2.7). For packed columns the stationary phase is
deposited or bonded by chemical reaction onto a porous support. For capillary
columns a thin layer of stationary phase is deposited onto, or bound to the inner
surface of the column.

2.5.1 Packed columns

These columns, less commonly used today, have diameters of 1/8 or 1/4 inch (3.18
and 6.35 mm) and a length of between 1-3 m (Figures 2.7 and 2.8). Manufactured
from steel or glass, the internal wall of the tube is treated to avoid catalytic effects
with the sample. They can withstand a carrier gas flow rate within the range
10-40 mL/min. They contain an inert and stable porous support on which the
stationary phase can be impregnated or bounded (between 3 and 20 per cent).
This solid support, having a specific surface area of 2-8 m?/g, is made of spherical
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Figure 2.7 Equal scale representation of main types of GC columns. (a) Steel column 3.18 mm;
(b) 530> column of 0.53 mm diameter; (c) capillary column of 0.2 mm diameter; (d) detail of
a capillary column. At this scale, the thickness of the stationary phase will scarcely be visible.
The most common length is of 30 m.

Figure 2.8 Examples of packed (left) and capillary (right) columns (reproduced courtesy of
Alltech)

particles of around 0.2 mm diameter, which are obtained from diatomites, silicate
fossils (kieselguhr, tripoli) whose skeleton is chemically comparable to that of
amorphous silica. A linker assures the cohesion of the grains. After calcination
these diatomaceous earths are often designated by the name of Chromosorb®.
Other synthetic materials have been developed such as Spherosil®, composed of
tiny silica beads. All of these supports have a chemical reactivity comparable to
silica gel because of the presence of silanol groups.

Although the performance of packed columns is more modest than capillary
columns, they are still usually employed for many routine analyses. Easy to manu-
facture and with a large choice of stationary phases available, they are not however,
well adapted to trace analyses.

2.5.2 Capillary columns (open tubular)

They are usually made of the highest purity fused silica obtained by the combustion
of tetrachlorosilane (SiCl,) in an oxygen-rich atmosphere. The internal diameter of
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the tube used for these columns varies from 100 to 530 wm, its thickness is 50 pm
and the length is of 12 to 100 m. These columns are rendered flexible by the appli-
cation of a polyimide outer coating, a thermally stable polymer (7, =370°C) or
a thin aluminium film. They have the advantages of physical strength and can be
wound into coils around a lightweight metallic circular support (Figures 2.7 and
2.8). Some manufacturers offer columns made from a metal capillary (aluminium,
nickel or steel) which tolerates high operating temperatures of the order of 450 °C,
providing that the stationary phase is stable enough. The internal surface of the
column is usually treated to favour a regular bonding for the stationary phase.
This could be a chemical treatment (HCl at 350 °C), or the deposit of a thin layer
of alumina or silica gel depending on the technique used to bond the stationary
phase. The thickness can vary between 0.05 and 5pum. These are WCOT (wall-
coated open tubular) or PLOT (porous layer open tubular) columns depending
upon the nature of the stationary phase employed. Covalent bonding via Si-O-
Si—C allows organic compounds to be bound to the silica surface. Columns are
particularly stable and can be rinsed periodically with solvents which enable them
to recover their initial performance quality.

530 wm’ columns

Constituted from a capillary of 0.53 mm internal diameter with length varying
from 5 to 50 m, these columns are designated, depending on the supplier, by their
principal characteristic ‘Widebore®’, ‘Megabore®, or ‘Macrobore®’. They require
a carrier gas flow rate of at least 5 mL/min and can be as high to 15 mL/min, close
to that used in packed columns. However, the resolution and performance of these
columns are lower than that of capillary columns of smaller diameter. It is possible
to replace a packed column with a ‘530’ column on the older chromatographs,
while retaining the same injectors, detectors and flow rates. Their main advantage
over packed columns is their lack of bleeding, i.e. the progressive loss of the
stationary phase with time. These columns are rarely packed columns.

B In order to deposit a film of known thickness, a method consists to fill the column
with a solution of stationary phase of known concentration (e.g. 0.2 per cent in ether)
so that the desired thickness is obtained after evaporation of solvent. This layer can
then be reticulated by a peroxide or by 7y irradiation. The procedure is similar to the
application of a dye on a surface that has been treated beforehand to obtain a firm
attachment.

2.6 Stationary phases

For packed columns, for which impregnation techniques are very simple, over 100
stationary phases of various types have been proposed in the literature. On the
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other hand, for bonded phase capillary columns the choice of stationary phase is
limited because the generation of the film at the surface of the column requires a
different principle than impregnation. The current phases correspond in principle
to two families: the polysiloxanes and the polyethylene glycols. Each category can
be the object of minor structural modifications. For the study of optically active
compounds (enantiomeric separations), particular phases containing cyclodextrins
are used.

Each of these phases can be used between a minimum temperature beneath
which concentration equilibria are too slow to occur, and a maximum temperature
above which degradation of the polymer occurs. This high limit depends on the
film thickness and the nature of the polymer.

The stationary phases described below are the more classical types, while in the
catalogues, phases especially adapted to particular applications can be found.
Among them are phases for the separation of sulfur products, chlorinated pesti-
cides, permanent gases, aldehydes, polycyclic aromatic hydrocarbons (PAH), etc.

2.6.1 Polysiloxanes

Polysiloxanes (also known as silicone oils and gums) are based upon a repetitive
backbone that consists of two hydrocarbon chains per silicon atom (Figure 2.9).
There are about 20 different compositions of alkyl or aryl chains (methyl or
phenyl) to which can be incorporated further functional groups (e.g. cyanopropyl,
trifluropropyl). Monomers combined in variable proportions also convey changes
in the properties of stationary phases (polarity, extended stability from —50 to
300/325°C, for the dimethylpolysiloxanes, depending on the column). Owing to
their very broad temperature range these phases are the most widely used.

A well-known phase which is used as a reference, since it is the only one that
is perfectly defined, is squalane, which on the McReynolds scale has a polarity
of zero (cf. Section 2.10.3). This saturated hydrocarbon (C,,Hy,) is derived from
squalene, a terpenoid natural extract from shark’s liver (also present in the sebum
of the skin). On this stationary phase, which can be used between 20 and 120°C
(following either deposition or impregnation), the compounds are eluted in
increasing order of their boiling temperatures, the retention time being inversely
proportional to the analyte vapour pressure. Diverse bonded phases based upon
polyalkylsiloxanes, almost apolar, can be used as a replacement for squalane.

2.6.2 Polyethyleneglycols (PEG)

The best known representative of this family is Carbowax® (Figure 2.8). These
polar polymers (M, =1500 to 20000 — for the Carbowax 20M) can be used for
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Figure 2.9 Structure of polysiloxanes (silicones), and polyethylene glycols. An inventory of all
the compositions of this type of phase, used either for impregnation or bonding, would be
lengthy. Treatment of the internal wall of a silica column with tetradimethylsiloxane will obtain
a stationary phase bounded, polymerized and later reticulated. (The bonding resembles the
fixing of indelible colours in order to create a brightly tinted fabric: the colour contains an
active site with which is able to attach itself, for example, to the alcohol functionality of cellulose
on cotton fibres).

deposition, impregnation or as bonded phases (40 < T'< 240/260 °C, depending
on column diameter and film thickness).

2.6.3 Chiral stationary phases

These are generally polysiloxane basic phases mixed with 10 to 20 per cent by
weight of B-cyclodextrin (polysaccharide) (Figure 2.10). This type of column is
suitable for purifying racemic mixtures. If an organic compound, for example,
comprises an asymmetric carbon the R and S enantiomers will not have the same
affinity for the charged stationary phase in cyclodextrin, which also is expressed
as two characteristc peaks. Therefore a chemical compound as a pure racemate
will yield two peaks equal in size, each corresponding to an enantiomer (cf.
paragraph 3.7).

Some columns accept high temperatures up to 450°C (e.g. DEXSIL 400 or
PETROCOL). Amongst the applications here is the analysis of the triglycerides
of fatty tissues and simulated distillation as in the petrol industry. The latter
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Column 3-DEX 120, 30 mx0.25 mm Inner diam.; film 0.25 pm
T=80°C; FID detector; Inj. 1pl; split ratio 100: 1

1 1 - Nonane (C9)

2 - 3,3-dimethyl-2-butanol
3 - Decane (C10)

3 4 - 3-methyl-2-heptanone
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Figure 2.10 Example of a separation with a chiral phase which contains cyclodextrins. The
use of a chiral column to separate a racemic mixture of compounds leads to a splitting of
the chromatogram signals as can be seen clearly for alcohols, 2 and 4. This chromatogram
in isothermal mode, allows the calculation of retention indexes for the separated compounds
(adapted from a Supelco illustration).

replaces the conventional distillation, which can take up to 100 hours per analysis
(Figure 2.11).

2.6.4 Solid stationary phases

These phases are constituted from a variety of adsorbent materials: silica or alumina
deactivated by mineral salts, molecular sieves, porous glass, graphite (e.g. Chro-
mosorb® 100, Porapak®). Capillary columns made by deposition of these materials
in the form of a fine porous layer are called PLOT. They are employed to sepa-
rate gaseous or highly volatile samples. Columns containing graphitized carbon
black have been developed for the separation of N,, CO, CO, and very light
hydrocarbons. The efficiency of these columns are very high (Figure 2.12).

Historically, silica gel, a thermostable material and insensitive to oxygen, was
one of the first compounds to serve as a solid stationary phase for GC columns
(Figure 2.9). Today solid phases have become much more elaborate.

To compare or predict the behaviour of capillary columns it is useful to calculate
the phase ratio 8 =V,;/Vy (Figure 2.13). Calling d the internal diameter of the
column and d; the film thickness deposited on its inner surface, an approximate
calculation leads to:

g Vu_de

Vs 4d;
If the compounds to be separated are volatile, a column with a small phase ratio
should be chosen (8 < 100) and vice versa. A column of 320 um with a stationary

(2.2)
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Column HT-5, 6 m x 0.53 mm; film thickness: 0.1 um Simulated distillation curve of an oil
Column temp. 50 to 480°C (at 10°/min)
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Figure 2.11 Lubricating oil simulated distillation. The standard practice calls for the use of a
column that can operate at high temperatures and of a series of known oligomers as boiling
point references, to calibrate the retention times vs. boiling point curve. Next the sample “to
be distilled”, is chromatographed under the same programming conditions. A software package
models actual physical distillation, according to the data of the chromatogram. The distribution
curve is identical to that which would be obtained from the mixture if it was distilled, a labour
intensive and much longer test (adapted from SGE 712-0546 and —0547 documents).
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Figure 2.12 Gas analyses: Left; one of the earliest ever chromatograms, obtained point by
point and representing a mixture of air, ethylene and acetylene separated on silica gel (E. Cremer
and F. Prior, Z. Elektrochem. 1951, 55, 66). Right; an analysis of gas on a modern packed
column (reproduced courtesy of the company Alltech).

phase of 1 wm film thickness leads to a 8 ratio of 80 while for a column of 250 um
with a film thickness of 0.2 wm, 8 =310. Recalling that K = kf3, it transpires that
k, for a given compound and a given stationary phase, will increase if 3 decreases.
The B parameter, which is accessible from the physical characteristics of the
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Figure 2.13 Capillary column section

column, allows the calculation of K, the distribution factor. Values are generally
very large (e.g. 1000) owing to the nature of the mobile phase which in this case
is a gas.

2.7 Principal gas chromatographic detectors

Some detectors are universal; that is they are sensitive to practically every
compound that elutes from the column. On the other hand, there are discrimi-
nating (selective) detectors that are sensitive only to specific compounds, yielding
a very uncomplicated chromatogram. The ideal situation to quantify an analyte,
would be to have a detector which sees only this analyte. They can be also cate-
gorized as destructive or non-destructive of the analytes.

Detectors are classified into two groups depending on whether they lead only
to a single information such as the retention time and those which yield, besides
retention time, structural information of the analyte concerned. For this reason,
some gas chromatographs are equipped with two or three detectors linked in
series (see Figure 2.17). Nonetheless, the response of all detectors is depen-
dent on the molar concentration or on the mass of analyte in the carrier
gas.

2.7.1 Thermal conductivity detector (TCD)

This general purpose and non-destructive detector, in use since the early days of
GG, has for a long time remained a mainstay of the technique. Miniaturization
has led to it being used as much for packed columns as for capillary columns. Of
moderate sensitivity (400 pg/mL carrier gas) when compared with other detectors,
it possesses nevertheless a very large linear range (six orders of magnitude). Its
operating principle relies on the thermal conductivity of gas mixtures as a func-
tion of their composition. The detector incorporates two identical thermistors,
resembling minuscule filaments, placed in two tiny cavities of a metal block ther-
mostatically maintained at a temperature above that of the column (Figure 2.14).
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Figure 2.14 Thermal conductivity detector. Left, schematic showing the carrier gas passage.
Right, the cross-sectional scheme of the metal block with its operating principle, based on an
electrical Wheatstone bridge assembly (equilibrated when R, /R, =R;/R,).

Both thermistors are located within the path of the carrier gas. One is flushed by
the carrier gas evolving the column, while the other is flushed by a part of the
carrier gas entering the injector.

In the steady state a temperature equilibrium is established between thermal
conductivity of the carrier gas and electrical current through the filament. When
a solute elutes there is a change in the mobile phase composition, which in turn
modifies its thermal conductivity. The thermal equilibrium being disrupted, this
results in a variation of the resistance of one of the filaments which is proportional
to the concentration of the compound in the carrier gas.

2.7.2 Flame ionization detector (FID)

Considered as almost universal for organic compounds this is effectively the
detector par excellence, of GC. The gas flow issuing from the column passes through
the flame of a small burner fed by a mixture of hydrogen and air. The detector
destroys the organic compound present whose combustion results in the release
of ions and charged particles responsible for the passage of a very weak current
(1072 A) between two electrodes (pd of 100 to 300 V). One end of the burner, held
at ground potential, acts as a polarization electrode while the second electrode,
called the collector, surrounds the flame rather like a collar. An electrometer
amplifies the signal to a measurable voltage (Figure 2.15).

For organic compounds the intensity of the signal is considered to be propor-
tional to the mass flow of carbon, excepted in the presence of heteroelements, such
as the halogens. Thus the area under the peak reflects the mass of the compound
eluted (dm/dr integrated between the beginning and end of the peak will give the
total mass m). The sensitivity is expressed in Coulombs/g of carbon. The detection
limit is in the order of 2 or 3 pg/s and the linear dynamic range attains 10%. An
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Figure 2.15 FID detector (a) and NPD detector (b). The electrometers used with detectors
allow the measurement of very small intensities. The response of these mass flow dependant
detectors are unaffected by make-up gas.

FID detector is not affected by variations in flow rate which can lead to errors
with TCD.

In order to evaluate the presence of a volatile organic compound in polluted air
(the VOCs), there exist portable instruments essentially housing a flame ionization
detector that allows the measurement of the carbon content of the atmosphere
examined, without chromatographic separation.

2.7.3 Nitrogen phosphorus detector (NPD)

Compared with the FID, this thermoionic detector has a smaller flame in which
the catalytic decomposition of compounds containing nitrogen (N), or phos-
phorus (P) yields, fairly specifically, negative ions which are received by a collector
electrode. As it appears on the representation (Figure 2.15), it comprises a
small ceramic cylinder doped with an alkaline salt (e.g. rubidium sulfate). A
voltage is applied to maintain a small plasma (800°C) through the combus-
tion of an air/hydrogen mixture. In these conditions the nitrogen present in air
does not yield ions. Detector sensitivity is typically between 0.1 and 0.4 pg/s for
nitrogen- or phosphorus-containing analytes, with a linear range of five orders of
magnitude.

2.7.4 Electron capture detector (ECD)
This selective detector is considered to be excellent for trace analysis when analytes

contain halogen atoms or nitro groups. A flow of nitrogen gas which has been
ionized by electrons generated from a low energy B~ radioactive source (a few
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mCi of ®*Ni) passes between two electrodes maintained at a voltage differential
of around 100V (Figure 2.16). At equilibrium, a base current I, is generated,
mainly due to free and very mobile electrons. If molecules (M), containing an
electrophore such an halogen (F, CI, Br), cross the zone between the two electrodes,
they capture thermally excited electrons to form heavy negative ions, which by
consequence are much less mobile, leading to a decrease in the signal.

NSNS e
M+e — M~
M~ + N — M+N,

The measured intensity decreases exponentially by following a law of type
I =1I,exp[—kc]. The linear range is of about four decades with nitrogen as the
carrier gas. The presence of a radioactive source in this detector means that it must
be licensed (maintenance visits and regular area testing). This non-destructive
detector, well suited for compounds with high electron affinity, is mainly used for
analyses of chlorinated pesticides.

B Make-up gas. To provide maximum performances, the three detectors described
above should be served with a gas flow of at least 20 mL/min, which is far superior
to that within capillary columns. This flow rate is attained by mixing, at the outlet of
the column, a make-up gas either identical or different (such as nitrogen), from the
carrier gas.

(a) (b)

) (m]
+ C|°||‘t9°t'd”g UV lamp lonisation mechanism
I electrode
—_ ! PDca50V L Anode
\:\ UV filter l ﬁ—‘“ ot
hv +
—+— — ¥ “Nitrogen outlet Make-up gas +300V y—» ) +é¢) (W)
™~ 63, ; Radioactive == : Z
Nisource ex.CO N lonisation ———
Xe, Ar... | chamber Cathode
_’ —
—— «— Nitrogen flowing e .
(make-up) Capillary column inlet Gas outlet (M) Analyte molecule
—__ Capillary column Photons : 8.4 -9.6-10-11.8 eV

Figure 2.16 Electron capture detector(ECD) (a) and photo-ionization detector (PID) (b). The
ECD must be installed in an well ventilated position owing to it containing a radioactive source.
The PID contains a UV source from which the photons are emitted, having a pre-selected
energy, using a filter which prevents undesired carrier gas ionization (M + hv — M* 4+ ¢7).
Examples of filters: LiF at 11.8 eV, MgF, at 9.6-10¢V, sapphire at 8.4 eV. On contact with the
electrodes the molecules return to uncharged state, ionization being therefore reversible. The
use of the make-up gas provides an optimal flow.
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2.7.5 Photo-ionization detector (PID)

This detector is fairly selective but it has only a narrow range of application,
convenient for hydrocarbons as well as for S or P derivatives. The operating
principle consists to provoke ionization of the analytes by irradiation with a UV
lamp emitting photons of high energy (of 8.4 to 11.8eV). The photo-ionization
occurs when the energy of the photon is greater to that of the first ionization of
the compound (Figure 2.16). A photon of 9.6 eV can, for example, ionize benzene
(PI, =9.2eV) but not isopropanol (PI, =10.2eV). Electrons are collected by on
an electrode linked to an electrometer.

This detector can function at more than 400 °C and is not destructive since the
ionization is reversible and affects only a small fraction of the molecules of each
compound passing through. ECD and PID detectors are examples of class-specific
detectors often used in trace environmental analysis.

2.8 Detectors providing structural data

None of the detectors previously described yield any information as to the nature
of the compound eluted. At most they are selective. Compounds identification
proceeds with the use of an internal calibration based on retention times or
requires the knowledge of retention indexes (cf. paragraph 2.10). When the chro-
matogram is very complex, a confusion of identity could occur. To counteract this,
several complementary detectors could be associated (Figure 2.17), or a detector
able to convey structural information based on spectroscopic data, or elemental
composition of the analytes. The retention time and specific characteristics for
each compound could then be known. These detectors lead to stand-alone anal-
ysis techniques for which the results depend only on the ability of the column to
separate properly the constituents of the sample mixture.

2.8.1 Atomic emission detector

The compounds coming out from the column enter into a microwave plasma
whose temperature is sufficient to create excited atoms (cf. Chapter 14). Thus,
each element present in the solute eluted emits a characteristic spectrum, which
permits its identification (see Figure 14.8).

2.8.2 Other detectors

A mass spectrometry detector (MSD) which consists of a low resolution mass spec-
trometer, cf. Chapter 16) can be placed to the outlet of the column. A fragmenta-
tion spectrum of each eluted compound is obtained. From the total ionic current
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Figure 2.17 Three detectors connected in series. At the outlet of a capillary column, either
in series or in parallel and depending upon whether any of them destroy the sample, several
detectors can be installed. Here, three chromatograms of an injected mixture are obtained from
each detector. Note that the sensitivity varies significantly from one detector to another.

(TIC), a chromatogram can be traced which represents all of the compounds
eluted. By choosing a particular ion (selective ion monitoring, or SIM), a selective
chromatogram can be produced. Although this method in some cases leads to a
more modest sensitivity than with classic detectors, for many types of analyses it
has become essential, notably in the context of environmental studies. Nevertheless
it requires the use of high performance columns (ID =0.1-0.2 mm) with very low
bleeding. Similarly with an infrared detector, the IR spectrum (cf. Ch. 10) can be
graphically collated while with an ultraviolet detector (cf. Ch. 9), the corresponding
UV spectrum of each compound eluted can be drawn. This is the domain of
coupled ‘hyphenated’ methods, widely used for trace analyses. The modes of detec-
tion mentioned above can be used jointly in the same installation equipped with
a capillary column.
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2.9 Fast chromatography

Conventional chromatography is a slow method of analysis. The retention times
are often longer than an hour when separating components of a complex mixture.
To reduce these times, influence can be brought to bear upon several parameters.
The most obvious requires the use of a shorter column and so as not to lose
efficiency, the diameter of the capillary column should be reduced (cf. expression
1.33). The stationary phase should be a thin film (0.1m) and the column
must operate with a steep programmed temperature gradient (e.g. 100°C/ min),
now possible with modern GC instruments. Detector-response time also plays a
significant role in achieving the best peak fidelity.

If all the compounds in an existing GC run are too much separated, presenting
large vacant spaces between peaks on the chromatogram, then the strategies
described above should produce faster analysis times. This leads us to the domain
of fast chromatography of volatile compounds which uses columns of very different
design, for example incorporating resistant outer coverings so that the tempera-
ture (200°C/20s) might be increased more sharply. This also avoids to the oven
a long time to cool down and get ready for the next run. As a result the retention
times are reduced significantly (Figure 2.18). This type of fast chromatography
sometimes called high-speed GC finds its principal use in control analyses.

The detector must be able to store almost immediately the rapid variations in
concentration at the moment of each analyte’s elution. For detection by mass spec-
trometry there is good reason to be attentive to the speed of the sweep of the m/z
ratio; a slow sequential sweep may lead to a situation in which the concentration
in the ionization chamber is not the same from one end of the recording to the
other. The TOE-MS (cf. paragraph 16.5) does not suffer from this inconvenience.

There are now portable micro-chromatographs available weighing only a few kg
for the rapid analysis of gases and volatile products. Although containing a reser-
voir of the carrier gas to assure their autonomy they are not bulky (Figure 2.19).

T°C
300

200

100

T T

T T
0 10 20 seconds 30 40 50

Figure 2.18 Fast chromatography. The graph records the programmed temperature of the
column
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Figure 2.19 Portable gas chromatograph. A lightweight (6.6kg), battery operated, isothermal
GC. This miniature analytical engine using a capillary column and a photoionization detector
is conceived for the analysis of gas and other volatile compounds (VOCs) (reproduced courtesy
of Photovac). Below is an example of chromatogram obtained with such an instrument.

Certain components are obtained by micro-machining on silicon-chips.
A short capillary column (5m) is inserted into the outer metal sleeve, which is
able to tolerate a rapid increase in temperature such as a gradient of 20°C/s.
The efficiency (N) remains fairly poor though the temperature gradient allows an
optimization of the selectivity between the compounds.

2.10 Multi-dimensional chromatography

In this technique, that has been used for a long time, the whole (or a fraction) first
column effluent is analysed through a second column having different selectivities.
This allows the resolution of analytes, which are not separated at the end of
the first column. Called GCxGC or 2D-GC, the installation must comprise two
detectors and an injection valve between the two columns positioned in series
(Figure 2.20).
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Figure 2.20 GC x GC setup or two-dimensional chromatography. The arrangement of two
columns each associated with a detector and an injection valve introduced between them. In the
example shown in (A), a polar column cannot separate ethanol and benzene. The corresponding
fraction is therefore re-injected onto (b), a non-polar column, in which the separation is effected
(figure courtesy of Thermoquest).

2.11 Retention indexes and stationary phase constants
These parameters have been developed to pursue at least three objectives:

¢ To identify a compound by a more general characteristic than its retention
time under pre-defined controlled conditions. As a result, a system of retention
indexes has been developed which is an efficient and cheap means by which
to avoid certain identification errors.

e To follow the evolution over time of a column’s performance.

e To classify all stationary phases in order to simplify the choice of the column
best adapted to a particular kind of separation problem. The chemical nature
of the phases and polarities do not allow prediction of which column will be
optimal for a given separation. For this, the behaviour of stationary phases
with respect to several reference compounds should be examined, preparing
the way toward stationary phase constants.

2.11.1 Kovats’ straight line relationship

The retention index related to a given stationary phase is determined as follows.
When a mixture containing compounds belonging to a homologous series of
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Figure 2.21 Kovats® straight line graph. Left, isothermal chromatogram for a series of five
n-alkanes (C;, — Cy,). Right, the corresponding plot of the Kovats’ relationship for the chosen
stationary phase and for the pre-determined analytical conditions.

n-alkanes is injected onto a column maintained under isothermal mode, the
resulting chromatogram is such that the logarithm of the adjusted retention times
Iy(ny increases linearly with the number n of carbon atoms present in the corres-
ponding n-alkane (Figure 2.21).

On a graphical representation, the carbon number n versus log f;,, usually
yields a series of well lined up points according to the following semi-empirical
mathematical relationship:

log ty(my=an+b (2.3)

The adjusted retention time fy(, corresponds to the retention time 7y of an
alkane having n atoms of carbon, minus the dead time #,;; a and b are numerical
coefficients. The slope of the graph obtained depends on the overall performance
of the column and the operating conditions of the chromatograph.

B This expression (2.3) follows on from another linear relation seen in ther-
modynamics linking the variation in free energy and the equilibrium constant K,
(AG = —RT InK), for a homologous family of compounds in which each term differs
from the preceding one by a supplementary CH, unit. Since K = kf3 therefore t; =
Kty/B, then log tx will increase as In K for the homologous family: In t; =1In K +

(In tu/B).

2.11.2 Kovats’ retention index (or indice)

A compound (X) is now injected onto the column without changing the tuning of
the instrument. The resulting chromatogram will enable I, the Kovats’ retention
index, to be calculated for X and the specific column employed: this is equal to
100 times the equivalent number of carbon atoms n, of the ‘theoretical alkane’

having the same adjusted retention time than X. Two methods can be used to
find n,:
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® The first is based on the Kovats’ relationship previously obtained (Figure 2.21).

This leads to a calculation of n, (therefore I,).

e The second gives a good estimation of I, from the adjusted retention time
of the two n-alkanes (n and n + 1C) that bracket compound X on the
chromatogram:

log t/R(X) —log t’R(n)
log tg 1) — 1081 r ()

I, =100 + 100 [0, 1] (2.4)

In contrast to the Kovats’ regression line, the retention index depends only on
the stationary phase and not on the column dimensions or the flow rate of the
carrier gas. Due to this the retention time is converted into a relative retention time
independent of experimental conditions, but normalized to a series of paraffins.

In practice, to ensure of the experimental conditions for the two injec-
tions are uniform, compound X and the the n—alkanes mixture are co-injected
(Figure 2.22).

The chromatogram that gives the Kovats’ relationship for a given stationary
phase, can also serve to evaluate the performances of a column. For this, the
separation number also known as the trennzahl number (TZ) is calculated from
expressions 2.5 or 2.6. The two retention times occurring in these relationships
relate to two successive alkanes differing by one carbon number (n and n+1
atoms) or to two compounds of a similar type. The separation number indicates
how many compounds could be baseline separated reasonably well by the column
in the interval of retention time of these two reference compounds. The alkanes
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L=50m, T=60°C, He car. gas. 9Mhrw 32 //y
C4(390 LY <] U R DU N .
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Figure 2.22 Graphical measurement of Kovats® retention index (I =100n,) on a column in the
isothermal mode. The number of equivalent carbons #,, is found from the logarithm of the
adjusted retention time tj of X. The chromatogram corresponds to the injection of a mixture
of 4 n-alkanes and two aromatic hydrocarbons. The values in italics match the retention times
given in seconds. By injecting periodically this mixture the modifications to the Kovats’ indexes
of these hydrocarbons permits the following of the column’s performance. The calculations
for retention indexes imply that the measurements were effected under isothermal conditions.
With temperature programming they yield good results to the condition to adopt an adjusted
formula, though this entails a reduction in precision.
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whose elution times are either side of that of the compound being analysed are
chosen. For the chromatogram of Figure 2.22, the TZ is around 30.

try — 1
TZ=—"3"2—F — (2.5)
(w1/2)1 + (wl/z)z
or
R
TZ=—-1 (2.6)
1.18

There are tables of retention indexes of compounds currently in general use
on the most common stationary phases. If several retention indexes of the same
compound obtained on different stationary phases are available, then this unique
collection of values could then characterize the compound more precisely. Iden-
tification by retention index is not as reliable as using more popular hyphenated
techniques as GC/MS (cf. Section 2.8.2), but it requires a not inconsiderable
material investment.

B Retention time locking. The identification of compounds for which the retention
times are very close and whose mass spectra are almost identical (certain forms
of isomers) is obviously difficult. A current method consists of selecting an internal
standard or a compound known to be present in all of the samples to be analysed
and through the use of computer software the value of its retention time is locked
(unchangeable) for different analyses, even if undertaken on a different apparatus
(but on the same stationary phase). The effect of this is to conserve equally the
retention times of the other compounds of the mixture, facilitating their identification.
This approach, which avoids referring to the retention index, is possible with modern
GC instruments and is known as retention time locking (RTL).

2.11.3 McReynolds’ constants for stationary phases

To evaluate the behaviour of a stationary phase, a comparison of the Kovats’
indexes for five reference compounds belonging to different structural classes is
made on the studied phase as well as on squalane, chosen as the reference standard
phase for this calculation. The five indexes on a column using squalane, the only
reproducible apolar phase since it is formed from a pure material, have been
established once and for all (Table 2.1).

The five McReynolds’ constants for a given stationary phase are obtained by
calculating the differences observed for each of the substances tested between their
Kovats” indexes on squalane (/gg.) and that corresponding to the stationary
phase being studied (Zpy,.):

McReynolds constant = Al = (Zpyase — Lsquatane) (2.7)

The sum of the five calculated values, using expression 2.7, has been used to
define the overall polarity of the phase under test study.
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Table 2.1 McReynolds’ constants (A7) for several stationary phases normalized to squalane

Stationary Benzene 1-butanol  2-pentanone Nitropropane Pyridine
phase X’ Y Z' U’ s
(symbol)
Squalane 0 0 0 0 0
SPB—OCty] 3 14 11 12 11
SE-30 (OV-1) 16 55 44 65 42
Carbowax 20M 322 536 368 572 510
OV-210 146 238 358 468 310
Kovats’ index for the five reference compounds above (X', Y’,Z’, U’, S') on squalane
1 653 590 627 652 699

squalane

B Finally this method can tell if two phases should give comparable performances
or if a phase is better for an analyte with a specific functional group. Each of the
test compounds yields particular information regarding the stationary phase: benzene
for the inductive effect, pyridine for proton accepting, butanol for hydrogen bonding,
nitropropane for dipolar interactions...

These constants, which are related to molecular structures, allow an appreciation
of the interactive forces between stationary phase and solute as a function of
compound class (Table 2.1).

An index whose value is high, suggests that the stationary phase strongly retains
the compounds that contain the corresponding organic functions. This leads to
an improved selectivity for this type of compound. In the same way, to separate
an aromatic hydrocarbon from a mixture of ketones, a stationary phase would be
selected for which the McReynolds’ constant for benzene is rather different to that
of pentanone. These differences in retention indexes are provide by suppliers.

The McReynolds’ constants have replaced Rohrschneider constants, which were
based upon the same principle though using partly different reference compounds.

Problems

2.1 Consider a GC capillary column where the length, diameter and thickness of
the film of the stationary phase could all be modified (one factor at a time
and without adjustment of the apparatus’ physical characteristics, such as
temperature and pressure, yet maintaining a flow such that the linear velocity
of the gas remains the same).

The three parameters to be modified are displayed in the first column of
the table below. Complete the different cases by indicating, using the symbols
provided, the observations anticipated: + symbolises an increase, 0 shows a
weak variation in either direction and — for a decrease.
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Speed of separation Column Retention Selectivity Effective
capacity factor, k factor « plate
number,
N

increase in column length
increase in column diameter
increase in film thickness

The best-known method for estimating the hold-up time, #,,, consists of
measuring the retention time of a compound not retained upon the column.
Described here is another method for calculating the hold-up time, which
recalls the relation used in establishing factors of retention. Knowing that
for a homologous series of organic compounds and where the temperature
of the column is constant, it can be written:

log(ty —ty)=a-n+b

(in which #; represents the total retention time of a compound having n
atoms of carbon, while a and b are constants which depend upon the type
of solute and the stationary phase chosen).

1. Recall the chromatographic parameters for which it is essential to know

the hold-up time ¢,,.

. Give examples of compounds that might be used to determine #,; in GC.

. Calculate f; from the following experiment, employing the method

above: A mixture of linear alkanes, possessing six, seven and eight atoms
of carbon, is injected into the chromatograph. The total retention times
for these compounds were respectively, 271s, 311s, and 399s, under a
constant temperature of 80°C. (Length of column 25m, /D =0.2 mm,
d;=0.2 um and the stationary phase is made up of polysiloxanes).

. If the retention index for pyridine on squalane is 695, what is the

McReynolds constant of this compound on the column studied, if it is
known that under the conditions of the experiment, the retention time
is 346 s?

2.3 Find an expression to calculate the thickness of film d; of a capillary column

from K, k and ID, (the column’s internal diameter).
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2.4

2.5

CHAPTER 2 - GAS CHROMATOGRAPHY

A sample of hexane is injected onto a column having an internal diameter
of 200 um for which K is equal to 250. The retention time for the hexane
is 200s, while an unretained compound has a retention time of only 40s.
Calculate the film thickness d; from this information.

Temperature of the column (°C)

Compound b.p. (°C) —35 25 40

ethene —104 0.249 0.102 0.0833
ethane -89 0.408 0.148 0.117
propene —47 1.899 0.432 0.324
propane —42 2.123 0.481 0.352

Show that for a capillary column, the average flow can be calculated from
the following formula:

D =u_, x047d?

mL/min cm/s 1 mm

(where u represents the average linear velocity in a column of internal
diameter ID).

The table below contains values of the retention factor k for four refinery
gases, studied at three different temperatures upon the same capillary column
(length L =30 cm, internal diameter =250 wm), whose stationary phase is of
type SE-30. The chromatograph is supplied with a cryogenic accessory.

1. Can the polarity or non-polarity of the phase SE-30 be deduced from
the elution order of the compounds?

2. Calculate the selectivity factor « for the couple propene—propane at the
three temperatures indicated.

3. Why for the same compound does k decrease in response to an increase
in temperature?

4. What is the number of theoretical plates of the column for the propane
at 40°C, if it is known that at this temperature the resolution factor for
the couple propene—propane =2?

5. What would be the minimum theoretical value of HETP for the propane
at 40°C?
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6. Supposing that the HETP resulting from the Van Deemter curve is the
same as that resulting from the calculation which might be performed
when considering Question 4, calculate the coating efficiency.

7. If for a given compound, k is linked to the absolute temperature of the
column by the expression: Ink = (a/T) + b, find, for the case of ethane,
numerical values for both a and b.

2.6 In a GC experiment a mixture of n-alkanes (up to n carbon atoms, where n
represents a variable number) and butanol (CH, CH, CH, CH, OH) were
injected onto a column maintained at a constant temperature and whose
stationary phase was of silicone-type material. The equation of the Kovats’
straight line derived from the chromatogram is: log t; =0.39n — 0.29 (where
ty the adjusted retention time is in seconds). The adjusted retention time
of butanol is 168s. If it is known that the retention index for butanol on
a column of squalane is 590s then deduce its corresponding McReynolds
constant upon this column.

2.7 A chromatogram reveals a resolution factor of 1.5 between two neighbouring
peaks, 1 and 2. If k, =5 and a =1.05, and knowing that the retention time
of the compound 2 is 5 min, then:

1. Calculate the hold-up time of this chromatogram.

2. What is the width of the second peak at half-height, if the scale of the
chromatogram is such that 1 min corresponds to 1 cm?

Use the relation 1.28 (cf. paragraph 1.9)
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High-performance liquid
chromatography

Of all the chromatographic techniques whose mobile phase is a liquid, high-
performance liquid chromatography (HPLC) is perhaps the best known. Its field
of applications overlaps a large section of gas phase chromatography, to which
can be added the analyses of many compounds that are thermolabile, or very
polar or of high molecular weight. Its success is also due to the possibility, for the
chromatographer, to act in a very precise manner upon the selectivity between
compounds through an appropriate choice of columns and eluent composition by
exploiting the solute/mobile phase/stationary phase interactions. Although the effi-
ciency of the HPLC columns is less than those used for GC, new stationary phases
that can operate in several modes such as ion pairing or increasing hydrophobic
interactions, reveal further possibilities of HPLC. Finally, miniaturization of the
technique (nanochromatography) has facilitated its working association with mass
spectrometry.

3.1 The beginnings of HPLC

High-performance liquid chromatography, often called simply by its abbre-
viation, HPLC constitutes a general purpose analytical technique derived
from the most ancient form of preparative liquid chromatography. The
modern day technique is greatly enhanced in terms of selectivity, resolution,
through miniaturization and the use of very elaborate stationary phases. These
phases comprise spherical micro-particles with diameters of 2-5um, or porous
monolithic material that leads to a significant pressure drop on the column. A large
pressure needs to be exerted upon the mobile phase to obtain a continuous flow.
In spotting this particularity, the letter P of the abbreviation corresponded for a
long time to the word pressure.

Chemical Analysis: Second Edition Francis and Annick Rouessac
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64 CHAPTER 3 - HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY

B The forced migration of a liquid phase in continuous contact with a stationary
phase is encountered in several chromatographic techniques. One of the aspects
particular to HPLC is that of the partition mechanisms between analyte, mobile
phase and stationary phase. They are based on coefficients of adsorption
or partition.

3.2 General concept of an HPLC system

An HPLC installation is composed of several specialized units which can be found
as separate entities or be integrated within a common framework, usually for
reasons of hindrance (Figure 3.1). A tubing system of very small internal diameter
(0.1 mm) assures the circulation of the mobile phase between the modules. These

A (4

Solvent rack
(mobile phase)

1 |

| Degasser | 2

]

Analytical pump 3

1

Injector 4
(autosampler)

| )

Thermostatted 5
column compartment

| |
UV Detector 6

Figure 3.1 Schematic of a modular HPLC instrument. A modular system allows users to adapt
the installation according to the applications to be carried out. The vertical assembly of the
different modules affords an economy of space. Here the chromatograph, model HP 1200,
comprises an auto-sampler that allows continuous operation and a thermostatically-controlled
column to improve the reproducibility of the separations. (Reproduced courtesy of Agilent
Technologies).
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transfer tubes are made of stainless steel or of PEEK® (polyether-etherketone),
a coloured and flexible polymer, able to resist the common solvents under high
pressure (up to 350 bars).

B The low flow rates obey Poiseuille’s law. The maximum velocity of the mobile
phase is found at the centre of the tubing while in contact with the wall it is zero. This
produces an inevitable dispersion of the compounds. To improve the separations the
volume of the mobile phase outside the column is maintained as low as possible (10
per cent dead volume of the column).

3.3 Pumps and gradient elution
3.3.1 Pumps

All HPLC systems include at least one pump to force the mobile phase through the
column whose packing is fairly compact. The result of this is a pressure increase
at the injector which can attain 20000kPa (200 bars) depending upon the flow
rate imposed upon the mobile phase, its viscosity, and the size of the particles of
the stationary phase.

Pumps are designed in order to maintain a stable flow rate, avoiding pulsations
even when the composition of the mobile phase varies. These flow rate metered
pumps contain, in general, two pistons in series, working in opposition, to avoid
interruptions to the flow rate (Figure 3.2).

B The presence of a non-negligible quantity of ambient gases (N5, O,, CO,),
dissolved in the solvents, can perturb the separations by modification of the compress-
ibility of the mobile phases which leads to the eventual formation of bubbles. In
particular, oxygen can interfere on the lifetime of the column while hindering the
working of both electrochemical and photometric UV detectors. The solvents are
therefore degassed either by ultrasound, rapid helium bubbling, or by diffusion for
which they pass along a polymeric tube, of small diameter, permeable to gas, working
like a membrane.

It is obvious that these pumps deliver a series of ‘pulses’ of the mobile phase.
The perfecting of flow rate regulation is achieved by the insertion of a pressure
(or pulse) damper, between the pump(s) and the injector. It operates on the
mechanical principle of ballasting. Several techniques have been developed to
accomplish this. The simplest mechanical ballasting consists of inserting between
the pump and the injector a large coil of narrow-bore tubing, several metres long.
Under the influence of a wave of solvent the tubing unwinds slightly increasing
its internal volume and counteracting the variation in pressure. The most usual
damper type is a membrane one (Figure 3.2), usually having a volume of around
0.5mL. The closed part is filled with heptane. Compressibility of this liquid is
enough to compensate for the pulsations of the dual piston pump with piston
volume around 100 L.
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Figure 3.2 Schematic of the dual-headed reciprocating pump. The most simplified way of
explaining the cycle of operation, without taking into account the compressibility of the solvents,
is as follows. From the moment when the outlet valve of cylinder A closes and its entrance
valve opens, the piston in A, moving backwards, sucks the eluent through the inlet check valve
and the chamber fills. Meanwhile cylinder B is open and its piston moves forward to force the
mobile phase towards the injector and the column. The volume displaced by piston B is half
of that available in the chamber of piston A. With chamber A full, the entrance valve of A
closes and the corresponding outlet valve opens. Piston A now advances and pushes out the
contents of the chamber. Half of this volume is expelled directly towards the column, the other
half serves to fill cylinder B as piston B retracts. A pulse absorber is located between the two
cylinders (diagram courtesy of Agilent Technologies). Below, graph showing variations in the
flow rate as a function of movement of the pistons with time.

B To obtain micro flow rates (for example, 1 uL/min), necessary for a packed capillary
column, the same pumps are used, though with the addition at the outlet of a by-
pass which divides the flow into two fractions of which only the smaller is directed
towards the column. To resist the low pHs of many elution mixtures, which can be
more corrosive when pressure is high, the components and surfaces that come into
contact with the mobile phase need to be inert. The pistons and valves of the pumps
are made of sapphire, agate, Teflon or special alloys.

Depending upon the design, an HPLC instrument contains generally two pistons
driven by the same motor through a common eccentric cam; this allows one
piston to pump while the other is refilling (Figure 3.2). These pumps are asso-
ciated with a mixing chamber and are located either just before or immediately
following. They are capable of delivering an eluent of fixed (isocratic mode), or
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of variable composition to create an elution gradient. For the second case the
system must compensate for differences in solvent compressibility in order that
the imposed composition be respected.

3.3.2 Low and high pressure gradients

If the composition of the mobile phase has to vary with time, as in a gradient
elution, then several solvents are required, and in order to attain the desired
composition at a given pressure, the instrument must compensate for differences
in solvent compressibility. When the system contains a single pump, it should
be preceded by a low-pressure mixing chamber into which electronically activated
valves permit to feed the solvents at a programmed composition. Alternately, in the
high-pressure arrangement, installations contain more than one pump, depending
the number of solvents. The final composition is obtained with a tee located after
the pump but before the column (Figure 3.3).

When several analyses are to be done successively, one must avoid the use of
gradient elution, by seeking a practical compromise by means of a single eluent
of fixed composition. This reduces post-analytical time after each analysis because
the re-equilibration of the two phases to their initial composition, after a gradient
elution, requires the passage of a volume of at least ten times the dead volume of
the mobile phase.

Solvent A Solvent C
Solvent B Pump 1 Pump 2 Solvent D

He 1t

Mixing chamber Towards injector
IM,_ (high pressure) ¥ and column

Figure 3.3 A schematic of the core of a high-pressure mixing (two-pump) system. The pumps are
called binary, ternary or quaternary depending upon the number of solvents that can be mixed
together (here binary). The mixing chamber, which controls the mobile phase composition, is
at the output of the two high-pressure pumps on the downstream side of the pumps.
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Set of loops

Figure 3.4 Injection valve for HPLC and an assortment of loops. Left, rear view of an injection
valve (valve presenting 6 entries/outlets with a loop attached) ; Right, an assortment of loops of
different volumes. The volume removed with the syringe must be of the order of 5 to 10 times
that of the loop (reproduced courtesy of Rheodyne Inc.).

3.4 Injectors

In HPLG, the injection of a precise volume of sample onto the head of the column
must be made as fast as possible in order to cause the minimum disturbance
to the dynamic regime of the mobile phase whose flow must be stable from
column to detector. This is done by a special high pressure valve, either manual or
motorized, possessing several flow paths, which is situated just prior to the column
(Figure 3.4). This must be a component of precision able to resist pressures greater
than 30 000 kPa. The valve functions in two positions:

¢ In the load position only communication between the pump and the column
is assured (Figure 3.5). The sample, contained in a solution, is introduced at
atmospheric pressure with the aid of a syringe into a small tubular curved
section named a Joop. Each loop has a small defined volume. They are either
integrated into the rotor of the valve or are connected to the outside of the
valve’s casing.

e In the inject position, the sample (which is in the loop) is inserted into
the flow of the mobile phase by the 60° rotation of a part of the valve,
thus connecting the sample loop to the mobile phase circulation. Highly
reproducible injections are attained only if the loop has been completely filled
with the sample.

3.5 Columns

The column is a straight stainless steel calibrated tube which measures between
3 and 15cm in length and whose the inside wall is sometimes coated with an
inert material such as glass or PEEK®. Stationary phase is held in the column
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Figure 3.5 The two steps of an injection incorporating a loop. (a) Loading of the loop; (b)
Injection onto the column. Schematic of the model 7125 valve from Rheodyne Inc. Most of the
injectors are now automated.

between two porous discs situated at each of the extremities (Figure 3.6). The
internal diameter of the column, for a long time standardized at 4.6 mm (requiring
a mobile phase flow rate of between 0.5 to 2mL/min) is now often narrower.
A wide choice of column now exists with names such as narrow-bore (2—4 mm
ID), microbore (1-2mm), packed capillaries (< Ilmm), for which the flow rate

Guard cartridge Cartridge column

Sintered disk / End fitting

for connection

Figure 3.6 Standard column and guard column for HPLC. View of the ZORBAX®column
assembly and its exploded view. The replaceable precolumn prevents clogging of the analytical
column while extending its lifetime and preserving its performance (Reproduced courtesy of
RTI).
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Figure 3.7 The effect of column temperature upon compound separation. Analysis of a
compound mixture using the same mobile phase flow rate at three different temperatures
(a) 25°C, (b) 35°C, (c) 45°C.

descends to a few wL/min and therefore requires special pumps and detectors.
These narrow columns not only substantially reduce the amount of mobile phase —
just a few drops being sufficient to elute all of the compounds —, but also improve
resolution by diminishing the diffusion inside the column. They equally have a
greater sensitivity and allow HPLC-MS combination (cf. Chapter 16).

In order to extend the lifetime of the column, it is often preceded by a precolumn
or guard column, short (0.4 to 1 cm), and packed with the same stationary phase as
the analytical column (Figure 3.6). This precolumn, which retains the compounds
of R; =0, is periodically changed. It is also recommended, prior to analysis, to
pass the samples solutions through a filter of pore size less than 0.5 pum.

The influence of temperature upon the quality of separation was for a long
time neglected. Now, HPLC instruments are equipped with columns (and there-
fore eluents) whose temperature is thermostatically controlled. This enhances the
reproducibility of analyses and offers a further parameter of separation to be
considered (Figure 3.7).

3.6 Stationary phases

The stationary phase (SP) in contact with the mobile phase (MP) is the second
medium with which the compounds initially dissolved in the mobile phase will
interact. On the column there will be as many particular associations of the three
constituents [MP/compound/SP] as there are analytes in the sample.

Many organic and inorganic materials have been tested for use as packing for
columns.
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3.6.1 Silica gel, the major material for current phases

For the majority of applications silica gel still represents the basic material used to
pack HPLC columns. It is a rigid, amorphous solid having a composition formula
Si0,(H,0), (where n is very close to 0), quite different from natural crystalline
silica (Si0,), which is only a distant precursor of it. Silica gel is in the form of
spherical particles, sometimes porous, with a diameter of between 2 to 5um. This
assures a compact and homogeneous packing of the column which allows a regular
circulation of the mobile phase without the formation of preferential routes in the
column (Figure 3.8).

It is prepared under conditions of controlled hydrolysis, by a sol-gel
polymerization of an alkoxysilicate (e.g. tetraethoxysilane) in the form of an
emulsion, under the effect of base-catalysed hydrolysis. Initially, tiny particles are
formed (0.2 wm) which grow in a regular manner, by various methods, to form
spheres that attain a few micrometres in diameter.

B Recently a new type of column has appeared. Named monolithic it is packed with a
porous silica gel which unites to form a single entity (Figure 3.8). This material, more
permeable to solvents than traditional bead type stationary phases, conserves a high
efficiency even for rapid flow rates of the mobile phase. These columns, now fully
reproducible, have equivalent performances to packed columns.

Silica gel is a very polar material corresponding to a three-dimensional network.
Though it does not possess the well-ordered structure of crystalline silica, it does
maintain the tetrahedral arrangement of four bonds around the silicon atom.
This is a reticulated inorganic polymer (Figure 3.8) containing a variable number
of silanol groups, which have resisted the final calcination. These silanol groups
are responsible for the acidic catalytic effect of this material because Si-OH has
a pK, of 10, comparable with that of phenol. To measure the concentration of
silanol groups, solid state *°Si nuclear magnetic resonance (NMR) can be used,
or alternatively, in an indirect manner, by quantifying the carbon content for the
covalently bound phases.

The characteristics of a silica gel depend upon several parameters, amongst
which are the internal structure, the size of the particles, the porosity (dimension
and distribution of the pores) the specific area, the resistance to crushing and the
polarity. Common silica gels used in HPLC contain around five silanol groups
per pm?. The specific area is of the order of 350 m?/g. They can be non-porous
or porous (pore size of around 10 nm). The volume of the mobile phase on the
column varies from 30 to 70 per cent of the column’s total volume. This has
come far from the phases used at the beginning of the last century by Tswett,
which were of chalk dust or powdered sugar. The treatment to which the silica is
submitted makes it something rather like magic sand!

B The preparation of silica gel in the form of irregular grains, used in preparative chro-
matography, proceeds in a different fashion. First, orthosilicic acid is formed which
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comprises the unstable [Si(OH),], by acidification using sodium silicate [Na,SiO5;]
(old name ‘pebble liquor or water-glass) obtained from definite purified sands by
alkaline fusion. This unstable orthosilicic acid initially dimerizes then poly-condenses
progressively to colloidal particles having a hydroxylated surface. Through aggrega-
tion a hydrogel of gelatinous silica is obtained, the calcination of which yields dense
grains of silica gel (xerogel). Some of the reactions involved here are similar to those
which are encountered for the preparation of the microspheric solid phases used for
analytical chromatography.
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Figure 3.8 Silica gel for chromatography. (a) Crude molecular diagram presenting the 3D-
structure of a silica gel containing silanol groups. This material must be very pure, traces of
metallic elements can increase the acidity of the silanol groups. (b) Porous particle (c) Non-
porous particle used for rapid separations. (d) Electron microscopic images of silica gel particles.
(e) Monolithic silica gel (reproduced courtesy of Merck). (f) Preparation of spherical grains
of silica gel via a sol-gel. The dispersive medium, called sol, is made of spherical particles
that are only a few nanometres in diameter. The small spheres agglutinate in the presence
of a urea/formaldehyde binding agent until the requisite size (3—7wm) is attained. The final
treatment is a pyrolysis to eliminate the organic matrix.
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Figure 3.9 The phenomena of adsorption and partition. Contrary to absorption, adsorption is
a surface phenomenon. Separation is due to a series of adsorption/desorption steps. Absorption
is due to solute partitioning between the two phases.
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The mode of action of silica gel is founded upon adsorption (Figure 3.9),
a phenomenon that leads to the accumulation of a compound at the interface
between the stationary and mobile phases. In simpler cases, a monolayer is formed
(known as a Langmuir isotherm), though often some attraction and interaction
occurs between the molecules already adsorbed and those still in solution. This
contributes to the asymmetry of the elution peaks. Other theories explain the
separation phenomenon by a simple slowing down (continuously), at the interface
MP/SP which is different for each analyte.

3.6.2 Bonded silica

Though possessing a large capacity for adsorption, silica gel in its simplest state,
as described previously, is used less and less for analysis since its qualities change
with time, resulting in a lack of reproducibility of separations. For many appli-
cations it must be, at least, rehydrated (3-8 per cent water) in order to be
deactivated.

To remedy this situation and reduce the often excessive gel’s polarity, the silanol
groups are exploited in order to provide sites of covalent bonding for organic
molecules. Bonded silica gel, modified in this way, behave as a liquid in that
the separation mechanism now depends on the partition coefficient instead of
adsorption coefficient. These covalently bonded phases, whose polarity can be easily
adjusted, constitute the bases of the reversed phase polarity partition chromatography
or RP-HPLC, used in the majority of HPLC separations. Two types of syntheses
lead to monomeric or polymeric bonded surfaces:

® Monomeric phases (10-15um thickness): They are obtained by reaction
of an alkyl-monochlorosilane in the presence of an alkaline agent with
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surface silanol groups (Figure 3.10). The RP-8 (dimethyloctylsilane) or RP-18
(dimethyloctadecylsilane groups, ODS) are prepared in this way. However,
a part of the Si-OH groups remain intact and can be the origin of inter-
fering polar interactions. A more complete reaction is obtained with other
silyl reactants such as chlorotrimethylsilane (ClSiMe;) or hexamethyldisi-
lazane (Me,;SiNHSiMe,). The sites that remain non-transformed are usually
as inaccessible to the reactants as they are to the analytes.

Polymeric phases (25 um or greater thickness): Here a di- or trichlorosilane is
used in the presence of water vapour which provokes a polymerization of the
reactant in solution prior to deposit and bonding with the silica. A reticulated
polymer layer is obtained. At the molecular scale the final framework of the
coating is difficult to imagine: it is mono- or multilayer.

Monomeric layer
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Figure 3.10 Formation of bonded organosilanes at the interface of silica gel. Diagram of organic
monomers and polymers at the surface of silica gel. Close-up of a ‘long-haired” particle with
alkyl ligands. When hydrocarbons are bonded onto the silica, they orient themselves at the
interface in a particular manner according to their lipophilic and hydrophilic character against
the mobile phase. The arrangement Si-O-Si—C is more stable than Si-O-C. For polymeric
coatings, a carbon content exceeding 15 per cent can be attained on bonding to accessible
silanol groups. Below, an example of a phase containing a zwitterion. Other reactions are also
used (hydrosylylation in particular).
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3.6.3 Other stationary phases of varying polarity

The silica gels discussed previously contain bonded alkyl chains from 8 to 18
carbon atoms. They are versatile and therefore very useful. Yet, for improving the
separation of certain classes of compound the tendency is now to use one of the
growing number of specific stationary phases.

To the silica are bound linear chains bearing aminopropyl, cyanopropyl, benzyl
groups or dipolar ligands (zwitterions) which confer an intermediate polarity to
the stationary phase (Figure 3.10). An improvement is noted in the separation of
very small polar molecules which require mobile phases rich in water (cf. para-
graph 3.8). For example, sugars, peptides and other hydrophilic compounds
become separable under these conditions (see, e.g. Figure 3.14). For these modified
stationary phases, silica gel acts as a support.

Aluminium oxide (Al,O;) or zirconium oxide (ZrO,) are also used as
supports of reticulated deposits based upon polymers of butadiene or styrene-
divinylbenzene or hydroxymethylstyrene. Porous graphite, in the form of spheres
whose surface is 100 per cent carbon and therefore completely hydrophobic, has
been used in applications with compounds possessing atoms carrying lone pairs
of electrons thus having high retention factors.

These stationary phases show a greater stability in both acidic and basic media,
allowing certain columns to be rinsed with sodium hydroxide 1M, that Si-O-C
bonds would not normally resist.

3.7 Chiral chromatography

A molecular organic compound whose structural formula reveals the presence
of an asymmetric centre leads generally to a mixture of two possible enan-
tiomers R and S in variable quantities. If such a mixture is chromatographed on
a column packed with a chiral stationary phase (a phase that contains active sites
corresponding to only one enantiomer, R for example), two peaks will be observed
on the chromatogram (Figure 3.11). These peaks result from the reversible inter-
actions R(compound)/R(stationary phase) and S(compound)/R(stationary phase)
of which the stabilities are slightly different. The areas under the peaks are propor-
tional to the abundance of each of the forms, R and S.

Among the general types of chiral stationary phase in current use in LC, are silica
matrix bonded to cyclodextrins via a small hydrocarbon chain linker (Figure 3.11).
These cylindrically shaped ligands, which are oligosaccharides made of five to seven
molecules of glucose, possess a hydrophobic internal cavity while the external
part is hydrophilic. This gives them a selective permeability to a broad variety
of compounds leading ultimately to the formation of reversible diastereoisomer
complexes at the surface.
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Figure 3.11 Separation on a cyclodextrin-bound stationary phase. Above left, the chromatogram
of a racemic mixture of a compound (adopted from an Alltech document). Above right,
structural formula of a B-cyclodextrin. These non-reducing cyclic oligosaccharides takes the
form of a toroid (diameter, 1.5 nm ; hydrophobic cavity, 0.8 nm ; height, 0.8 nm). The inside of
the toroid is hydrophobic as a result of the electron-rich environment provided in large part by
the glycosidic oxygen atoms. Below, partial representation of a cyclodextrin bonded through a
linker to a silica matrix. These stationary phases are prepared using similar techniques to those
for making reverse phases.

The optical purity of an analyte defined in terms of its enantiomeric excess (e.e.),
is calculated from the following expression where Ay and Ag represent the areas
under the two peaks corresponding to the two enantiomers.

, : [Ag — As|
tical t ..%)=100————
optical purity (e.e.%) AT A

3.8 Mobile phases

The degree of interaction between the mobile phase and the stationary phase
whether normal or reversed, affects the retention time of the analytes. In principle,
the polarity of the stationary phase can lead to the following situations:

e If the stationary phase is polar, then the technique is said to be normal phase
chromatography and a less polar mobile phase is used.

e If the stationary phase is non-polar, or only weakly polar then the technique
is called reversed phase chromatography (RP-HPLC) — or chromatography on
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Figure 3.12 Elutropic force and viscosity of solvents used as mobile phases. By mixing several
solvents the elutropic strength of the mobile phase can be adjusted. Noting that the viscosity
and by consequence the pressure at the head of the column varies according to the composition
of the mobile phase.

a hydrophobic phase. A polar mobile phase is selected (most commonly water
with a modifying solvent such as methanol or acetonitrile). By changing the
composition of the mobile phase and therefore its polarity, this affects the
distribution coefficients K (Cg/Cy) therefore the retention factors k of the
analytes (Figure 3.12). The main difficulty for the chromatographer is, as a
function of the compounds to be separated, to make the best choice of mobile
phase (Figure 3.13).

Bonded silica phases lead in general to a large loss in polarity. With a phase of
this type, of which the surface functionality resembles a paraffin layer the order of
elution will be the opposite of that encountered with normal phases. With a polar
eluent, a polar compound migrates faster than an apolar compound. Under these
conditions hydrocarbons are strongly retained. However, the polar compounds
themselves are fairly difficult to separate. To solve this an elution gradient must
be used by reducing progressively the water concentration (polar) thus benefitting
the modifying solvent chosen (less polar). For example, the elution begins with
an 80/20 per cent mixture water/acetonitrile and ends with the composition,
40/60 per cent for water/acetonitrile. This is the domain of hydrophilic interaction
chromatography (HIC).

Four different types of interaction are possible between solvent molecules and
the analyte:

® Dipolar interactions when analyte and solvent both possess dipole moments
e Dispersion due to the attraction between molecules in proximity

e Dielectrics, which favour the solubility of ionic species in polar solvents
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Figure 3.13 Relative polarities of several organic compound families along with some principal
types of stationary phase with ligands in current use.

® Hydrogen bonding between solvent and analyte when one corresponds to that
of a proton donor and the other a proton acceptor.

The separation of very polar compounds on stationary phases of type RP-18
requires the use of a mobile phase rich in water. Under these conditions the
stationary phase, which is hydrophobic becomes suddenly waterproof and the
capacity for separation weakens. For this reason phases presenting a residual
polarity are preferred in order to maintain the interaction between the analytes
and the water of the mobile phase (Figure 3.14).

3.9 Paired-ion chromatography

Paired-ion chromatography (PIC) is a technique related to RP-HPLC that affords
an improvement in the separation of some highly polar compounds such as amino
acids and organic acids that do not adhere at all to the stationary phase if it
is apolar (Figure 3.15). Thus this polar character must be reduced to increase
retention. To modify the ionic charge, the pH of the mobile phase can be changed
but if this is not sufficient then a strongly ionic reagent, called a ion pairing reagent,
is added to the mobile phase. This is usually a compound with a carbon chain
(weakly polar) possessing a functionality whose charge is opposite to the analyte
to be separated (e.g. heptane sulfonic acid if the ionic solute is a base). This forms
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a ‘neutralized’ ion pair, a less polar species, fairly stable and lipophilic, which
will initially stick to non polar stationary phase but can still be eluted, apparently
by a type of ion-exchange mechanism. This principle permits the separation of
inorganic cations or anions upon an RP-phase.

Column : LUNA NH2

Hexane/Ethanol 85:15
3 UV 240 nm 1 Glucose C6H1206
2 Maltose C12H22011
3 Maltotriose C18H32016
4 Maltotetraose ~ C24H42011
5 Maltopentose = C30H52026
6 Maltohexaose C36H62031
7 Maltoheptaose C42H72036

0 1 2 3 4 5  Min

Figure 3.14 The separation of sugars upon an ‘amino’ phase. The order of elution of 7 homol-
ogous sugars indicates that the stationary phase is polar and that the elutropic force of the
mobile phase diminishes as the molecular mass increases.

NH,
N
oH </ f\JN AMP = Adenosine monophosphate (n=1)
OH R—O[GH, N ADP = Adenosine diphosphate (n=2)
o |, 0 ATP = Adenosine triphosphate (n=3)

Type RP-18 column

OHOH UV detection at 254 nm
@ ADP Mobile phase: Mobile phase: AMP ” App ©®
ATP A=0.1MK,HPO,, | |A=0.1 MK,HPO,, pH=6 ﬂ
pH=6 +nBuyN, H,SO4 4 mMol.
AMP B = Methanol B =Methanol
Elution increasing B| | Elution with A/B =75/25. L[| ATP

(gradient elution)

I

8 2

5 3

“ : I
_A)\J = A —
—

02 46 81012 min 0 2 min 4

Figure 3.15 The effect upon separation of ion pairing on a column of reversed polarity. (a) The
chromatogram of a mixture of three nucleotides displaying the ‘normal’ situation of an elution in
order of reducing polarity; (b) Alternately, in the reverse phase situation: adenosine triphosphate
associated with the ion tetrabutylammonium has become more lipophilic and is therefore
retained longer (reproduced courtesy of Alltech).
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Column HIC-Phenyl (type RP-18) 1 1 - Cytochrome C
Mobile phase: 2- M_yogloblne
A=(NH,),S042M + KH,PO, 0.1 M pH 7 3 - Ribonuclease
B=KH,PO,0.1 M—pH 7 4 - Lysozyme

Gradient with increase of B 5 - Chymotrypsinogen A

from 15 to 100% in 30 min.
UV Detection (280 nm)

Silica} gel Protein
particle %

Nt

N

N

_

1
0 10 20 30 40 min

794-0462

Figure 3.16 Separation improvement due to the principle of hydrophobic interaction. The chro-
matogram of a mixture of proteins of decreasing hydrophilicity obtained by gradually reducing
the saline concentration (reproduced courtesy of Supelco).

3.10 Hydrophobic interaction chromatography

Hydrophobic interaction chromatography (HIC), is principally employed for the
separation of bio-organic compounds such as water soluble proteins. This sepa-
ration takes advantage of the hydrophobic differences among the compounds
present in the sample. Using an apolar stationary phase the elution is begun under
conditions of a high salt concentration (e.g. 2M ammonium sulfate and 0.1 m
monosodium phosphate, at pH 7). Under these conditions the proteins attach
themselves by their hydrophobic domains to the stationary phase. Next, a reverse
salt gradient is started to gradually reduce the saline concentration in order that
the proteins return to the mobile phase (Figure 3.16). They are eluted in decreasing
order of their hydrophilicity.

B This operation is similar to a technique employed in organic chemistry: in a sepa-
rating funnel, in order to extract a compound diluted in an aqueous medium with ether,
brine is introduced to reduce the solubility of the compound in water and thereby to
facilitate its extraction.

3.11 Principal detectors

The object of chromatography is rarely to determine the global composition of a
sample, but rather to measure the concentration of a compound that is present,
for which a particularly well-adapted detector must be chosen. The universal



3.11 PRINCIPAL DETECTORS 81

detector is not, therefore, totally indispensable for quantitative analysis. On the
contrary it can even be a handicap leading to crowded chromatograms which are
indecipherable.

More than in GC, the relative areas of the peaks of a chromatogram often
do not have anything to do with the molar or mass composition of the mixture
analysed. However, the detector, irrespective of its nature, is required to unite a
number of fundamental properties. It should give, for each compound of interest,
a response that is proportional to the instantaneous mass flow (indicated by its
linear dynamic range), be sensitive, have a small inertia, filter most background
noise and be stable over time.

The most widely used detection methods are based upon the optical properties of
the analytes: absorption, fluorescence and refractive index (see also ELSD detector,
Section 7.4).

3.11.1 Spectrophotometric detectors

Detection is based upon the Lambert-Beer Law (A = ¢,/C) : The absorbance A
of the mobile phase is measured at the outlet of the column, at one or several
wavelengths A in the UV or visible spectrum (cf. Chapter 9). The intensity of
the absorption depends upon the molar absorption coefficient &, of the species
detected. It is essential that the mobile phase be transparent or possess only a very
little absorption (Figure 3.17).

The area of a peak, without taking into account this specific parameter, renders
the direct calculation of concentration unfeasible by a simple check of the chro-
matogram. Spectrophotometric detectors are examples of selective detection. For
compounds that do not possess a significant absorption spectrum it is possible to
perform derivatization of the analytes prior to detection.

Abs. :
3)
L@@
\ x@ o % Source [—» Monochromator —»{ Flowcell |—» Detector
\ PR
0.8 \ -
\ b o3
0.6 ®\\ Absorbance of a cell of thickness @ Acetonitrile
04 \ : PR 1 cm filled with pure solvent @ Hexane
N . .
0.2 \ N e (3) Methanol
0 \ Theiede [T (@) Tetrahydrofurane

180 200 220 240 260 280 300
Wavelengths (nm)

Figure 3.17 Photometric detection at a single wavelength. Principle of a photometric detector
along with the absorption spectra of several solvents used in liquid chromatography. Here the
transparence limit of a solvent corresponds to an absorbance of 0.2 for 1 cm of optical path in
the cell.



82

CHAPTER 3 - HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY

® Monochromatic detection. The basic model comprises a deuterium or mercury

vapour light source, a monochromator for isolating a narrow bandwidth
(10 nm) or a characteristic spectral line (e.g. 254 nm if the source is a mercury
lamp), a flow cell with a volume of a few wL (optical path of 0.1 to 1cm)
and a means of optical detection.

® Polychromatic detection. More advanced detectors are able either to change

wavelength during the course of an analysis, to record the absorbance at
several wavelengths quasi-simultaneously, or even to capture in a fraction of
a second, a whole range of wavelengths without interrupting the circulation
in the column (Figures 3.18 to 3.20). The diode array detector (DAD) leads
not only to a chromatogram but also provides spectral information which
can be used to identify the separated compounds (Figure 3.19). This is called
specific detection (cf. Chapter 9).

The successive spectra of the compounds eluted with the mobile phase are

recorded continuously and stored in the memory of the instrument, to be treated
later using appropriate software. Often spectacular chromatograms can be obtained
(Figure 3.20). The ability to record thousands of spectra during a single analysis
increases the potential of these detectors systems. A topographic representation of
the separation can be conducted, A ={(Ar) (iso-absorption diagrams).

A
€

UV spectra of A and B Detection at A4 same mixture A
A 214 nm
@ i
Qo 1
< ! .
Detection ath, | 230 nm
i Y S '
%) | i
. o :
: < " / .\
i | | 245nm
: _—1 1
5 > ta 18 Time
Ao Ay A

M The rapid development of biotechnologies, as in biochemistry, requires the analysis
of amino acids (proteins hydrolysates); photometric detectors can be used with the
condition that prior to passage in the measuring cell a post-column reaction with
ninhydrin is carried out (cf. Chapter 8).

Figure 3.18 Chromatograms of a sample containing two compounds A and B, for which the UV
spectra are different. According to the choice of detection wavelength, the chromatogram will not
have the same aspect. On the right the chromatograms represent a mixture of several pesticides
recorded at three different wavelengths which illustrates this phenomenon. In quantitative
analysis therefore the response factors of each of the compounds must be determined prior to
the analysis (cf. Quantitative analysis, Chapter 4).
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Flow cell Polychromatic UV source \ \
—_

S .
\

Concave grating

. '0’6\/ -
Photodiode array o~
S

Figure 3.19 Optical schematic of the diode array detector. The flow cell is irradiated with
a polychromatic UV/Vis light source. The light transmitted by the sample is dispersed by a
concave grating towards a detector which comprises a diode array. The number of diodes can
attain several hundred, each one monitoring the mean absorption of a very narrow interval of
wavelengths (e.g. 1 nm).

Absorbance

Elution time (min)

Figure 3.20 Three-dimensional representation, 1 = f(A.t), of a chromatographic separation
obtained by a rapid recording method (reproduced courtesy of TSP instruments).

3.11.2 Fluorescence detector

About 10 per cent of organic compounds are fluorescent, in that they have
the ability to re-emit part of the light absorbed from the excitation source
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(cf. Chapter 11). The intensity of this fluorescence is proportional to the
concentration of the analyte, as long as this concentration is kept low. Appli-
cation to LC chromatography gave rise to fluorescence detectors, very sensitive
and for this reason often used for trace analysis. Unfortunately, the response is
only linear over a relatively limited concentration range of two orders of magni-
tude. The domain of this selective detector (Figure 3.21), can be extended by
the application of a derivatization procedure pre- or post-column to make the

RNH, A fluorescence flow cell
UV source Excitation
(0} @ radiation
H ! (monochromatic)
1- H MP inlet I:
OPA |
(0] | >
2 - HS—(CH,),~OH Microcell | | | ------- »| | Photo cell
v (7-8uL) | g | --ee >
MP outlet !
S-(CH,),-OH 1 Eluorescent
«— | light
— I
N—R
-/ ——
v
Polycyclic aromatic hydrocarbons (PAH) 1 - Dead time
Column ChromSep DI 200 x 3mm 2 4 g E);]ezrzg) anthracene
Mobile phase acetonitrile/ 6 4 - Chrysene
\'r:vlater 78/202 i 5 - Benzo(b) fluoranthene
ow rate 0.7 mL/min 7y 6 - Benzo(k) fluoranthene
Fluorescence detector 5 7 - Benzo(a) pyrene

8 - Dibenzo(a,h) anthracene
9 - Benzo(g,h,i) perylene
10 - Indeno(1,2,3cd) pyrene

JLWJALM L NA__X

15 Min

Excitation 280 nm
Emission > 390 nm

Figure 3.21 Flow-cell of a fluorometric detector. Above left, examples of reagents used to render
fluorescent compounds containing primary amines through the action o- phthalic acid (OPA)
in the presence of monothioglycol. Above right, a flow cell made of Pyrex glass is used as
the sensor through which the excitation light (as UV at 254 nm produced by the mercury
lamp) passes axially. A photocell is situated at the side of the cell to receive radially emitted
light (perpendicular to the direction of the primary light). Below, chromatogram of a mixture
of several polycyclic aromatic hydrocarbons (PAH). The intensity of the fluorescence varies
from one compound to another because there are variations in fluorescent quantum vyields. To
remedy this, the excitation wavelength should be adjusted for each compound. This is done
with programmable detectors, able to select the optimal technical conditions for each species.
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substances of interest detectable. There are a number of reagents that have been
developed specifically to synthesized fluorescent derivatives. For this methodology
an automatic reagent dispenser is placed either prior to the column or between
the column and the detector to effect one, or several reactions, upon the sample
analytes in order to render them fluorescent before or after injection.

B By following this principle, traces of carbamates (pesticides) in the environ-
ment can be measured by saponification with sodium hydroxide and then reaction
with o-phthalic aldehyde to transform the methylamine into a fluorescing derivative
(Figure 3.21).

3.11.3 Refractive index detector (RI detector)

This type of detector relies on the Fresnel principle of light transmission through a
transparent medium of refractive index n. It is designed to measure continuously
the difference in the refractive index between the mobile phase ahead of and
following the column. So a differential refractometer is used. Schematically, a
beam of light travels through a cell that has two compartments: one is filled with
the pure mobile phase while the other is filled with the mobile phase eluting the
column (Figure 3.22). In practice, the optical dispersions of the media are likely
to differ, and consequently the refractive index will only match at one particular
wavelength. As a result the fully transmitted light will be largely monochromatic.
The change in refractive index between the two liquids, which appears when a
compound is eluting the column, is visualized as an angular displacement of the
refracted beam. In practice, the signal corresponds to a continuous measurement
of the retroaction that must be provided to the optical element in order to
compensate the deviation of the refracted beam.

The refractive index detector is one of the least sensitive LC detectors. It is
very affected by changes in ambient temperature, in pressure and in flow-rate.
The temperature of the detector must be regulated with precision (to 0.001°C)
and the column thermostatically controlled. This detector leads to both positive
and negative peaks, which requires that the baseline is fixed at the mid-height
of the graph (Figure 3.22). Also, this detector can only be used in the isocratic
mode because in gradient elution, the composition of the mobile phase evolves
with time, as does its refractive index. The compensation, easily obtained in the
case of a mobile phase of constant composition, is no longer attainable when the
composition of the eluent at the outlet of the column differs from that at the inlet.
Consequently, it is often arranged in series with other detectors, in the isocratic
mode, to give a supplementary chromatogram.

Despite these disadvantages, this detector, considered to be almost universal, is
extremely useful for detecting compounds that are non-ionic, do not adsorb in
the UV, and do not fluoresce. It finds use in the recognition of those substances
(fatty acids, alcohols, sugars, etc.) that are not easily detected by other means.



86 CHAPTER 3 - HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY
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Figure 3.22 Schematics of a differential refractive index detector. The measurement of refractive
index in liquid chromatography detection systems can be done in a number of ways. On
this schematic, as sample elutes through one side, the changing angle of refraction moves the
beam. This results in a change in the photon current falling on the dual stage photodiode
which unbalances it. The responses of the two areas are maintained equal by the optical
assembly (not displayed). A chromatogram of a mixture of sugars obtained with this type of
detector. A commercial instrument, the model Optilab rEX (reproduced courtesy of Wyatt
Technology).

3.11.4 Other detectors

As has already been explained for GC, the identification of a compound from
its retention time alone can be uncertain. A more useful detector installed at the
outlet of the column would be able to give complementary information about the
compound being eluted.

When the detector itself is providing a second analytical method of analysis,
qualifying it as bi-dimensional, identification becomes more certain. These can
be a spectrophotometer used simultaneously as a classic detector (obtaining the
chromatogram) and as an identification tool (obtaining the spectrum) for the
separated species (cf. section 16.5). Coupling an LC instrument with a mass
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spectrometer (tandem HPLC-MS) is equally very useful for identifying mixtures
of known substances when a database of compounds under investigation is avail-
able. Coupling with a proton-NMR spectrometer (tandem HPLC-NMR 'H),
now possible owing to the increasing sensitivities of modern instruments, facil-
itates the study of mixtures comprising unknown compounds (cf. Chapters 15
and 16).

3.12 Evolution and applications of HPLC

The success of the tandem HPLC-MS analytical method has enabled liquid chro-
matography to progress toward miniaturization (Figure 3.23). In fact the principal
problem for a mass spectrometer installed at the outlet of a liquid chromatograph
is the elimination of the mobile phase. To deal with this, either capillary liquid
chromatography, or nano-chromatography, two improvements of the technique,
simplify the interfacing from one apparatus to the other, and allows to solve this
problem.

The suitability of micro-columns to HPLC has been revealed by the improved
performance of separation. Yet the passage of the technique into the kingdom of
Lilliput was not carried out without difficulty. The micro-environment requires
understanding, from the micro-flow rates of the mobile phase to the smallest
possible void volumes, from the mixing chamber for gradients to the volume
of the detection cell. The micro-leaks from conventional pumps are roughly of
the order of the flow rates attained in miniature. A customized chromatograph
must be used or a conventional system must be adapted because the repro-
ducibility of flow rate gradients is difficult at this scale. A split containing a
second packed column or a long capillary is generally used, which acts as a
restrictor.

Apart from the reduction in the scale of the quantities separated, two other
areas of progression should be noted:

4.6 mm (inner diam.) 2mm 0.3mm 0.08 mm

1:1 O 1:5.3 Q@ 1:235 °  1:3762
1 mL/min 0.2 mL/min 7 ul/min 0.3 uL/min
(standard flow rate)

Figure 3.23 Comparison of flow rates in columns of different internal diameters. If the packing
in these four columns is of a similar nature, there are advantages by passing from the classic
HPLC (left) to the capillary or to the nano-HCLP (right). The narrower the column the greater
the decrease in mobile phase consumption.
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(b) Column Hypersil, 1.9 um, 20 mm x2.1 mm.
Flow-rate 0.5 mL/min; T=30°C; MS Detection
Mobile phase, water and acetonitrile, gradient elution. .
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Figure 3.24 Fast chromatography. (A) Comparison of two chromatograms obtained from the
same compound mixture. The shorter column packed with smaller particles enables to save an
appreciable lot of time for comparable performances. (B) Separation of seven B-blockers using
a short column and small particles. The seven compounds are separated in under one minute
(reproduced courtesy of Thermo Electron Corporation).

1. The use of stationary phases adapted to particular separations: sugars, PAH,
amines, nucleotides...

2. Studies to reduce the time of analysis while maintaining the quality of resolu-
tion. To achieve this, short columns are used with stationary phases formed
either from non-porous particles of small diameter (3m or less), or of
porous networks of silica gel (monolithic column). This allows faster flow
rates, then more rapid separations (Figure 3.24). This technique is most
frequently used in chemical industries, and areas as food processing, envi-
ronment, pharmacy and biochemistry.
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Problems

3.1 Current HPLC apparatus can use columns of internal diameter (written as
ID in the text), of 300 wm, and for which the optimum flow rate advised is
4 wL/min.

1. Show by simple calculation that this flow rate will conduct the mobile
phase at practically the same linear speed as in a column of the same
type but possessing a standard diameter of 4.6 mm for which the advised
flow rate is 1 mL/min.

The chromatogram below corresponds to an example of separation
obtained with a narrow column of 300 wm X 25 cm.

2. What is the dead volume of this column? (The arrow marked on the
chromatogram indicates the hold-up time.)

Separation of PAHs (SRM 1647)

pump conventional HPLC pump
with Acurate

mobile phase A) water/ACN (7:3)

B) ACN
gradient 0 min 46% B
12mint  46% B

20min  100% B
50min  100% B

flow rate 4 pi/min
column Fusica Il, 300 ym i.D. x 25 cm,
C18 PAH, 5 pm
{cat. no. FUS-25-05-C18PAH)
sample 16 PAHs (SRM 1647b), diluted 1:50
with water/ACN (99:1)
injection 10 pt large volume injection

{on-column focusing)

detection UV 254 nm, range 0.1 AUFS
U-Z View flow cell

UL

T 1 17 1 1T 17 7 T T°7
0 5 10 15 20 25 30 35 40 45 50
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3. What is the retention volume, expressed in ml, of the compound which
has the greatest affinity for the stationary phase?

4. Calculate the efficiency of the column for this compound.

5. Calculate the retention factor of this compound on the column.

6. What is the likely nature of the stationary phase? State precisely the
superficial structure of such a phase. (On the figure ACN represents
acetonitrile.)

Two columns selected for an experiment are filled with the same stationary
phase. One column has an internal diameter of 4.6 mm, the other 300 p.m,
while both have the same length and an equal rate of filling (V5/V},). It is
decided to use them in succession with the same chromatograph and under
identical conditions with the flow rates as advised above. An equal amount
of the same compound is injected into each of them in turn.

7. When passing from one column to the other, would a difference
in the retention volumes (or elution volume) of the compound be
expected?

8. If the sensitivity of the detector has not been adjusted between the two
experiments, will the intensity of the corresponding elution peaks be
different?

What is the order of elution of the following acids from an HPLC column
whose stationary phase is of type C18 while the mobile phase is a formate
buffer C =200mM of pH 9.

Mixture:

1. Linoleic acid ~ CH,(CH,),CH = CHCH,CH = CH(CH),CO,H
2. Arachidic acid  CH,4(CH,),;CO,H
3. Oleic acid CH,(CH,),CH = CH(CH,),CO,H

Indicate for each of the chromatographic techniques below the term which
best expresses the analyte interaction with the stationary phase
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1. Reverse phase a. Molecular mass

2. Gel permeation b. Hydrophilicity

3. Tonic chromatography ¢. Hydrophobicity

4. Normal phase d. Protonation/ionisation

3.4 Consider a study, by HPLC, of the separation of three nucleotides (AMP, ADP

3.5

and ATP), with a column of type RP-18. The mobile phase is a binary mixture
of H,0 — KH,PO,, 0.1 M (pH 6)/methanol (90/10). The compounds appear
in the order ATP, ADP, AMP. If a solution of 4 mM tetrabutylammonium
hydrogen sulphate is added to the mobile phase, the order of elution of these
compounds is reversed (see Figure 3.15).

Explain the reasons for this phenomenon.

The separation of two compounds A and B is studied by HPLC on a column
of type RP-18. The mobile phase is a binary mixture of water and acetonitrile.
A linear relationship exists between the logarithm of the retention factor and
the % of acetonitrile within the binary mixture (H,O/CH,CN).

Two chromatograms were obtained, one in which the mixture of water
and acetonitrile was 70/30 v/v, respectively and the other where the same
two components were mixed 30/70 v/v. The graph below was constructed
from the results. The equations of the straight lines are,

for compound A:
logk, = —6.075 x 107°(%CH,CN) + 1.3283
and for compound B:

log ky = —0.0107(%CH,CN) + 1.5235

1. Find the composition of the binary phase which leads to the selectivity
factor =1.

2. Suppose that for each compound the width at half height of the corre-
sponding peak in the chromatogram is the same and the efficiency of the
column is not modified following the composition of the mobile phase.
For which combination of the binary mixtures mentioned above is the
resolution between the two peaks the best? Discuss the practicalities of
your choice.






Ion chromatography

Ion chromatography (IC) is a separation technique which shares numerous
common features with HPLC, yet possesses sufficient novel aspects such as its
principle of separation or modes of detection, to make it the object of a separate
study. IC is adapted to the separation of ions and polar compounds. The mobile
phase is composed of an aqueous ionic medium and the stationary phase is an
ion-exchange resin. Besides the detection methods based on absorbance or fluores-
cence, ion chromatography also uses electrochemical methods based on the ionic
nature of the species to be separated. Its greatest utility is for analysis of anions
for which there are no other rapid analytical methods. Yet current applications
of IC are far broader than the analysis of simple ions by which the technique
first gained renown. The operating domain, comparable with that of capillary
electrophoresis, concerns the separation of many kinds of inorganic or organic
species such as amino acids, carbohydrates, nucleotides, proteins and peptides in
complex matrices.

This chapter will also review the main methods of quantitative analysis from
chromatographic data.

4.1 Basics of ion chromatography

This chromatographic technique is concerned with the separation of ions and polar
compounds. Stationary phases contain ionic sites that create dipolar interactions
with the analytes present in the sample. If a compound has a high charge density,
it will be retained a longer time by the stationary phase. This exchange process is
much slower when compared with those found in other types of chromatography.
This mechanism may be associated, for molecular compounds, with those already
dealt with by HPLC when equipped with RP-columns.

For HPLC, some columns contain ion exchange packings but they are used
in significantly different ways. They are not considered to be IC columns. They
require concentrated buffers that cannot be suppressed and so are not compatible
with conductivity detection. Applications with these columns use more traditional
HPLC detection methods (such as UV or fluorescence).

Chemical Analysis: Second Edition Francis and Annick Rouessac
© 2007 John Wiley & Sons, Ltd  ISBN: 978-0-470-85902-5 (HB); ISBN: 978-0-470-85903-2 (PB)
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Figure 4.1 Schematic of an ion chromatograph instrument. The classic modular building design
of liquid chromatography is seen here again, yet with the difference that the separation is
generally performed isocratically. The configuration shows a ‘suppressor’ device installed after
the column and in series with a conductivity detector. The suppressor serves to eliminate the
ions arising from the eluent to improve sensitivity.

Ion chromatography instruments have the same modules as those found in
HPLC (Figure 4.1). They can exist as individual components or as in an integrated
model. The pieces into contact with the mobile phase should be made of inert
materials capable of withstanding the corrosiveness of acid or alkaline entities,
which serve as eluents. The detection of ionic species present in the sample is
difficult because these analytes are in low concentrations in a mobile phase that
contains high quantities of ions.

The separation of compounds within the sample is founded upon the occurrence
of ion exchange, for which two classic examples are given below:

e if cationic species (type M) are to be separated, a cationic column with
a stationary phase capable of exchanging cations will be employed. Such a
phase is constituted, for example, of a polymer containing sulfonate (—SO3’)
groups. Consequently the stationary phase is the equivalent of a polyanion.

e alternately, if anionic species (type A™) are to be separated, an anionic column
is selected capable of exchanging anions. This is achieved, for example, by
employing a polymer containing quaternary ammonium groups.

To understand the mechanism of a separation, take for example an anionic column
containing quaternary ammonium groups, in equilibrium with a mobile phase
composed of a solution of hydrogenated carbonate anions (e.g. sodium counter
ions). All of the cationic sites of the stationary phase find themselves paired with
anions of the mobile phase (Figure 4.2).

When an anion A~ within the sample is taken up by the mobile phase, a series
of reversible equilibria are produced which are directed by an exchange equation
giving the ion’s distribution between the mobile phase (MP) and the stationary
phase (SP).
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Figure 4.2 Scheme showing the progression of an anion A~ by successive exchanges with the counter
anion E~ in contact with an ammonium stationary phase. (1) Initially the counterion E™ fixed to the
stationary phase is exchanged with the anionic species A~ present in the mobile phase. (2) Next, the
elution inverses the phenomenon by regenerating the stationary phase with the anion E~ which,
(3) substitutes again for A~ on the stationary phase. The ion OH™ would be the simplest choice

for E~ but mixtures of carbonate and of hydrogenocarbonate (CO;~ and HCOj at 0.003 M) are
preferred since they are more efficient to displace the anions to be separated.

Arrow 1 corresponds to the attachment of the anion A~ to the SP and arrow
2 to its return to the mobile phase and therefore to its progression down the
column.
— — 1 — —
Ayp+[HCO;s]5, ~ [HCO [y + Agp
ALl [(HCOs)y
[A5]-((HCO ) _ e )
[AMP] ’ [(Hcos)sp]

K., represents the selectivity between the two anions with respect to the cation
of the stationary phase. As different anions have different K, they are therefore
retained on the column during different times. The time at which a given ion
elutes from the column can be controlled by adjusting the pH. Most of instru-

ments use two mobile phase reservoirs containing buffers of different pH, and

60 - Column: Universal Cation HR, 3 ym Alltech
Detector: Conductivity
50 - 3 Mob. phase: 3 mMol/L Methanesulfonic acidl
2 1 - Lithium

e 407 4 5 2 - Sodium
) | 3 - Ammonium
@Q 30 1 6 4 - Potassium

20 - 5 - Magnesium

6 - Calcium
10 L
0 -

0 2 4 6 8 10 min

Figure 4.3 Separation of several cations, mono and divalents with a cationic column (Courtesy
of Alltech)
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a programmable pump that can change the pH of the mobile phase during the
separation.

Using a cation exchange resin, a similar situation can be described (the stationary
phase SP corresponds, for example, to Polym-SO;H, strongly acidic):

Mip+HE == MG +M,

This exchange phenomenon, which allows polar species to be retained on the
resin, is known as solid phase extraction (Figure 4.3). If the sample contains two
ions X and Y and if Ky > Ky, Y will be retained more than X on the column.

4.2 Stationary phases

Ion chromatography can be subdivided into cation exchange chromatography, in
which positively charged ions bind to a negatively charged stationary phase and
anion exchange chromatography, in which the negatively charged ions bind to
a positively charged stationary phase. The column packings consist of a reactive
layer bonded to inert polymeric particles. Stationary phases must satisfy implicitly
a number of requirements as narrow granulometric distribution (mono-disperse),
large specific surface area, mechanical resistance, stability under acid and basic
pHs and rapid ion transfer.

4.2.1 Polymer-based materials

The best known stationary phases are issued from copolymers of styrene and
divinylbenzene, in order to obtain packings hard enough to resist pressure in
the column. They are made of spherical particles with diameters of 5 to 15um
(Figure 4.4) that are modified on the surface in order to introduce functional
groups with acidic or basic properties.

For cation separation the cation-exchange resin is usually a sulfonic or carboxylic
acid. Thus, concentrated sulfuric acid is used to attack the accessible aromatic
rings of the copolymer surface to link SO;H functional groups. A strongly acidic
phase is obtained — for cation exchange — on which the anion is fixed to the
macromolecule while the cation can be reversibly exchanged with other cationic
species present in the mobile phase. These materials are stable over a wide range
of pHs and have an exchange capacity of a few mmol/g.

B Another approach for obtaining these stationary phases is based on the copolymer-
ization of a mixture of two acrylic monomers. One is anionic (or cationic), according
to the nature of the phase desired, and the other is polyhydroxylated (Figure 4.5), in
order to ensure the hydrophilic character of the stationary phase. There is, however,
an inconvenience with these resins as their rate of swelling depends upon the
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n n
CH,CHs
SOgz7H* CHs—CHz—NH* OH-
|
CH,CHs
Cation exchange resin Anion exchange resin
(DEAE exchanger)

Figure 4.4 Stationary phases in IC. Cross-section of a spherical particle of polystyrene used as
a cation exchanger. The polystyrene matrix is transformed either to a cation (ex. DOWEX® 4)
or to an anion (ex. DOWEX® MSA-1) exchange resin. For anion separation the resin is usually
a quaternary ammonium group.

composition of the mobile phase. They are normally reserved for medium pressure
chromatography and some biochemical applications.

Starting from the same copolymer, an anion exchange resin can be synthesized,
first by chloromethylation, which binds—CH,Cl (Merryfield’s resin), followed by
reaction with a secondary or tertiary amine depending on the basicity required
for the stationary phase.

On contact with water a mildly basic stationary phase such as Polym-NMe,
yields a weakly ionized phase (Polym-NMe,H)*OH™ especially when the medium
is basic. Alternately in an acidic medium it will appear as a strongly basic phase
whose active surface will be strongly ionized: (Polym-NMe,H)*Cl ™. The exchange
capacity of these resins varies with the pH.

4.2.2 Silica-based materials

Porous silica particles can serve to support, through covalent bonding, alkylphenyl
chains carrying sulfonated groups or quaternary ammonium groups. This fixation
step is similar to that used to obtain bonded silica phases developed in HPLC.

(IJ(CHZOH)3

HN
CO,H

Me

Figure 4.5 Copolymerization of two monoethylenic monomers (an acid and a trihydroxyamide).
Example of the structure obtained (CM-TRISACRYL M® of IBF-France). Arising from a weak
acid the resultant phase will be unusable at acid pH, as it will no longer be in its ionized form.



98 CHAPTER 4 - ION CHROMATOGRAPHY

Latex Reactive surface

CO,H

CO,H n

lonic coating Core

Figure 4.6 Film resins. Example of a resin made from a hard core onto which has been
deposited a copolymer, derived from the reaction of maleic acid on 1,3-butadiene (Reproduced
courtesy of the Dionex Company).

Some of these phases associate the properties of ion chromatography with those of
HPLC. Separations depend simultaneously on both ionic coefficients and partition
coefficients. Silica packings usually display greater efficiency than their polymeric
equivalents.

4.2.3 Resin films

A polymer called ‘latex’, prepared from a monomer that contains organic groups,
is deposited as an array of tiny beads (0.1-0.2 um in diameter) on an waterproof
support to form a continuous film-like layer about 1-2 um thickness. The support
is made of micro-spheres of silica or glass or polystyrene of about 25 wm diameter
(Figure 4.6) This gives rapid equilibriums between stationary and mobile phases.

Latex polymer results from the reaction of two unsaturated monomers such as
1,3-butadiene with maleic acid or 2-hydroxyethyl methacrylate.

4.3 Mobile phases

IC mobile phases are usually 100 per cent aqueous with organic or inorganic
buffers to control selectivity and when necessary a small content of methanol
or acetone used to dissolve certain samples having a low degree of ionization.
Depending upon the type of stationary phase, the counter ions present in the
mobile phase derived from acids (perchloric, benzoic, phthalic, methane sulfonic),
or bases (the most popular for anion analyses are variants of sodium hydroxide
and sodium carbonate/bicarbonate).

The pH is adjusted according to the separation to be achieved. The eluents
can be prepared in advance remembering that basic solutions have a tendency to
absorb atmospheric carbon dioxide, with for consequence a modification in the
retention times.
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Figure 4.7 Ion chromatograph containing a high-purity OH~ generator. Schematic showing
the position of the generator between pump and chromatograph. The degasser facilitates the
elimination of gas which forms around the electrode located in the eluent stream. A K* ion is
formed for every OH™ generated. Isocratic or gradient elution is provided on demand (diagram
based on a document from Dionex).

To avoid these inconveniences, an eluent generator can be used (either acidic

or basic) which is inserted, as a supplementary module, between the pump and
the injector of the ion chromatograph (Figure 4.7). If the flow rate of water and
the electrolytic current are known then the concentration of the eluent can be
determined with precision and concentration gradients can be effected, a procedure
seldom used in ion chromatography.
Injection peak. The first peak in a chromatogram for anions results from the ionic
strength of the injected sample being different than that of the eluent. The anions
in the sample displace the anions (e.g. carbonate/bicarbonate or hydroxide) that
are adsorbed onto the column packing. These displaced anions move forwards
with the mobile phase and when passed through the detector appear as a positive
peak (Figure 4.8). If a suppressor (cf. section 4.5) is installed at the column outlet
and if carbonates make the mobile phase, a negative peak, called the ‘water dip’
is often present. This peak is the result of carbon dioxide which is formed in the
suppressed mobile phase (in the form of carbonic acid).

If the ionic strength of the sample is greater than that of the eluent, there will
be a positive peak. These peaks indicate the hold-up time of the chromatogram
underway.
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o Injection peak
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I

Eluting anions
: Borate

: Silicate

: Formate
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: Chloride
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2: Bromate
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0 4 6 min
«— Water dip

Column: Anion/R

Detector: Conductivity

Column: Allsep Anion
Detector: Suppressed Conductivity

Mob. phase: 5 mM p-HO-benzoic acid, pH 8.5 Mob. phase: 0.85 mM NaHCO3

Figure 4.8 Chromatograms displaying injection peak. The injection peak is the unretained peak
that allows access to retention factors. This is normally the first peak on the chromatogram. It
can interfere with other early-eluting anions such as fluoride (Chromatograms from Alltech).

4.4 Conductivity detectors

Besides the spectrophotometric detectors based on absorbance or fluorescence of
UV/visible radiation, and used when the mobile phase does not absorb appreciably,
another mode of detection exists based upon electrolyte conductivity. Thus, at the
outlet of the column, the conductance (the inverse of the resistance) of the mobile
phase is measured between two microelectrodes. The measuring cell should be of a
very small volume (approx. 2 L). The difficulty is to recognize in the total signal
the part due to ions or ionic substances present in the sample. In order to do direct
measurements, the ionic charge of the mobile phase has to be as low as possible and
the measuring cell requires strict temperature control to within 0.01°C because
of the high dependence of conductance on temperature (~ 5%/°C).

The sensitivity of the detector to an ion X (valency z and molecular concen-
tration C) can be predicted if its equivalent conductance (Ay) and that of the
eluent ion E (Aj) are known. This depends from the difference AK between
the equivalent conductances of ion X and that of E. AK can be calculated
according to expression 4.2, knowing that the peak will be either positive or
negative.

AK = C(Ay — Ap) (4.2)

B The conductance G = 1/R that corresponds to the reciprocal of the resistance R,
is measured between two electrodes which are plunged into the conducting solution
and across which is maintained a potential difference. G is expressed in Siemens (S).
For a given ion, the conductance of the solution varies with the concentration of the
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electrolyte. This relationship is linear for very dilute solutions. The specific conduc-
tance (in S/mol) or conductivity k, permits the measure to be independent of the
detection cell parameters:

k= GKce" (43)

K.e = d/A represents the cell constant (area A and spacing d). Its value cannot
be obtained by direct measurement, but is determined from a standard solution for
which the conductivity k is known.

Finally the equivalent ionic conductance (S-m?/mol) represents the conductivity of
an ion with a valence z, in an aqueous solution at 25 °C, when the molar concentration
C (mol/L) tends towards zero in water (Table 4.1).

Ao = 1000kICz (4.4)

Table 4.1 Equivalent ionic conductivities of ions at infinite dilution in water at 25°C

Cations AF(S-m?/mol) x 107* Anions A (S-m?/mol) x 107*
Ht 350* OH™ 198
Na* 50 F~ 54
K™ 74 Cl™ 76
NH;} 73 HCO; 45
1/2Ca** 60 H,PO; 33

*3500000 S - m?/mol or 350 in S - cm?/mol -

4.5 Ion suppressors

The mobile phase contains ions that create a background conductivity, making it
difficult to measure the conductivity due only to the analyte ions as they exit the
column. To improve the signal to noise ratio, when using a conductivity detector,
a device called a suppressor, designed to selectively remove the mobile phase ions is
placed after the analytical column and before the detector. The principle consists
to convert the mobile phase ions to a neutral form or replacing them by others of
higher conductivity. Suppressor-based detection is more useful for anion analysis
than for cation analysis.

The simplest model of a suppressor can be considered as a column which
contains a stationary phase having functional groups of opposing charge to those
of the separating column. Such a chemical suppressor, which contains an anionic
resin is associated to a cationic separation column. The mechanism of action can
be described using the following example.

Suppose that a mixture containing the cations Na® and K™ has been separated
using a cationic column whose mobile phase contains dilute hydrochloric acid.
In this acidic medium, at the outlet of the column, the Na* and the K* ions
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are accompanied by H" ions coming from the acid and Cl~ anions in order
to assure the electroneutrality of the medium. After the separation column, the
mobile phase flows through a second column which contains an anionic exchange
resin whose mobile ion is OH™. The Cl™ anions will be affixed on this column,
thus displacing the OH™ ions that will react with H' ions in solution to give
water. At the outlet of the suppressor, only (Na*OH™) and (K"OH™) species are
found in water. The ions H" and Cl™ have effectively disappeared. As OH™ has a
higher conductivity than Cl~, detection of the Na™ and K* ions is easier, because
amplified (Figure 4.9).

In summary, for anion analyses (using a conductivity detector), ion suppres-
sors neutralize the mobile phase, reducing its conductivity, while simultaneously
increasing the sample’s conductivity.

The limitation of this type of suppressor lies in its very large dead volume that
reduces the separation efficiency, due to a remixing of the ions prior to their
detection. The ions of the suppressor should be regenerated periodically and it
should be used exclusively in the isocratic mode.

Other types of suppressors, having a high ionic capacity, have subsequently been
developed. They are made of porous fibres or of micromembranes and possess
very small dead volumes in the order of 30-50 wL. That allows gradient elution
with a negligible baseline drift. Figure 4.10(a) shows the passage of an anion A~,
in solution in a typical electrolyte used for anionic columns, through a suppressor
with a cationic membrane.

Nowadays, continuous regenerated suppressors which make use of electrolytic
reactions have been introduced for traces determinations. They behave either

Elution of the cation M*

Chemical suppressor
Separating column % Anion exchange packingl Conductivity detector
—_—

€« [—

lons before suppressor ’ lons after suppressor
/
/

H" CI” M" H,0 , M* OH~ H,O

/

/
»

Figure 4.9 Chemical suppressor for an exchange cation column. For cation analysis, the mobile
phase is often dilutes HCl or HNO; solutions, which can be neutralized by an eluent suppressor
that supplies OH™. In this example the anionic suppressor purges the mobile phase of H* ions
and of almost all of the Cl™ ions, facilitating the detection of the cation M. The same principle
holds for anion analysis. In this case, the mobile phase is often dilute NaOH or NaHCO;, and
the eluent suppressor supplies HT to neutralize the anion and retain or remove the Na*.
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(a) Porous membrane suppressor installed at the outlet of an anionic separating column
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Figure 4.10 Membrane and electrochemically regenerated suppressors. There are two types of
membranes, one type permeable to cations (HT and in this example Na™), the other perme-
able to anions (OH™ and here Cl7). (a) The microporous cationic membrane is adapted to
the elution of anions. Only cations can cross the membrane (corresponding to a polyanionic
wall which keeps away the anions in the solution). (b) An anionic membrane suppressor
placed, contrary to the preceding model, at the outlet of a cationic column. Ions are regen-
erated by the electrolysis of water. Note in both cases the counter flow circulation between
the eluted phase and the solution of the post-column suppressor. (c¢) An example of a sepa-
ration of inorganic cations (concentrations of the order of ppm) using a suppressor of this
type.
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like a special column containing a resin which regenerates by electrolysis or like
a membrane suppressor where the regenerating ions are produced in situ by
electrolysis of water. Figure 4.10b illustrates the second procedure: it represents the
passage of a cation, in a dilute hydrochloric acid solution, through a suppressor
whose membrane is permeable to anions.

Alternately, if the problem consists in the separation of a mixture of anions on
an anionic column (cationic material), with an eluent containing dilute sodium
hydroxide, a membrane allowing the diffusion of cations will be chosen. At the
cathode, the passage of hydronium ions towards the main flow of electrolyte will
neutralize OH™ ions. At the anode, Na* ions will migrate out of the mobile phase
and will react with OH™ ions.

Quantitative analysis by chromatography

The significant development of chromatography in quantitative analysis is essentially
due to its reliability and its use in standardized analyses. Trace and ultratrace
analyses by chromatography are used, particularly the EPA methods for environmental
analysis, although their costs are rather high. This type of analysis relies mainly on
reproducibility of the separation and on the linear relationship between the injected
mass of a compound onto the column and the area of the corresponding peak on
the resultant chromatogram. This is an excellent comparative method used in many
protocols, which, allied with software used for data treatment allow automation of
all the calculations associated with these analyses.

The three most widely used methods are described below accompanied in their
simplest formats.

4.6 Principle and basic relationship

In order to calculate the mass concentration of a compound appearing as a peak
on a chromatogram, two basic conditions must be met. First, an authentic sample
of the compound to be measured should be available, as a reference, to determine
the detector sensitivity to this compound. Second, a software giving the heights
or areas of the different eluting peaks of interest is also required. All of the
quantitative methods in chromatography rely on these two principles. They are
comparative but not absolute methods.

For a given tuning of the instrument, it is assumed that a linear relation exists
for each peak of the chromatogram, over the entire concentration range, between
its area and the quantity of the compound responsible for this peak in the injected
sample. This applies for a given concentration range depending on the detector
employed. This hypothesis is translated into the following equation:

m; =K, A, (4.5)
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where m; is mass of the compound i injected on the column, K; is the abso-
lute response factor for compound i and A, is the area of the eluting peak for
compound i.

The absolute response factor K; (not to be confused with the partition coeffi-
cient), is not an intrinsic parameter of the compound since it depends upon the
tuning of the chromatograph. To calculate the response factor K;, according to
expression 4.5, it is essential that both the area A; and the mass m;, of compound
i injected on the column, are known. However, this mass is difficult to determine
with precision since it relies simultaneously upon the syringe, upon the injector
type (in GC), or upon the injection loop (in HPLC). This is why most chromato-
graphic methods utilized for quantitative analyses, whether pre-programmed into
an integrated recorder or in the multiplicity of available software, do not make
use of the absolute response factors, K.

4.7 Areas of the peaks and data treatment software

To determine the areas of the peaks appropriate chromatographic software is
used which also ensures not only the control and working of the chromatograph
but also the data treatment to furnish a report corresponding to one of the
pre-programmed methods of quantitative analysis.

The signal recovered by the detector is sampled by the analogue—digital converter
(ADC) with a frequency of a few hundreds hertz in order to yield an accurate
reproduction of the narrowest peaks in chromatograms obtained from GC with
capillary columns. Each software package allows baseline correction, treatment
of negative signals and all incorporate different methods to calculate peak areas
(Figure 4.11).

B The manual triangulation method and the ‘cut and weight method (weight is
considered proportional to area) are, of course, no longer employed. However it is
useful to remember that for a gaussian eluting peak, the product of its width at half
height by its full height, corresponds to approximately 94 per cent of the total area of
the peak. In the same way, recorders with an integration system for measuring the
peak areas are no longer used.

4.8 External standard method

This method allows the measurement of the concentration (or percentage in mass)
of one or more components that appear as resolved peaks on the chromatogram,
even in the presence of other compounds yielding unresolved peaks. Easy to
use, this method corresponds to the application of a principle common to many
quantitative analysis techniques.

The modus operandi is based upon the comparison of two chromatograms
obtained successively without changing the control settings of the chromatograph



106 CHAPTER 4 - ION CHROMATOGRAPHY

Flls Graphics | i Caﬂ:(almn Repmt Batch View Abot Help
[ Data Analysis [®]|| sTanD301D 'E]| PHTALATEM [ %] | Calibration Detail

Sl olee] (FIEE R
|\mD1A wavelergh= 254nm[9J|.|Q|Q|I [§|XIJ‘\JM| ) [overien _{-.

DT & Wivalangih=254 nm (091007 STANDZ01.0)

Calibration Table ratior =1]Ea|
Enter | Delete | dnsen. | Rt |1 ok | Hem | TEE. VD] A
# RT_Signal _Compound Lyl [mg/200mi] Aea Rsp.Factor Ref IST] £esdn b B il
T ] 264d[\wD1 A DBF 1 24,700 914.130]_ 2.7020e-2] Yes | N R el Reskil): r.a0T
7! 33.900]  1373.000] 290802 o=
3 55,000 1868.200 2,9438e-2 = /z"&/
1000~ /'}/
500 //
0= Conelation;0.toan:
| ” o 25 Smourtfrgfimi]

Figure 4.11 Quantitative analysis software for chromatography. Since the signal from the
detector situated at the outlet of the column is analogical, an analogue—digital converter (ADC)
is necessary. The stored chromatogram, digitized, serves as a basis for its exploitation by the
software. Different zones of the screen can display the calibration curve, methodology, etc.
(software Chemstation from Agilent Technologies).

(Figure 4.12). The first chromatogram is acquired from a standard solution
(reference solution) of known concentration C, in a solvent. The standard and
sample matrix should be as similar as possible. A volume V of this solution is
injected. Analysis conditions must be identical. On the resulting chromatogram the
area A, of the corresponding peak is measured. The second chromatogram results
from the injection of the same volume V of the sample in solution, containing
an unknown concentration of the compound to be measured (conc. C,,; ). The
area of the corresponding peak is A . Since an identical volume of both samples
has been injected, the ratio of the areas is proportional to the ratio of concen-
trations which depend upon the masses injected (m; = C,- V). Applied to the
two chromatograms, expression 4.5 leads to relation 4.6, which characterizes this
method:

My = Cref V=K Aref and mg, unk ° V=K- Aunk
Ak
Coe = Crog 25 46
unk ref A ( )

ref



4.9 INTERNAL STANDARD METHOD 107

At Aunk

Solvent peak
Solvent peak

5 0
Chromatogram of the standard (C,) Chromatogram of the solution (C )
(reference solution) to be measured

Figure 4.12 Analysis by the external standard method. The precision of this basic method
is improved when several solutions of varying concentrations are used in order to create a
calibration curve. For trace analyses by liquid chromatography it is sometimes advisable to
replace the areas of the peaks by their heights as they are less sensitive to variations in the
mobile phase flow rate.

The single point calibration method, as depicted in Figure 4.12, assumes that
the calibration line goes through the origin. Precision will be improved if the
concentrations of the reference solution and of the sample solution are similar.

This technique, employing the absolute response factors, yields very reliable
results with chromatographs equipped with an auto-sampler: a combination of
a carousel sample holder and an automatic injector. This permits numerous
measurements to be made without interruption, to the condition that no change
in the apparatus tuning is made between injections.

The reference solution periodically injected affords a control that can be used to
compensate an eventual baseline drift during a sequence of programmed injections.

Precision can be also improved if several injections of the sample and the refer-
ence solutions are made, always using equal volumes. In a multilevel calibration,
equal volumes of a series of standard solutions are injected. This allows to get
a calibration curve of A =f(C), obtained by a regression method (linear least-
square or quadratic least-square). This leads to a more precise value for C,,
(Figure 4.11).

This method, the only one adapted to gas samples, has the added advantage that
nothing needs to be added to the sample solution, unlike the method described
below.

4.9 Internal standard method

For trace analysis it is preferable to use a method that relies on the relative
response factor of each compound to be measured against a marker introduced
as a reference. This means that any imprecision concerning the injected volumes,
the principal constraint of the previous method, is compensated. As above, this
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Figure 4.13 Simple example illustrating the internal standard method

more reliable method requires two chromatograms, one to calculate the relative
response factors of the compounds of interest, and the other to analyse the sample.

The areas of the peaks to be quantified are compared with that of an internal
standard (designated by IS), introduced at a known concentration within the
sample solution.

Supposing that a sample contains two compounds 1 and 2 to be measured and
that compound (IS) represents the additional compound for use as an internal
standard (Figure 4.13).

4.9.1 Calculation of the relative response factors

A solution containing compound 1 at known concentration C,, compound 2 at
known concentration C, and the internal standard IS at known concentration Cig
is prepared then injected onto the chromatograph. A,, A,, A;s will be the areas
of the elution peaks in the chromatogram due to the three compounds. If m,, m,
and m g represent the real quantities introduced onto the column, of these three
substances, then three relations of type 4.5 can be derived:

m =K, A,
m,=K,-A,
mys = Kig - Agg
m_ KA g KA
my Ky Agg myg K- Agg

These ratios enable the calculation of the relative response factors of 1 and 2, against
IS and designated by K, ;5 and K :

K my - A K, m,-Ag
K1/15=K—1=1—A and KZ/IS=K_=—A
s M- A s M4,
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Since the injected masses m; are proportional to the corresponding mass concen-
trations C;(m; = C,;V), the above equations can be rewritten as follows:

C, A

_ 1 s Cz ! AIS
1/1s = C A

K —= 2
CIS : A2

and K5 =

4.9.2 Chromatogram of the sample - calculation of the
concentrations

The second step of the analysis is to obtain a chromatogram for a given volume
of a solution containing the sample to quantify and to which has been added a
known quantity of internal standard IS. This will yield A}, A} and Aj the areas
of this new chromatogram being obtained under the same operating conditions
as previously. If m|, m), and mjg represent the quantities of 1, 2 and IS introduced
into the column, then:

m’ A m’ A
1 1 2 2
_:Kl/ls‘_, and _:Kz/ls’_

mys Ag UL Al
From the relative response factors calculated in the first experiment as well as
from the known concentration of the internal standard within the sample, Cj,
this leads to :
A A
1
Ci=CiK s A and G, = CsKy 5 - A
IS IS

Expanding to n components it is easy to calculate the mass concentration of the
solute i using equation 4.7:

Al
C; = CI,SKi/IS : A_,l (4.7)
IS

equally the percentage concentration of i can be expressed using equation 4.8:
X,;% = (C;/Mass of sample taken) x 100 (4.8)

This method becomes even more precise if several injections of the solution and
of the sample are carried out. Often a same volume of an IS stock solution is spiked
with all standards and samples.

In conclusion, this general and reproducible method demands nevertheless a
good choice of internal standard, which should have the following characteristics:

e it must be stable, pure and not exist in the initial sample
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e it must be measurable, giving an elution peak well resolved on the chro-
matogram

® its retention time must be close to that (or those) of the solute(s) to be
quantified

e its concentration must be close to, or above that of the analytes to quantify
to gain a linear response from the detector

® it must not interfere and co-elute with a sample component.

4.10 Internal normalization method

This method, also called ‘normalized to 100 per cent’ is used for mixtures for
which each component is producing a peak on the chromatogram, in order to be
able to make a complete assessment of the sample concerned. The solvent, if any,
is typically ignored.

Supposing that it is required to find the mass concentrations of three compounds
1, 2, 3 in a mixture (Figure 4.14). The analysis is again carried out in two steps.

4.10.1 Calculation of the relative response factors

A standard solution containing the three compounds 1, 2, and 3 at known concen-
trations C,, C, and C; is prepared. The chromatogram corresponding to the
injection of a volume V of this standard solution shows three peaks of area A}, A,
and Aj;. These areas will be related to the masses m,, m, and m; of the compounds
in volume V, by three expressions of type 4.5.

One of the compounds, 3 for example, is chosen as the substance for internal
normalization. This compound 3 will serve to calculate the relative response factors
K,/; and K, ; for compounds 1 and 2 with respect to 3. As previously deduced:

Astandard Aunk.Cunk.

A, C, A, C}?

A, G, A, Cp?
2 AS C3

3

Solvent peak

Solvent peak

Chromatogram of the standard solution Chromatogram of sample solution

Figure 4.14 Analysis by internal normalization method. This method is commonly reported as
the default for early integrators
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K m, - A K m,-A
K1/3=—1=1—3 and K2/3:—2:#
Ky  my- A Ky ms-A,

Given that m; = C;.V, then the following expressions for K, ;; and K, ; are obtained:

C -A C,-A
1°43 and K, = 2" A3

K, .=
3 C3 ‘Al C3 ' Az

4.10.2 Chromatogram of the sample - calculation of the
concentrations

The next step consists to inject a sample of the mixture to be measured containing
1, 2 and 3. Labelling the elution peaks as A}, A} and A will gain direct access to
the percentage mass composition of the mixture represented by x,, x, and x; via
three expressions of the following form:

Ki/3 'A;

- - - x 100 with i=1or 2 or 3. (4.9)
K1/3 'Al +K2/3 : Az +A3

x;% =

The condition of normalization being that: x, + x, + x; = 100
If the procedure is extrapolated to n components normalized to the component
J» a general expression for the response factor of a given compound i can be
obtained (equation 4.10).
C.-A.
K= Cl. : A{
A
It is also possible to determine K;; by plotting a concentration-response curve
for each of the solutes.
In a mixture containing # components, if A} designates the area of the elution

peak of compound i, and if the internal reference is j, then the content of
compound i will obey the following equation 4.11:

(4.10)

Ky, - A
x;% = —=—— x 100 (4.11)
Z Ki/j : A/I

i=1

Supposing that detector gives responses that are independent from the substance
(i.e. relative response factors identical as for a TCD detector in GC), this method
serves to give an estimation of relative concentrations. This was commonly
reported as the default for early integrators (equation 4.12).

/

Al
X% =—" x 100 (4.12)

n

2 A
i=1
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Problems

4.1 0.604 g of an undiluted stationary phase, comprising SO;H groups is intro-
duced to an erlenmeyer. 100 mL of distilled water, is added and approximately
2 g of NaCl. The liberated acidity is measured by sodium hydroxide 0.105 M
in the presence of helianthin (methyl orange), as an indicator to identify the
equivalence point (towards pH 4). If it is known that 25.4 mL of the sodium
hydroxide solution must be added to neutralise the acid liberated by the
stationary phase, calculate its molar capacity in grams.

4.2 A mixture of proteins is separated on a column with a stationary phase of
carboxymethylated cellulose. The internal diameter of the column is 0.75 cm
and its length is 20 cm. The dead volume is 3 mL. The flow rate of the mobile
phase is 1 mL/min. The pH of the mobile phase is adjusted to 4.8. Three
peaks appear upon the chromatogram corresponding to the elution volumes
V), V, and V; at 12mL, 18 mL and 34 mL respectively.

1. Does this arise from an anionic or cationic phase? Give reasons for your
answer.

2. Why, when increasing the pH of the mobile phase, are the times
of elution of the three compounds subject to modification? Predict
whether these times are increased or decreased.

4.3 In measuring cyclosporin A (a treatment for skin and organ transplant
rejection) by HPLC, according to a method derived from that of internal
standard, the following procedure is employed.

Preparation of the samples: An extraction of 1 mL of blood plasma is
made, to which is added 2 mL of a mixture of water, and acetonitrile (80/20),
containing 250 ng of cyclosporin D as internal standard, which has a similar
structure to cyclosporin A.

The 3mL of new mixture is now passed on a disposable solid phase
extraction column in order to separate the cyclosporins retained upon the
sorbent. Following the rinsing and drying of the column, the cyclosporins
are eluted with 1.5mL of acetonitrile and are then concentrated to 200 wL
following evaporation of solvent. A fraction of this final solution is injected
into the chromatograph.

1. What is the concentration factor of the original plasma following this
treatment?
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2. Can the rate of recuperation following the extraction step on the solid
phase be deduced?

Sample: The standards are created with a plasma originally possessing no
cyclosporin. Six different solutions are prepared by adding the necessary
quantities of cyclosporin A to each in order to create solutions of 50 ng/mL,
100 ng/mL, 200 ng/mL, 400 ng/mL, 800 ng/mL, and 1000 ng/mL. 1 mL from
each of these solutions is subjected to the same extraction sequence following
the addition of 250 ng of cyclosporin D to each, as above.

ng/mL en cyclo. A 50 100 200 400 800 1000

Ratio of peaks heights 0.25 0.5 1.02 2.04 4.05 5.1
cyclo.A/cyclo.D (R;)

Column Supelco 75 x 4.6 mm. Silica gel 3 wm, phase RP-8.

3. Determine the concentration in units of ng/mL of cyclosporin A in the
blood plasma giving rise to the chromatogram reproduced below. This
question should be attempted in two ways:

a) By choosing a single point from a standard.

b) By using the gradient which it is possible to draw from the data
in the table above (in both cases it will based upon the heights of
the peaks).

Cyclosporin A

~

Cyclosporin D (int std)
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4.4 The method of internal normalisation was chosen to determine the mass
composition of a sample comprising a mixture of four esters of butanoic
acid. To this end, a reference solution containing known % masses of these
esters led to the following relative values of the response coefficients of the
butanoates of methyl (ME), of ethyl (EE), and of propyl (PE), all three in

CHAPTER 4 - ION CHROMATOGRAPHY

ratio with butyl-butanoate (BE).

From the chromatogram of the sample under analysis, reproduced below,
and the information given in the table, find the mass composition of this

Ky =0919  Kpppp =0.913 Ky = 1.06

mixture (ignore the first peak at 0.68 min.)

Peak no. tr compound Area (mV. min)
1 0.68 - 0.1900
2 2.54 methyl ester (ME) 2.3401
2 3.47 ethyl ester (EE) 2.3590
3 5.57 propyl ester (PE) 4.0773
5 7.34 butyl ester (BE) 4.3207
20 75 150 225 350
0'00 1 1 1 1 mU
=068
1.50
2.54: 1 Methyl Ester
3.004 7]
Ef 3.47: 2 Ethyl Ester
¥y
4.50
L 5.57: 3 Propyl Ester
sood —
'/___,_’__7 7.34: 4 Butyl Ester
g.50 LMin-

4.5 To measure serotonin (5-hydroxytryptamine), by the internal standard
method, a 1 mL aliquot of the unknown solution is added to 1 mL of a solu-
tion containing 30 ng of N-methyl-serotonin. This mixture is then treated
to remove all other compounds which could interfere with the experiment.
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The operation performed was an extraction in the solid phase to isolate the
serotonin and its methyl derivative, diluted in a suitable medium.

1. Why is the compound forming the internal standard added before the
extraction step?

2. Calculate the response factor of the serotonin compared to that of
N-methyl-serotonin if it is known that the chromatogram yielded by
the standards gave the following results.

Name Area (uV.s) Quantity injected (ng)
Serotonin 30885982 5
N-methyl-serotonin 30956727 5

3. From the chromatogram of the sample solution, find the concentration
of serotonin in the original sample, if it is known that:

— area serotonin 25738321V /s
— area N-methyl-serotonin 1719818 uV/s
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Thin layer chromatography

Thin layer chromatography (TLC), also known as planar chromatography, is
an invaluable method used in chemistry and biochemistry, complementary to
HPLC while having its own specificity. Although these two methods are applied
differently, the principle of separation and the nature of the phases remain the
same. Cheap and sensitive, this technique that is simple to use, can be automated. It
has become essential principally since it is possible to undertake several separations
in parallel. The development of automatic applicators and densitometers have
led to nano-TLC, also called HPTLC, a highly sensitive technique which can be
hyphenated with mass spectrometry.

5.1 Principle of TLC

The principle of the separation between phases of the sample components is
similar to that of HPLC, though the migration of the constituents through the
stationary phase is different. Separation is conducted on a thin layer (100-200 p.m)
of stationary phase, usually based upon silica gel and deposited on a rectangular
plate made out of glass, plastic or aluminium of a few centimetres in dimensions.
To maintain the stationary phase on the support and to assure the cohesion of
the particles, an inert binder like gypsum (or organic linker) is mixed into the
stationary phase during the manufacture of the plate. The constituents can be
identified by simultaneously running standards with the unknown.
There are three steps to conduct a separation with this technique:

5.1.1 Deposition of the sample

A small volume of sample (between a few nanolitres to a few microlitres), dissolved
in a volatile solvent, is deposited close to the bottom of the plate as a small

Chemical Analysis: Second Edition Francis and Annick Rouessac
© 2007 John Wiley & Sons, Ltd ISBN: 978-0-470-85902-5 (HB); ISBN: 978-0-470-85903-2 (PB)
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Figure 5.1 Automatic sample deposition device for TLC and a system to ‘read’ the plate. Left,
programmable applicator Linomat IV. Right, densitometer measuring the light either reflected
or transmitted by the plate. The optical set up is similar to that of a UV/visible spectrometer
(model Scanner 3, reproduced courtesy of Camag).

spot of about 1-2mm in diameter. This deposit is made either manually, or
automatically, with a flat ended capillary (Figure 5.1). The spot can also have the
form of a horizontal band of a few millimetres which is obtained by automatic
spraying of the sample. This last method has the advantage of having a high
reproducibility, indispensable of course, for quantitative analysis. The prepared
plate is then placed in a glass developing chamber that contains a small amount of
the appropriate developing solvent. The chamber is then covered (Figure 5.2). The
position at which the sample has been deposited must be above the level of the
solvent.

5.1.2 Developing the plate

The mobile phase rises up the stationary phase by capillarity, moving the compo-
nents of the sample at various rates because of their different degrees of inter-
action with the matrix and solubility in the solvent. Their separation may
be complete in a few minutes. When the solvent front has travelled a suffi-
cient distance (several centimetres), the plate is withdrawn from the chamber,
the position attained by the mobile phase is immediately noted then it is
evaporated.

When using a plate of reversed polarity (‘RP-TLC’), the mobile phase will
generally contain water. In this case it can be useful to add a salt such as
lithium chloride which limits diffusion phenomena and thereby increases the
resolution.
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R Ri=x1/xy
! A e 3
| _TLC plate
X
| Eluent vapour 0.47 0
g 0.31 -
| Eluent Xq
Spot deposition —— | |
o X ——, vV

Figure 5.2 Developing chamber and TLC plate. Left, available in a variety of dimensions
according to the size of the plates (of 5 x 5 to 20 x 20cm), the chambers are made of glass and
equipped with a tight fitting cover. Right, typical appearance after the TLC plate is partially dry.
A faint line can be observed at the location of the solvent upper limit. This line is called the
solvent front. Calculation of R; (cf. paragraph 5.4). A substance that does not migrate from the
sample origin has a R; =0.

5.1.3 Identifying the spots

The localization of each component on the plate, which has now lost all of the
eluent, consists to measure their migration distance from the original deposition.
To locate colourless compounds the plate must be developed (Figure 5.2). In order
to facilitate the visualization of the spots,manufacturers sell plates that contain a
fluorescent salt of zinc which emits a bright green fluorescence when the plate
is irradiated with a UV mercury vapour lamp (A =254nm) and observed in a
viewing cabinet. All compounds absorbing at this wavelength appear as a dark
spot (or sometimes coloured) against a bright green blue background.

Another method to make compounds visible, almost universally used, consists of
heating the plate after spraying it with sulfuric acid which leaves charred blots behind.
This approach is, however, not adapted to quantitative TLC; in this case, develop-
ment is effected by immersion of the plate, using a general (phosphomolybdic acid,
vanillin), or specific (e.g. ninhydrin in alcoholic solution for amino acids) reagent.
Hundreds of reagents have been described that serve to introduce chromophores or
fluorophores groups into the analytes molecules after separation.

The use of square TLC plates allows two-dimensional chromatography to
be carried out using two successive elutions with two different mobile phases
(Figure 5.3). A high degree of separation can be achieved.
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Figure 5.3 Two-dimensional TLC. An experiment with separation processes using two different
solvents performed in two perpendicular directions. (a) Deposition of an unknown X and three
standards; (b) migration in the first direction with the first solvent; (¢) drying and rotation
of the plate; (d) migration in the second direction with the second solvent. In conclusion,
unknown compound X is a mixture of at least two compounds amongst which is the reference
compound a (the same R; in the two solvents) and one other compound which is not b. A
typical application of this approach is the separation of amino acids.

5.2 Characteristics of TLC

TLC applies physico-chemical phenomena more complex than HPLC:

e TLC corresponds to a three-phase system between which equilibriums are
established: solid (stationary), liquid (mobile) and vapour phases.

e The stationary phase is only partially equilibrated with the liquid phase before
the migration of the compounds. Depending upon the manner in which the
separation is obtained, the mobile phase may or may not be in equilibrium
with the vapour phase.

e The adsorption phenomenon of the stationary phase is substantially reduced
once a large part of the adsorption sites are occupied. This creates an effect of
elongation of the spots. As a result, the R; (retardation factor) of a compound
in the pure state is slightly different from the R; of the same compound present
in a mixture.
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Figure 5.4 Migration distances of the mobile phase on a TLC plate. Over a sequence of regular
time intervals, the quadratic progression of the eluant front can be seen. Curve A was obtained
in a chamber unsaturated with eluant vapour. Curve B was obtained by saturating the chamber
with eluant vapour.

® The flow rate of the mobile phase cannot be modified in order to improve the
efficiency of a separation. A remedy to this problem is the multi-development
technique, by drying the plate before each new cycle of migration.

® The speed of migration of the solvent front is not constant. It follows a
complex function in which the size of the particles of the stationary phase play
a part. The migration velocity can be described by a quadratic law : x* = k¢
where x represents the distance of the migration front, ¢ the time and k is a
constant (Figure 5.4). As a result the resolution between two spots depends
greatly on the R; values of the compounds. Resolution attains a maximum
for an R; value generally around 0.3.

To sum up, the efficiency N of a TLC plate is very variable. The height equivalent
of a theoretical plate has, as in HPLC, an optimal value.

5.3 Stationary phases

Many physico-chemical parameters and several factors must be taken into account
when choosing a good stationary phase. The size of the particles, their specific
surface area, the volume of the pores and the distribution of particle diameters
are all factors that define the properties of the stationary phase. For nano-TLC
the size of the particles is of the order of 4 um and the pores are 6 nm.

The ratio between the silanols and siloxane groups determines the more or less
pronounced hydrophilic character of the phase. As with HPLC, it is possible to
use bonded silica in which various chains are bound by covalent bonds to silanol
groups on the surface. Some phases incorporate alkyl chains (RP-2, RP-8, RP-
18), while others contain organic functional groups (nitrile, amine, or alcohol),
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R R
f Normal phase f Reversed phase
(hexane/acetone 80:20 v/v)
0,8
0,6
0,4
0,2
0 ' ' ' ’ 0 ' ' ' '
Si-60 NH2 CN RP-2 RP-8 RP-18 Si-60 NH CN RP-2 RP-8 RP-18
wele ., W CHZOH MO CH,OH
OH HO °l oH
Me Me Me
O o o
A Methyltestosterone m Cortexolone e Hydrocortisone
Alcohol, weakly polar Diol, moderated polar Triol, very polar

Figure 5.5 Study of the separation of three steroids of different polarities upon six stationary
phases with two binary solvent systems. Evolution of the R; values and inversed migration caused
by the change of the eluting mobile phase, one polar and the other non-polar (reproduced
courtesy of Merck).

allowing these phases to be used with numerous mobile phases having the appro-
priate pH and salt concentrations (Figure 5.5). TLC plates can also be prepared
to contain chemical groups with net positive or negative charges on the surface.
This type of plate is used for ion-exchange TLC.

Modified cellulose supports are also used in TLC, either as fibres or chemically
modified micro-crystalline powders. The most widely known is DEAE-cellulose, a
phase fairly basic containing diethylaminoethyl groups. Other polar phases, with
ion exchange properties can be employed for the separation of ampholytes.

B Mineral binders such as gypsum make the stationary phase fragile, yet serve to
advantage to recover the compounds after their separation. This can be done by
scraping the zones of interest from the support and extracting the present compounds
with a solvent.

5.4 Separation and retention parameters

Each compound is defined by its retardation factor R, (unitless) that corresponds
to its relative migration compared to the solvent. R; values lie between 0 and 1.
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Distance run by the solute X

Ry (5.1)

~ Distance run by the solvent front x_o

The efficiency N of the plate for a compound whose migration distance is x and
spot diameter w is given by Equation 5.2 and H (HETP) through Equation 5.3:

2

N=16= (5.2)
w
and
X
H=2 5.3
N (5.3)

In order to calculate the retention factor k of a compound or the selectivity
coefficient between two compounds, the distances migrated along the plate are
compared, for matching, with the migration times read on the chromatogram.
Assuming that the ratio of the migration velocities u/u, is the same on the plate

as on the column (which is really only an approximation), then R; and k can be
linked:

such that
1
f
R; values often depend on the solvent use in the TLC experiment and tempera-
ture. Thus, the most effective way to identify a compound is to spot known
substances on the same plate, next to the unknown.
Finally, by comparison with expression 1.27, the resolution can be given by the
relation:
X, — X

w, + w,

R=2 (5.5)

5.5 Quantitative TLC

In order to use TLC as a quantitative method of analysis, it is essential to quan-
tify the spots (Figures 5.1 and 5.6), along with definitions for all of the usual
parameters (specificity, range of the domain of linearity, precision, etc.). This is
done by placing the plate under the lens of a densitometer (or scanner) that can
measure either absorption or fluorescence at one or several wavelengths. This
instrument produces a pseudo-chromatogram that contains peaks whose areas can
be measured. In fact it is actually an isochronic image of the separation at the
final instant. In TLC a spot is usually detectable if it corresponds at least to a few
ng of a compound UV absorbent.
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Plate type RP-18
1l 213 UV detection at 254 nm

Eluting phase: acetone/water 50 : 50 v/v
Climb: 20 min for 8cm.
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Figure 5.6 Separation of three steroids by TLC on a phase of reversed polarity. The migration
distance increases with the polarity of the compound. This pseudo-chromatogram has been
obtained by scanning the TLC plate. The same separation effected by HPLC would lead to
a chromatogram in which the order of the peaks would be reversed, a compound strongly
retained having the longest elution time.

B In order to reveal radioactively labelled compounds (8~ emission), there exist
densitometers that are equipped with a video camera giving an image of the radioac-
tive distribution on the plate. The former procedure of autoradiography, obtained by
putting a photoplate in contact with the TLC plate is rather insensitive (exposures
could take up to 48 hours). The new densitometers, known as Charpak machines,
which are also used in gel electrophoresis, have sufficient sensitivity for detecting
activities in the order of a few Becquerels per mm?.

For many applications, TLC can replace HPLC (Figure 5.7). Although this
technique requires more manual manipulations than HPLC, new improved tools
for spoting, migrating, gradient elution, development and recording, confer the
necessary reproducibility. Compared with HPLC, TLC is able to treat more samples
in the same time period by the setting up of analyses in parallel on the same plate.
The plate, only used once and disposable, allows for rapid sample preparation
with less risk of loss or contamination. It is very useful for biological samples.

The TLC plate on which the products have been separated is also a means,
provisionally, to preserve very small samples after extraction, which can serve for
other analyses (mass spectrometry for example).

A recent technological advance allows the eluent to migrate at a constant speed
through the application of positive gas pressure in the migration chamber, an
effect especially developed which gains in both time and quality of separation.
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Figure 5.7 Comparison of TLC and HPLC. Separation of a mixture of three steroids on a TLC
plate and on a HPLC column. This shows that it is possible to quickly perfect a separation
by HPLC, using TLC at first, with the same stationary phase and the same mobile phase for
development or elution (reproduced courtesy of Alltech).

High-performance thin layer chromatography HPTLC is an improvement of the
technique where the sorbent material (e.g. silica gel 60) has a finer particle size and
a narrower particle size distribution than conventional TLC. HPTLC plates have
an improved surface homogeneity and are thinner. The resolution is improved,
analysis times are shorter and it is sufficient to apply nanolitres or nanograms of
sample (Nano-TLC).

Problems
5.1 A mixture of two compounds A and B migrates from the origin to leave
two spots with the following characteristics (migration distance x and spot

diameter w).

Xy=27mm w,=2.0mm

xg=33mm wz=2.5mm
The mobile phase front was 60 mm from the starting line.

1. Calculate the retardation factor Ry, the efficiency N and the HETP H
for each compound.

2. Calculate the resolution factor between the two compounds A and B.
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3. Establish the relation between the selectivity factor and the R; of the

two compounds. Calculate its numerical value.

5.2 The following figure represents the results of scanning a TLC plate in normal
phase (mobile phase: hexane/acetone 80/20). The three compounds have the
structures A, B and C

A
Me
(6]
B Me
(0]
HO.
c Me
O
1

Qu~CH,OH
Me ] on 100
E 80 /
meMe g /\ Front
OH S 60
S 7 stan / /\ l\
&
S 40
(0]
oo LT
2 T 20
[0
MeY o K \J L
0

Migration (arbitrary units)

. Indicate compounds A, B and C, from the identification of the three

principal peaks of the recording.

. What would have been the order of elution of these compounds if

examined by an HPLC column containing the same types of stationary
and mobile phases?

. What would have been the order of elution of these compounds if

examined by an HPLC column containing a phase of type RP-18 with
a binary mixture of acetonitrile/methanol (80/20) as eluent?

. Calculate the R; and the HETP for the compound which migrates

fastest upon the plate (use the transposed formulae of column chro-
matography, in particular that giving efficiency, with x as distance of
migration).
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Supercritical fluid
chromatography

Supercritical fluid chromatography (SFC) employs, as its name suggests, a fluid
in the supercritical state as its mobile phase. This leads to improvements in the
separations of thermolabile compounds and more generally for compounds of
high molecular weight. The instrument is conceptually a hybrid of gas chromato-
graph and liquid chromatograph, with either GC capillary columns or HPLC
columns, the latter being preferred. The late arrival of this technique on the
instrumental market (about 1982), has been a handicap to its development,
partly due to the fact that normalized methods have already been developed
using other classic chromatography techniques. In addition to this argument the
fact that the apparatus is more complex and expensive has meant that unfortu-
nately few instrument manufacturers have been interested in the realization of
corresponding analytical instruments. This presentation will aim to highlight the
benefits of SFC.

6.1 Supercritical fluids: a reminder

The transformation of a pure compound from a liquid to a gaseous state and vice
versa corresponds to a phase change that can be induced over a limited domain
by pressure or temperature. For example, a pure substance in the gaseous state
cannot be liquefied above a given temperature, called the critical temperature
T, irrespective of the pressure applied to it. The minimum pressure required to
liquefy a gas at its critical temperature is called the critical pressure P (Figure 6.1).
These points are the defining boundaries on a phase diagram for a pure substance.
The curve, which limits the gas and liquid domains, stops at the critical point
C. Under these conditions, gas and liquid states have the same density. Above
these temperatures and pressures, the compound becomes a supercritical fluid. In
particular the viscosity of a supercritical fluid is almost that of a gas (Table 6.1).

Chemical Analysis: Second Edition Francis and Annick Rouessac
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Figure 6.1 Phase diagram temperature/pressure of carbon dioxide. There exists for each pure
substance a relation between three variables: temperature T, pressure P and volume V, known
as the equation of state. The diagram above is the projection (P/T)for CO,. The critical point
is located at 31°C and 7.4 MPa (1 Mpa = 10° Pa, or 10 bar). Getting round the critical point
renders it possible to go from the liquid state to the gaseous state without a discontinuity of
phase.

Table 6.1 Comparison of densities, viscosities and diffusivities for liquid, supercritical fluid
and gas

State Density (g/mL) Viscosity (poise x 10%) Diffusivity (cm?/s x 10%)
Liquid 0.8-1 3-24 0.005-0.02

Sup. fluid 0.2-0.9 0.2-1 0.01-0.3

Gas 0.001 0.05-0.35 10-1000

Furthermore its solvation properties (governed by the distribution coefficient K)
are similar to those of a slightly polar organic solvent. In this way carbon dioxide,
under 300 bars and at 40°C, is comparable to benzene for chromatographic
applications.

Depending upon the choice of temperature and pressure, the behaviour of a
supercritical fluid can sometimes looks like a dense gas and sometimes like a liquid.
For these reasons, use of supercritical fluids as mobile phases in chromatography
presents certain advantages.

B Carbon dioxide in its supercritical state can be used for the extraction, on a labo-
ratory scale, of unstable compounds from the matrix. Many industrial applications
use also this methodology to extract food products (e.g. decaffeination, recovery
of aromas and spices, elimination of fats) or simply as a dry cleaning agent for
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clothing. This non-flammable fluid has the advantage that it can be eliminated at low
temperature without leaving any toxic residue. For these applications it is consid-
ered as a green chemistry partner. However, the use of high pressures linked with
large volumes introduce safety concerns and create potential hazards in industrial
installations.

6.2 Supercritical fluids as mobile phases

Carbon dioxide is the standard in SFC because its supercritical state is relatively
easy to reach (T;=31°C and P.=7400kPa) (Figure 6.1). Beyond these values,
the supercritical domain is attained. This low cost compound is not very toxic,
non-flammable, non-corrosive. The main disadvantage is it inability to elute very
polar or ionic compounds.

More rarely used are nitrous oxide (N,O, T = 36°C, P = 7100kPa) or
ammonia NH;, 7o = 132°C, P =11 500kPa).

The density and therefore the solvating power of supercritical fluids varies
according to the pressures to which they are submitted. As a consequence, a
pressure gradient in SFC is equivalent to an elution gradient in HPLC, or a
temperature gradient in GC.

If the chromatograph can accommodate a double gradient of temperature-
pressure, combined with an organic modifier (to displace the coordinates of the
critical point), it becomes possible to finely tune the retention of analytes and
therefore to modify their selectivities a (Figure 6.2).
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Figure 6.2 Density for carbon dioxide as a function of pressure at four different temperatures. At
the critical point, the density of CO, is of 0.46 g/cm®. Right, the figure represents the variation of
the retention factor k for three alkaloids analysed under identical conditions and pressure, fixed
by a restrictor at the outlet of the column (T =40°C, modifier 5% water and 15% methanol;
1: codeine, 2: thebaine and 3: papaverine). The greater the increase in pressure the further the
retention factor is reduced.
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At 16 000 kPa and 60°C carbon dioxide has a density of 0.7 g/mL (Figure 6.2).
This is why the expression ‘dense gas’, is used in order to indicate that it is not a
classic gas. To compensate its low polarity, which under these conditions is similar
to that of toluene, an organic modifier (or enhancing agent) such as methanol,
formic acid or acetonitrile is frequently added.

6.3 Instrumentation in SFC

The instrumentation for SFC represents hybrid assemblies of GC and HPLC
instruments (Figures 6.3 and 6.4). To assure the flow rate of the supercrit-
ical fluid a syringe pump or a reciprocal pump is used, which is maintained
below the critical temperature by means of a cryostat regulated at around 0°C.
In instances where an organic modifier is added, either a second pump or a
tandem pump is utilized which has two chambers, one for the supercritical fluid
and the other for the modifier. The liquid then passes through a coil main-
tained above the critical temperature in order to convert it to a supercritical
fluid.

A main difference between SFC and HPLC instrumentation is the need for
a back-pressure regulator in SFC, whose function is to restrict outlet flow in
such a way to maintain the mobile phase in a supercritical state from the pump
through to the end of the column, or even as far as the outlet of the detector
depending upon the type chosen (Figure 6.3). The pressure regulator (also called
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Figure 6.3 Schematic of a SFC installation using a HPLC packed column. Carbon dioxide
reaches a supercritical state between the pump and the injector. A pressure regulator
(‘restrictor’), is located after the column and either before or after the detector, depending
upon its type. It maintains the mobile phase under supercritical conditions until the outlet of
the column; A modifier added in small quantity (less than 10 per cent) enables to control the
selectivity of the analytes (diagram based upon a document from Vydac).
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1 - Oven for column

2 - UV detector

3 - Carousel type
autosampler/injector

4 - Refrigerated pump

Figure 6.4 A commercial SFC installation. The oven where the column is located also controls
the mobile phase pre-heating. The pump is cooled to 0°C (reproduced courtesy of Berger)

the restrictor) must correctly manage the important cooling procedure and the
consequent volume expansion when the supercritical phase returns to the gas
state at atmospheric pressure. Note that the presence of this restrictor avoids
the large pressure drop across the column which is considered as a drawback of
HPLC.

With a FID (a flame ionization detector, which functions at atmospheric pressure)
the restrictor is situated before the detector, while it is located after for detectors
based upon UV-absorption, fluorescence or light diffusion.

A large variety of normal phase HPLC columns (packed type) or GC columns
(capillaries) are used. These two types of columns are complementary. For a
packed column of HPLC type, the high flow rate of the supercritical mobile
phase will render detection by FID or coupling with a mass spectrometer more
difficult. Adding a modifier to the supercritical fluid would have the same
effect.

6.4 Comparison of SFC with HPLC and GC

SEC is complementary to the other classic techniques of GC or normal phase
HPLC. The migration of the solute results from a distribution mechanism between
the apolar stationary phase and a slightly polar eluting mobile phase. The solvation
capacity of the mobile phase is governed by both temperature and pressure of
the supercritical fluid. Therefore as the density of the supercritical fluid mobile
phase is increased, components retained in the column can be made to elute. The
resistance to mass transfer between the stationary and the mobile phases is less
than in HPLC because diffusion is about ten times greater than in liquids. The C
factor in Van Deemter’s equation being smaller, the velocity of the mobile phase
can therefore be increased without an appreciable loss of efficiency (Figure 6.5).
Moreover, as the viscosity of the mobile phase is close to that of a gas, GC
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HETP (um)

Figure 6.5 Comparison between HPLC and SFC. Both experimental curves have been obtained
using the same compound on the same column, but, in one, a classic liquid phase and in the
other, carbon dioxide in a supercritical state. The HETP are comparable — but the separation
can be up to three times faster by SFC, thus saving analysis time.

capillary columns can be used. However, as a consequence of the position of the
restrictor, the pressure drop across the column modifies the distribution coeffi-
cients of the compounds between the beginning and the end of their migration.
This causes peak broadening. For this reason SFC can provide separations at
low temperatures but the efficiencies met in capillary GC are not to be realized
with SFC.

HPLC SFC

Efficiency Packed column  Efficiency
N N
Selectivity Retention
o k
Polarity Speed
Sensitivity Mol. weight
Selective Selective
detection detection
Polarity versus supercritic fluid composition
weakly polar » very polar

Figure 6.6 Comparison of SFC with HPLC packed columns. When mixed with methanol and
additives, supercritical carbon dioxide allows the rebuilding of the whole range of polarities
required by the principal types of analyte.
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Figure 6.7 Spectacular SFC chromatogram of a mixture of polysiloxane oligomers (repro-
duced courtesy of Fisons Instruments Inc.). Each compound leads to a unique peak on the
chromatogram, thus allowing the determination of the distribution of molecular forms in a
polymerization reaction.

6.5 SFCin chromatographic techniques

SEC is potentially useful for various applications (Figures 6.6 and 6.7). The ability
to vary selectivity by programming the parameters P (pressure) and 7T (tempera-
ture) rather than by modifying the chemical composition of the eluent represents
the technique’s major difference. The low viscosity of the mobile phase permits
an arrangement of several HPLC-type columns in series. The range of compounds
analysed by SFC includes lipids and oils, emulsifiers, oligomers and polymers
(Figure 6.7), compounds of molecular mass greater than 1000 which cannot be
studied in GC. SFC offers superior speed and efficiency compared to HPLC.
Finally, use of supercritical carbon dioxide as a mobile phase facilitates coupling
with a mass spectrometer or an infrared spectrophotometer and even with an
NMR spectrometer.
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Size exclusion chromatography

Size exclusion chromatography (SEC) is a method by which molecules can be sepa-
rated according to their size in solution, thus relating indirectly to their molecular
masses. To achieve this, stationary phases contain pores through which compounds
are able to diffuse to a certain extent. Although the efficiency of separation can
never attain that observed with HPLC, SEC has become an irreplaceable tool to
separate natural macromolecules in order to study the distribution of synthetic
polymer masses. Though the separation of compounds according to their sizes
is not the most efficient process for small and medium molecules, this approach
remains very useful in industry where the products are most often mixtures of
compounds of very different masses. The instrumentation is comparable to that
used in HPLC.

7.1 Principle of SEC

Size exclusion chromatography (SEC) is based upon the ability of the sample
molecules to penetrate into the highly porous ‘bead’-like structure of the stationary
phase (Figure 7.1). Separation arises only as a result of the different degrees
of penetration. Molecules of comparatively smaller weight are slowed in their
progression in the column because they can enter into the stagnant mobile phase
within the pores of the packing. This method is referred to as gel filtration chro-
matography (GFC) when the stationary phase is hydrophilic (the mobile phase
being aqueous) and as gel permeation chromatography (GPC) when the stationary
phase is hydrophobic (the mobile phase being a non-aqueous system).

The total volume V), of the mobile phase in the column can be considered as
the sum of two values V,; =V, 4+ V,: the interstitial volume V, (external to the
pores) and the volume of the pores V.

V, called the void volume, represents the volume of mobile phase necessary to
transport a large molecule assumed to be excluded from the pores and V,; is the
volume accessible to a small molecule that can enter all the pores of the packing
(volume V).

Chemical Analysis: Second Edition Francis and Annick Rouessac
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Figure 7.1 Migration across a stationary phase packing. Left, illustrative description of separa-
tion in SEC by a porous packing according to the size of the pores. The non porous part of
the bead, called the backbone, is inaccessible to the sample molecules. Right, a chromatogram
displaying the separation of three species (1, 2, 3) of different sizes. The large molecules
(excluded) 1 are the first to arrive followed by medium sised molecules (partial access) 2, and
finally by the smallest (full access) 3. The elution volumes Vj are located between V, for K¢z =0
and V) for Kgpe = 1.

The general expression giving the retention (or elution) volumes V; are therefore
(see Section 1.5)

VR:(VI+KSECVP)+KVS (7.1)

K the diffusion coefficient, represents the degree of penetration of a species
dissolved in the volume V,(0 < K¢« < 1). Ideal SFC retention is only governed
by the continuous exchange of solute molecules between the void volume and the
stagnant mobile phase within the pores. If these conditions are attained, Nernst
coefficient K is equal to zero and retention volumes Vj are comprised between V,
and V), giving:

W= (VI + KSECVP) (7.2)

For the majority of modern packing materials, V; and V, are both of the order of
40 per cent of the volume of the empty column.

When V;/V), is greater than 1, the behaviour of the compound on the column
no longer follows rigidly the mechanism of size exclusion but as in HPLC it
undertakes physico-chemical interactions with the support (K > 0).

Each stationary phase is adapted to a separation range expressed in terms of
two masses; a higher mass and a lower mass, above and below which there is no
obtainable separation. Molecules whose diameter is larger than those of the greatest
pores are excluded from the stationary phase (Kgp). This explains the expression
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size exclusion for this situation. They flow through the column without being
retained or separated. They appear as a single peak in the chromatogram at
the position V| (Figure 7.1). In contrast, the retention volume of the very small
molecules is represented by V; = V), (in this case, Kz = 1).The larger the part of
sample molecules in the pores, the larger the retardation. To increase this range
of separation, which is fixed by the difference between these two volumes, two
or three columns can be put in a series, solvents of low viscosity are used and
column are occasionally warmed. The diffusion coefficients K¢ are independent
of the temperature.

7.2 Stationary and mobile phases

SEC stationary phases are constituted of reticulated organic polymers or minerals
that are used as porous rigid or semi-rigid beads (3 to 20 um). Pores diameters
are within the 4-200 nm range. These packings, usually called gels, must withstand
the pressure at the head of the column and the temperature until about 100°C in
order to allow their utilization for various applications.

A reduction in the diameter of the particles — a gauge for efficiency — reduces
the interstitial passages, rendering migration more difficult for the large, excluded
molecules. For this reason, it is preferable to increase the size of the particles
and to compensate by using a longer column. Standard columns have a length of
30 cm, (with an internal diameter of 7.5 mm). Their efficiency N can attain 10°
plates/m.

SEC is sub-divided into two techniques:

e gel permeation chromatography (GPC). The material packing most often used
is a copolymer styrene-divinylbenzene (PS-DVB) with an organic mobile phase
such as tetrahydrofuran, a good solvent for most polymers. Trichloromethane
as well as hot trichlorobenzene are also employed to dissolve synthetic poly-
mers that are not soluble in other solvents (Figure 7.2). GPC is mainly used
in chemical analysis.

e gel filtration chromatography (GFC). For aqueous SEC, stationary phases must
be hydrophilic. Some are based upon a PS-DVB base particle that is made
biocompatible with a hydrophilic coating containing hydroxyl or sulfonic
groups. Others are based upon polyvinyl alcohols either pure or copolymer-
ized with polyglyceromethacrylates or vinyl polyacetates (Figure 7.3). These
packings are called gels since they swell on contact with aqueous mobile
phases. Porous silica gels containing hydrophilic surfaces are equally employed
(presence of glyceropropyl groups) [= Si(CH,),—O-CH,CH(OH)CH,OH)]).
Adsorption phenomena (K > 0) are weak, even for the small molecules.
GFC is mainly used to separate bio-polymers (e.g. polysaccharides) or other
water-soluble biological macromolecules (e.g. proteins).
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Conditions: Column, PLgel 5 um, Pores, 5 nm, Dimensions, 300 x 7.5 mm.
Eluent: tetrahydrofurane. Flow-rate: 1 mL/min.

Figure 7.2 GPC. When the stationary phase has small pores, organic compounds of small to
medium molecular weight can be separated. In the chromatogram in the right, toluene serves
to measure V,, (reproduced courtesy of Polymer Laboratories).

B The term gel filtration should not be confused with the current procedure of filtration
which would create the reverse effect. The larger molecules have a greater difficulty
than the smaller ones in crossing the filter.

7.3 Calibration curves

For a given solvent, each stationary phase is described by a calibration curve made
with isomolecular standards of known masses, M: polystyrenes in THF, poly-
oxyethylenes, pullulanes or polyethyleneglycols, etc. (Figure 7.3 and Table 7.1).
The curves representing log M as a function of the elution volume have a sigmoidal
shape. However, by combining stationary phases of differing porosities, manu-
facturers can provide mixed columns for which the calibration curve are linear
over a broader range of masses. These curves are fairly indicative since size and
mass are not mutually dependent parameters when passing from one polymer to
another.

Table 7.1 Permeation range (Da) of three gels for various standard compounds

Standard G2000: 12.5nm pores G3000: 25 nm pores G4000: 45 nm pores
Globuar protein 5000-100 000 10 000-500 000 20 000-7 000 000
Dextran 1000-30 000 2000-70000 4000-500 000

Polyethylene glycol 500-15 000 1000-35 000 2000-250 000
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Figure 7.3 Characteristics of stationary phases used for gel filtration and GPC columns.
(a) Graphs indicating the mass ranges for two phases in gel filtration and for three phases
in gel permeation; (b) Calibration curves (logM = f(V')) for these different phases obtained
with proteins for gel filtration and with polystyrene standards for the others (known molecular
weights). A weak slope from the linear section reveals a better resolution between neighbouring
masses. This is the case when the pores are of regular dimension. The curves log M = f(K),
more rarely studied, reveal the same aspect (reproduced courtesy of Tosohaas and Polymer
Lab.). To avoid protein aggregate formation, denaturing compounds are sometimes introduced

to the aqueous mobile phase.

7.4 Instrumentation

Instrumentation is similar to that employed in HPLC excepting the columns which
are bigger. To increase the resolution it is customary to use two or three columns,

with different porosities, in series.
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Figure 7.4 Evaporative light scattering detector. At the outlet of the column the mobile phase is
nebulized under a stream of nitrogen, by a specially atomizing device. When a compound elutes
from the column, the droplets under evaporation give a suspension of fine particles. Illluminated
by a laser source they scatter the light from a lamp via the Tyndall effect (what happens is
comparable to the diffusion by fog through a car headlight beam). The signal detected by a
photo-diode is proportional to the concentration of the compound illuminated. Irrespective
of the substance, the response factors are very close. This detector is only useful for sample
components that cannot be vaporized in the heated section of this detector.

The most commonly used detector is the refractive index detector (cf.
Section 3.11.3), considered as universal since for polymers a variation of the refractive
index is at first approximation independent of the molecular mass. As this detector
is not very sensitive, other detectors are sometimes added to it. They are based upon
the light absorption (UV detector) or fluorescence or light scattering (Figure 7.4).
This last detector provides a more uniform response to structurally similar analytes
than do light absorbtion detectors. Users can create a universal calibration set from a
single analyte to quantify all analytes of the same class.

7.5 Applications of SEC

The main applications are found in the analysis of synthetic polymers or bio-
polymers because this method permits the separation of nominal masses ranging
from 200 to more than 107 Da. The absence of a chemical interaction with the
stationary phase, associated with a rapid elution time and the possibility to recover
all of the analytes, convey many advantages.
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Figure 7.5 Determination of molecular weight in a SEC experiment. The column can be cali-
brated by using two complementary mixtures of polystyrene standards. Log molecular weight
versus retention volume plot. This curve is linear over a wide range of masses due to the use of
a mixed stationary phase. Bottom right, conformation supposed for a lipophilic rod or random
coil polymer in an aqueous solution. The resulting volume is called hydrodynamic volume of
the macromolecule.

The choice of stationary phase best adapted to a given separation is made by
consultation of the calibration curve of various columns. The column of choice
is that which presents a linear range over the masses of the compounds formed in
the sample (Figure 7.5). The calibration must be carry out with the same type of
standards, because macromolecules can have a variety of forms, from pellet like
to thread like (Table 7.1).

7.5.1 Molecular weight distribution analysis

Synthetic polymers differ from small molecules in that they cannot be characterized
by a single molecular weight. Even in its pure state, a polymer corresponds to
a distribution of macromolecules of different weights. SEC chromatograms and
integrated peak areas allows the determination of the molecular weight distribution
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Figure 7.6 Gel filtration chromatogram. Left, separation of a mixture of glucose oligomers
ranging from a single unit (glucose M =180), up to 20 units (M around 3000) (reproduced cour-
tesy of Polymer Lab). Right, separation of a mixture of diverse proteins and glycine oligomers
(reproduced courtesy of Pharmacia-Biotech).

as well as the most probable mass and the mean mass. This assumes that the mass
and the molecular volumes are directly related. Furthermore, the calibration of
the column must be done with standards of the same family and with the same
mobile phase flow rate.

7.5.2 Other analyses

SEC, which allows high-speed separations, is used for control analysis of samples
with unknown compositions. These samples usually contain polymers and small
molecules, which is often the case for numerous commercial or industrial products,
such as in the biodegradation of polymers.

For typical organic compounds, which can readily be analysed by HPLC or GC,
there are fewer applications unless they are sugars or polysaccharides (Figure 7.6)
such as starch, paper pulp, beverages and certain pharmaceuticals. SEC with gel
columns are widely used for aqueous separations of bio-molecules.
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Problems

7.1

7.2

7.3

Occasionally in SEC values of K > 1 are observed. How might this
phenomenon be accounted for?

Gel permeation chromatography is to be used to separate a mixture of
four polystyrene standards of molecular mass: 9200, 76 000, 1.1 x 10° and
3 x 10° daltons. Three columns are available for this exercise. They are
prepacked with gel with the following fractionation ranges for molecular
weights:

A:70000 to 4 x 10° daltons
B:10° to 1.2 x 10° daltons
C:10° to 4 x 10° daltons

How might these four polymers be separated in a single operation if it is
permitted to use two of the above columns end to end?

A solution in THF of a set of polystyrene standards of known molecular mass
was injected onto a column whose stationary phase is effective for the range
400-3 000 daltons. The flow rate of the mobile phase (THF) is 1 mL/min.
The chromatogram below was obtained.

34500

580

_

4 5 6 7 8 9min

1. Plot the log of relative molecular mass vs. retention volume.
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2. What is the total exclusion volume for the column (i.e. the interstitial

volume), and what is the volume of the pores (the intraparticle volume)?

3. Calculate the diffusion coefficient K for the polystyrene standard
whose relative molecular mass is 3 250 daltons.
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Capillary electrophoresis and
electrochromatography

Capillary electrophoresis (CE) is a very sensitive separation method which has been
developed largely through the experience acquired from high performance liquid
chromatography, thin layer chromatography and from electrophoretic methods.
Bio-molecules and compounds of lower molecular mass, difficult to study by
HPLC or classical methods of electromigration on slab gel, become separable by
CE. From now on, high performance capillary electrophoresis (HPCE), suited
to automation, has replaced the traditional electrophoretic techniques on gels.
CE, officially recognized by several regulatory agencies, the FDA among them,
included in the pharmacopoeia, can be used for quantitative analysis. Capillary
electrochromatography (CEC) is a relatively new hybrid separation method that
couples the high separation efficiency of CE with HPLC.

8.1 From zone electrophoresis to capillary
electrophoresis

Capillary electrophoresis corresponds to an adaptation of the more general elec-
trophoresis methodology. This separative technique is based upon the differential
migration of the species, whether or not they carry an overall electric charge,
present in the sample solution, under the effect of an electric field and when
supported by an appropriate medium.

In the classic semi-manual electrophoretic technique used mainly in bio-
analysis, a small slab or strip of plastic material covered by a porous substance
(a gel) is impregnated with an electrolyte buffer. The two extremities of the covered
gel system are dipped into two independent reservoirs containing the same elec-
trolyte and linked to the electrodes of a continuous voltage supply (Figure 8.1).
The sample is deposited in the form of a transverse band, which is cooled and then
bedded between two isolating plates. Under the effect of several parameters that

Chemical Analysis: Second Edition Francis and Annick Rouessac
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Figure 8.1 Schematic of a horizontal electrophoresis apparatus. Top, each compartment is
separated by a diaphragm in order to avoid contamination of the electrolyte by secondary
products which are formed during contact with the electrodes. This technique is operated either
at constant current or at constant voltage or at constant power. The flat gel is between two
plates of glass. Middle, aspect of a standard strip support after revelation. Bottom, ninhydrin
is often used to reveal proteins or amino acids. This reagent is transformed on contact with
an amino acid that it degrades, to an unstable compound intermediate which reacts in turn
with a second molecule of ninhydrin yielding ‘Ruhemann purple’ This reagent is one of several
compounds existing (e.g. Fluorescamine) to determine position of particular species following
migration on the strip. Horizontal gels offer many advantages for nucleic acid separation and
remain a widely-used tool for the molecular biologist.

act jointly — voltage (500 V or more in the case of small molecules), charge, size,
shape, temperature and viscosity — the hydrated species migrate from one end to
the other, generally towards the electrode or pole opposite sign on a time scale that
can vary from a few minutes to over an hour. Each compound is differentiated
by its mobility but the absence of a measurable solvent front, compared to TLC,
requires that the distance of migration is estimated in relation to that of a substance
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used as an internal marker. The detection of species, following migration, through
a contact process, are transferred onto a membrane where they are derivatized
with specific reagents as silver salts, or Coomassie Blue® (Figure 8.1). Markers
containing radioactive isotopes (**P or *H) can also be used to give traces that can
be exploited in the same manner as in TLC.

In capillary electrophoresis, the covered gel slab of the classic technique is
replaced by a narrow-bore open-ended fused silica capillary (15-100 pm diameter).
The capillary of length L, varying between 20 and 80 cm, is filled with an electrolyte
aqueous buffer solution as the two reservoirs (Figure 8.2). For a better control of
the migration time, it is advisable to place the capillary in a thermostatic oven.
A small inner diameter of the capillary reduces Joule heating to negligible levels
and allows the use of high electric fields for very rapid separations (the voltage
applied to the electrodes can attain 30kV).
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Figure 8.2 Schematic of a capillary electrophoresis instrument. The electrolyte is an aqueous
ionic solution, filtered, degassed and containing a variety of additives. A small volume of the
sample is injected at the positive end of the capillary (cf. 8.3). For a voltage greater than
5-600 V/cm (30KkV if L =50 cm) special insulation becomes necessary to avoid shorts and arcs
of current in a humid atmosphere. For safety reasons, one electrode is usually at ground. The
effective distance of migration [/ is around 10cm shorter than the length L of the capillary.
Below is a typical electropherogram corresponding to the separation of several cations (ordinate
given in units of milli-absorbance). The electrolyte is a commercially available mixture. The
distorsion of the peaks is due to electrodispersion. This phenomenon is caused by the differences
in conductivity, and hence field, in each zone. The peaks would be symmetrical if their speeds
were closer together (reproduced courtesy of Waters).
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A detector is placed near the cathode compartment, at a distance / from the head
of the capillary. The signal obtained provides the baseline for the electropherogram
(Figure 8.2) which yields information about the composition of the sample. The
only species detected are those which are directed towards the cathode.

8.2 Electrophoretic mobility and electro-osmotic flow

Particles suspended in a liquid, like solvated molecules, can carry electric charges.
The sign and size of the charge depend upon the nature of the species, that of the
electrolytic medium as well as on the pH (Figure 8.3). This net charge originates
from the fixation to the particle surface, of ions contained in the buffer electrolyte.

Under the effects of various phenomena or simultaneous actions such as temper-
ature, viscosity, voltage, these particles will have migration velocities that will be
faster, the smaller they are and the greater their charge. The separation depends
upon the charge-to-size ratio of the hydrated analyte ions.

For each ion the limiting migration velocity vgp results from the equilibrium
between the electric force F, which is exerted in the electric field E acting on the
particle of charge ¢, and the forces resulting from the solution viscosity 7. Neutral

/VEP
Anode E—OF> @%/ ’ Cathode

< D= e
® : 0:,’ VEOS Vgpp )
&@_>—)
—> resulting vector

Hiickel equation
if immobile electrolyte

Cations Neutral Anions

@ @ <> @ @ electrical force
m = @B
/

. frictional force
Migration time (for a spherical ion)

Detector response

Figure 8.3 Hiickel equation and typical electropherogram. Influence of the net charge, electric
field, volume of the ion and viscosity of the solution upon the migration velocity in an electrolyte
animated by an electro-osmotic flow (cf. Section 8.2.2). Higher charge and smaller size confer
greater mobility, whereas lower charge and larger size confer lower mobility. The separation
depends approximately upon the charge-to-size ratio of each species. Uncharged species move
at the same velocity as the electroosmotic flow (see later). The smaller anions arrive last since
they would normally go towards the anode. At low pH, electro-osmotic flow is weak and anions
may never reach the detector.
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species are poorly separated except if an ionic agent is added to the electrolyte in
order to associate with them.
Hiickel proposed an equation taking account of the influence of these factors
upon the electrophoretic velocity vgp of an ion considered as a sphere of radius r.
The charged species present in the sample are submitted to two principal effects,
which are their individual electrophoretic mobility and the more global electro-
osmotic flow.

8.2.1 Electrophoretic mobility — electromigration

A compound bearing an electric charge move within the electrolyte assumed to
be immobile at a velocity vy, (m/s) which depends upon the conditions of the
experiment and of its own electrophoretic mobility ug,. For a given ion and
medium, wgp is a constant which is characteristic of that ion. This parameter
is defined from the electrophoretic migration velocity of the compound and the
exerted electric field E, using expression 8.1:

Ugp L

Eszpv (81)

Mgp =
In the above equation, L designates the total length of the capillary (m) and V the
voltage applied across the extremities of the capillary. A positive or negative sign is
assigned to the electrophoretic mobility, according to the cationic or anionic nature
of the species; ugp(m?/V/s) is equal to zero for a globally neutral species. ppp can
be obtained from an electropherogram by calculating vgp of the compound in a
known electric field E (V/m), taking into account of the velocity of the electrolyte
(cf. Section 8.2.2). This parameter depends not only on the charge carried by the
species, but also on its diameter and on the viscosity of the electrolyte.

8.2.2 Electro-osmotic mobility — electro-osmotic flow (EOF)

The second factor that controls the migration of the solute is the electro-osmotic
flow. This flow corresponds to the bulk migration of the electrolyte through the
capillary. In gel electrophoresis, this flow is small, but in capillary electrophoresis
it becomes more important because of the internal wall of the capillary. It is
characterized by the electro-osmotic mobility pgos, as defined by a relation similar
to 8.1. vyog represents the velocity of the electro-osmotic flow.

Vgos L
ZEOS 8.2
MEos E EOS (8.2)

In order to calculate wyqg, the electro-osmotic flow velocity vpog must first be
determined. This corresponds to the velocity in the electrolyte of a species without
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any global charge. This is done by measuring the migration time ¢, for a neutral
marker to migrate over the distance [ of the capillary (vyog =1/1,,,)-

As a neutral marker, an organic molecule that is non-polar at the pH of the
electrolyte used and easily detected by absorption in the near UV, is selected (e.g.
acetone, mesityl oxide or benzyl alcohol).

The electro-osmotic flow has several origins in relation with the internal wall
of the capillary. A capillary made of fused silica not having been subjected to any
particular treatment bears on its inner surface numerous silanol groups (Si-OH)
which become ionized to silanoates (Si-O-) when the pH of the electrolyte rises
above 3. Under these conditions, a fixed polyanionic layer is formed that attracts
cations present in the electrolyte. These cations arrange themselves into two layers
of which one is attached to the internal wall while the other remains slightly
mobile (Figure 8.4). Between these two layers a potential difference (Zeta potential)
develops, the value of which depends upon the concentration of the electrolyte and
the pH. When the electric field is applied, H;O" and ions being solvated by water
molecules migrate towards the cathode. In capillary electrophoresis instruments,
the net effect of the electro-osmotic flow is to impose for all charged species
present in the sample the direction oriented from the anode towards the cathode.
The anions progress in an anti-electro-osmotic fashion.
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Figure 8.4 Origin of the electro-osmotic flow in a capillary filled with an electrolyte. Model of
the double layer. If the inner wall has not been treated (polyanionic layer of a silica or glass
capillary) then a pumping effect arises from the anodic to the cathodic compartment: this is
the electro-osmotic flow which is reliant upon the potential which exists on the inner surface
of the wall. If the wall is coated with a non polar film (e.g. octadecyl) then this flow no longer
exists. The electro-osmotic flow is proportional to the thickness of the double cationic layer
attached to the wall. It is reduced if the concentration of the buffer electrolyte increases. vgqg is
pH dependant: between pH 7 and 8 vyog can increase by as much as 35 per cent.
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Figure 8.5 Effect of a cationic surfactant upon the silica inner wall. As the migrations must
always be made in the direction where the detector is, the voltage polarity of the instrument must
therefore be reversed in order for anionic species to progress naturally in the same direction as
the electrolyte, that is, toward the detector.

B Usually, a capillary with a negative inner surface generates a linear displacement
of the electrolyte (an electro-osmotic flow) directed towards the cathode. In contrast,
if a surfactant is added, such as tetra-alkyl ammonium, capable of reversing the
polarity of the inner wall, then the electro-osmotic flow is directed towards the anode
(Figure 8.5). By treating the wall with an alkylsilane to make it hydrophobic, proteins
become separable, otherwise they tend to adsorb at the surface of bare fused silica.

8.2.3 Apparent mobility

According to the previous arguments, each ion has an apparent migration velocity
v,pp Which depends on both the electrophoretic velocity and the electro-osmotic
flow (relation 8.3):

Vapp = Vpp + Vgos (8.3)

Uypp 18 €asily calculated from the electropherogram. Using [ the effective length of

the capillary, and 7,,, the migration time, v,,, is given by the expression:
Vapp =1/, (8.4)

The apparent electrophoretic mobility u,,, is defined by an expression analogous
to 8.1 or 8.2, such that:

Uy L
Mapp = E _Uappv (8.5)
and, by consequence
l[-L
/"Lapp = t -V (8'6)

m
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Figure 8.6 An electropherogram. Separation of a complex mixture of anions. The lack of peak
symmetry (see also Figure 8.2), is due to variations in the electric field along the whole length
of the capillary caused by the dynamic ionic composition (image courtesy of ATI Unicam).

By combining the electro-osmotic flow and the apparent mobility it is possible to
calculate the true electrophoretic mobility of the species carrying charges. From
relation 8.3 it can be written:

Mep = Mapp — MEOS

or alternatively

L-1 1 1
=—(——— 8.7
Mep % (t tmn) (8.7)

m

B HPCE is commonly used for the separation of anionic species. Generally the
polarity of the instrument is reversed in order to change the location of the detector
from the cathode end to the anode end of the capillary. As a result the electro-osmotic
flow direction is also reversed. Only anions whose gp values are greater than those
of wgos Will be detected (Figure 8.6).

8.3 Instrumentation

8.3.1 Different modes of injection

To introduce a micro-volume of sample, which must not exceed 1 per cent of the
effective length of the capillary in order to protect the resolution, two procedures

are used:
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® Hydrostatic injection. This action is achieved by dipping the end of the capillary
into the solution (also an electrolyte) containing the sample while creating
a slight vacuum at the opposite end. The procedure can be improved by
exerting a pressure of around 50 mbars upon the sample solution.

® Electro-migration injection. This technique, used in gel electrophoresis, is
achieved by putting the sample at a potential of appropriate polarity compared
to the other extremity and briefly dipping the capillary into it. In contrast
to the previous procedure this mode of injection induces a discriminatory
action upon the compounds present, which leads to a non-representative
composition of the sample.

The hydrostatic injection method is less precise than in HPLC because injection
loops do not exist for volumes between 5-50 nL. The quantity entering the capil-
lary is dependent upon many of the parameters that appear in the well-known
Poiseuille expression which gives the flow rate F in a tube (radius r, length L)
for a liquid having a dynamic viscosity i (expression 8.8). The application of this
formula results in an approximate value for what might be termed the ‘entering
flow rate’ in the capillary.

mrt

8nL
This relationship reveals that if the radius of a capillary is doubled, then the

volume entering will be 16 times greater. This volume is also proportional to the
difference in pressure AP. An increase in the length of the capillary L produces

F=AP

(8.8)
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Figure 8.7 UV detection and post-separation derivatization. Analytes passing the light source
absorb UV radiation resulting in a decrease in light reaching the detector. (a) The measuring
cell comprising the capillary itself. (b) Post-derivatization can be undertaken by cutting the
capillary just prior to the detector and by introducing an appropriate reagent. Below, example
of a reaction to transform a sugar into a fluorescing derivative.
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the reverse effect. An internal standard should be used to improve the quantitative
performances of HPCE.

8.3.2 Detection methods

Many of the methods of detecting analytes in CE are similar to those used for
liquid chromatography. Only three important methods are given here.

e Direct UV/Vis detection (cf. Chapter 9). Detection is usually done by UV-
visible absorbance with a diode array detector. A very small window is created
by burning the polyimide protecting the capillary in such a way that UV light
crossing the capillary can be measured. This design is very efficient as the
detector cell is basically part of the capillary, which avoids a dead volume
(Figure 8.7). UV is most sensitive when used at low wavelengths.

Fluorescence detection. This detection implies a derivatization of the analytes,
which are chemically labelled with a flurophore. Then separation is performed
as normal. A light source is used as a source of radiation, and as the analytes
move past the detection window the flurophores emit radiation at a different
wavelength. The sensitivity of this procedure is enhanced if a very intense
laser source is employed (Figure 8.7).

Mass spectrometry detection. A mass spectrometer linked to a CE instrument
allows information on solutes molecular masses and provides structural infor-
mation helping with the identification of unknowns. However, interfacing of
the two instruments is not easy (cf. Chapter 16). Thus an extra flow of liquid
must be added to the CE eluent to obtain gas phase ions of the solutes. MS
detection is used especially in biochemistry analysis.
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Figure 8.8 Separation of the principal organic acids in white wine by indirect UV detection. Malic
acid and lactic acid are indicators for the malo-lactic fermentation (image courtesy of TSP)
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B Indirect UV detection. This is used for analytes — as inorganic ions — which do not
absorb UV radiation. It involves using a buffer in the capillary such as a chromate
or a phthalate which have high absorption coefficients under these experimental
conditions. As analytes move past the detector the amount of light passing through
the capillary increases as UV absorbing buffer is excluded, leading to negative peaks
(Figure 8.8).

8.4 Electrophoretic techniques
8.4.1 Capillary zone electrophoresis (CZE)

This mode of electrophoresis, in which the electrolyte migrates through the capil-
lary, is the most widely used. In this mode, samples are applied as a narrow band
that is surrounded by the electrolyte buffer. This electrolyte can be, depending
upon the application, acidic (phosphate or citrate) or basic (borate) or an ampho-
teric substance (a molecule possessing both an acidic and an alkaline function). The
electro-osmotic flow increases with the pH of the liquid phase or can be rendered
inexistent. This procedure is also called, in contrast to CGE (cf. Section 8.4.3), free
solution electrophoresis.

8.4.2 Micellar electrokinetic capillary chromatography (MEKC)

In this variant of CZE, adapted to the separation of neutral or polar molecules,
a cationic or anionic surfactant, e.g. sodium dodecylsulfate, is added in excess
to the background electrolyte to form charged micelles. These small spherical
species, immiscible in the solution, form a pseudo-stationary phase analogous to
the stationary phase in HPLC. They trap neutral compounds efficiently through
hydrophilic/hydrophobic affinity interactions (Figure 8.9). Neutral molecules as
well as ionic species can then be conveniently separated as a direct result of their
solubilization within the micelles.

MEKC is useful to perform chiral analyses. This involves the addition of a
cyclodextrin as a chiral selector to the running buffer. Optical purity analysis can be
determined due to the formation of inclusion complexes between a hydrophobic
portion of the solute and the cavity of the cyclodextrin, having different stabilities
(cf. Section 3.7 and Figure 8.9).

8.4.3 C(apillary gel electrophoresis (CGE)

This technique represents the transposition of the classic agarose or polyacrylamide
(PAGE) gel electrophoresis into a capillary. The capillary is filled with an electrolyte
impregnated into a gel. This produces a filtration effect, which decreases the
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Figure 8.9 Separation of neutral compounds using surfactants (MEKC technique). Above, the
lipophilic part of a surfactant, such as an alkylsulfonate, can bind moderately to certain molecules
of the substrate S. The negatively charged micelles are directed towards the cathode by the
electro-osmotic flow (adapted from Agilent technologies). Below, electropherogram of a racemic
sample of an amphetamine in the presence of a cyclodextrin. The electrolyte, NaH,PO, 25 mmol
(pH 2.5), contains 5 per cent of gamma-cyclodextrin polysulfate. At this pH the electro-osmotic
flow is negligible. The hydrogenosulphate ions of the cyclodextrins being directed towards
the anode collect the amphetamine molecules retained in their hydrophobic cavities. The two
enantiomers, in equal quantity, form two diastereomer complexes which migrate at different
velocities. For this experiment the anode is on the detector side. (Reproduced courtesy of
Beckman Coulter Inc. USA).

electro-osmotic flow and minimizes convection and diffusion phenomena. Fragile
oligonucleotides can be separated in this way.

CGE has been adapted to DNA sequencers. Special instruments fully automated
(from sample loading to data analysis) have been designed with multiple capil-
laries that can simultaneously analyze many samples through a fluorescent-based
detection.

The modified technique is known as capillary array electrophoresis for the
separation of the DNA or RNA fragments based on their size.

B In classic zone electrophoresis, the support on which the migration takes place,
can contain a polyacrylamide gel impregnated with the electrolyte. If the latter
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contains sodium dodecylsulfate, then the electrophoresis is named SDS—-PAGE, after
its acronym. Separations are improved by a filtering phenomenon that superimposes
to the electric forces.

8.4.4 C(apillary isoelectric focusing (CIEF)

This technique consists of creating a stable and linear pH gradient in a surface-
treated capillary, which has been filled with a solution that contains ampholytes.

Ampholyte or zwitterions. An ampholyte is a molecule that contains both acidic
and basic groups. At a particular pH, known as the isoelectric point, the charge
on the groups is balanced and the molecule is neutral. If an ampholyte is placed
in a pH gradient and electrophoresed it will migrate to the point at which it is
uncharged and then stops moving.

At the anode side, the capillary is plunged into H;PO, solution while on the
cathode side, it is dipped into a NaOH solution. When an electric field is applied
to the extremities of a capillary filled with a mixture of solutes and ampholytes, a
pH gradient appears. Each of the charged analytes (generally, proteins) migrates
through the medium until it reaches the region where the pH has the same value
as its isoelectric point (at its p/, the component net charge is zero). Then, by
maintaining the electric field and using a hydrostatic pressure, these separated
species migrate towards the detector. In order to ensure the high performance of
analysis, standards of p/ (p/ markers) are needed. The high resolutions obtained
with this procedure allow especially the separation of peptides whose p/s may
differ by only 0.02 pH units.

8.5 Performance of CE

The performance of CE, for the separation of biopolymers is comparable to that
of HPLC. The success of a separation relies on the choice of an appropriate buffer
medium adapted to the analysis. Only a very small quantity of sample is required
and the reagent consumption or solvent is negligible (Figure 8.10). The sensitivity
is very high: by using laser induced fluorescence (LIF) detection a few thousands
of molecules can be observed.

However, the reproducibility of the analyses is less certain than in HPLC
because there are many subtle factors that can affect the precision of the injected
volume. For hydrostatic introduction, relative standard deviation is of the order
of 2 per cent, if an internal standard is used. When the efficiency N of the sepa-
rations is sufficiently large, it becomes possible to separate isotopes of an element
(Figure 8.11).

HPCE in its ‘lab-on-a-chip’ version is at the frontier of classic chemistry and
is particularly interesting to molecular biologists for the analysis of degradation
products of proteins.
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Figure 8.10 Electro-kinetic separation of three species a—, b~ and c. Left, The electro-osmotic
flow carrying all of the charged or neutral species along with it, is directed towards the cathode.
The negative species though attracted by the positive pole cannot overcome the electro-osmotic
flow and are therefore displaced towards the cathode. Right, separation of caffeine ¢ and of the
anions of aspartame a~ and of benzoate b~ from a sample of ‘DIET COLA.” Presentation in
the form of a 3D electropherogram (reproduced courtesy of TSP).
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Figure 8.11 Separation of chlorine isotopes. When the efficiency is very high isotopes of the
same element can be separated which as in this example leads to two clearly defined peaks.
Conditions: capillary of 75 um/47 cm.V =20kV, T=25°C, electrolyte: c