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Prefaceto the Fifth Edition

It istwenty-five years since the first edition was published, and at the beginning of the twenty-first
century it seems appropriate to reflect on the directions in which analytical chemistry is developing.
The opening statements from the preface to the first edition are as relevant now as they were in 1975,
viz
'‘Analytical chemistry is abranch of chemistry which is both broad in scope and requires a specialised and
disciplined approach. Its applications extend to all parts of an industrialised society.'

During this period, the main themes have remained constant, but differences in emphasis are readily
discerned. An increasing concern with the well-being of individuals and life in general hasled to
initiatives for improvements in medicine and the world environment, and in these areas analytical
chemistry has particularly vital rolesto play. The elucidation of the causes and effects of ill health or of
environmental problems often depends heavily upon analytical measurements. The demand for
analytical datain relation to manufactured goods isincreasing. For example, in the pharmaceutical
industry much effort is being concentrated on combinatorial chemistry where thousands of potential
drugs are being designed, synthesised and screened. This activity generates considerable analytical
requirements, particularly for automated chromatographic and spectrometric procedures, to deal with
very large numbers of samples. The determination of ultra-trace levels and the speciation of analytes
continues to provide challenges in the manufacture of highly pure materials and environmental
monitoring.

A recurring theme throughout the discipline is the sustained impact of computers on both
instrumentation and data handling where real -time processing within a Windows environment is
becoming the norm. Data reliability in the context of policy development and legal proceedingsis aso
of increasing importance. Such developments, however, should not distract analytical chemists from the
need for a sound understanding of the principles on which the techniques and methodol ogies are based,
and these remain prominent features in the fifth edition. Whilst it would be true to say that no totally
new analytical technique has gained prominence during the five years since the fourth edition, most of
the established ones have undergone further improvements in both instrument design and methodol ogy.



Page xii

Significant changes and additions to the text have again been made. The sections on solid phase
extraction (SPE) and near infrared (NIR) spectrometry have been expanded to reflect their growing use
in sample preparation and process control respectively. Capillary electrochromatography (CEC), a
hybrid of high-performance liquid chromatography (HPLC) and capillary electrophoresis (CE), which
Is poised to become amajor force in separation science once the technology has been refined and made
more reliable, has been included in chapter 4. Changes in chapter 8 (Atomic Spectrometry) highlight the
growing importance of the two-dimensional presentation of data, especially of Echelle opticsin plasma
emission spectrometry. Other new information in this chapter covers recent developmentsin
counteracting polyatomic interferences in inductively-coupled plasma mass spectrometry, and the
reawakening of interest in atomic fluorescence as a basis for the determination of mercury and elements
with volatile hydrides. The coverage of some aspects of general chromatography, gas chromatography,
mass spectrometry and liquid chromatography-mass spectrometry has been revised and some new
material added (chapters 4 and 9). The assessment of analytical data (chapter 2) now includes an
introduction to linear regression.

Analytical chemistry in the new millennium will continue to develop greater degrees of sophistication.
The use of automation, especially involving robots, for routine work will increase and the role of ever
more powerful computers and software, such as'intelligent’ expert systems, will be a dominant factor.
Extreme miniaturisation of techniques (the 'analytical laboratory on a chip’) and sensors designed for
specific tasks will make a big impact. Despite such advances, the importance of, and the need for,
trained analytical chemistsis set to continue into the foreseeable future and it is vital that universities
and colleges play afull part in the provision of relevant courses of study.

FW. FIFIELD
D. KEALEY
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Introduction

Is there any iron in moon dust? How much aspirin is there in a headache tablet? What trace metals are
therein atin of tunafish? What is the purity and chemical structure of a newly prepared compound?
These and a host of other questions concerning the composition and structure of matter fall within the
realms of analytical chemistry. The answers may be given by simple chemical tests or by the use of
costly and complex instrumentation. The techniques and methods employed and the problems
encountered are so varied as to cut right across the traditional divisions of inorganic, organic and
physical chemistry as well as embracing aspects of such areas as bio-chemistry, physics, engineering
and economics. Analytical chemistry istherefore a subject which is broad in its scope whilst requiring a
specialist and disciplined approach. An enquiring and critical mind, a keen sense of observation and the
ability to pay scrupulous attention to detail are desirable characteristics in anyone seeking to become
proficient in the subject. However, it is becoming increasingly recognized that the role of the analytical
chemist is not to be tied to a bench using a burette and balance, but to become involved in the broader
aspects of the analytical problems which are encountered. Thus, discussions with scientific and
commercia colleagues, customers and other interested parties, together with on-site visits can greatly
assist in the choice of method and the interpretation of analytical data thereby minimizing the
expenditure of time, effort and money.

The purpose of this book isto provide a basic understanding of the principles, instrumentation and
applications of chemical analysisasit is currently practised. The amount of space devoted to each
technique is based upon its application in industry as determined in anational survey of analytical
laboratories. Some little used techniques have been omitted altogether. The presentation is designed to
aid rapid assimilation by emphasizing unifying themes common to groups of techniques and by
including short summaries at the beginning of each section.
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The Scope of Analytical Chemistry

Analytical chemistry has bounds which are amongst the widest of any technological discipline. An
analyst must be able to design, carry out, and interpret measurements within the context of the
fundamental technological problem with which he or sheis presented. The selection and utilization of
suitable chemical procedures requires awide knowledge of chemistry, whilst familiarity with and the
ability to operate avaried range of instrumentsis essential. Finally, analysts must have a sound
knowledge of the statistical treatment of experimental datato enable them to gauge the meaning and
reliability of the results that they obtain.

When an examination is restricted to the identification of one or more constituents of asample, itis
known as qualitative analysis, while an examination to determine how much of a particular speciesis
present congtitutes a quantitative analysis. Sometimes information concerning the spatial arrangement
of atomsin amolecule or crystalline compound is required or confirmation of the presence or position
of certain organic functional groups is sought. Such examinations are described asstructural analysis
and they may be considered as more detailed forms of analysis. Any species that are the subjects of
either qualitative or quantitative analysis are known as analytes.

There is much in common between the techniques and methods used in qualitative and quantitative
analysis. In both cases, asampleis prepared for analysis by physical and chemical ‘conditioning’, and
then a measurement of some property related to the analyte is made. It isin the degree of control over
the relation between a measurement and the amount of analyte present that the major difference lies.

For aqualitative analysisit is sufficient to be able to apply atest which has a known sensitivity limit so
that negative and positive results may be seen in the right perspective. Where a quantitative analysisis
made, however, the relation between measurement and analyte must obey a strict and measurable
proportionality; only then can the amount of analyte in the sample be derived from the measurement. To
maintain this proportionality it is generally essential that all reactions used in the preparation of a
sample for measurement are controlled and reproducible and that the conditions of measurement remain
constant for al similar measurements. A premium is also placed upon careful calibration of the methods
used in aquantitative analysis. These aspects of chemical analysis are a major pre-occupation of the
analyst.

The Function of Analytical Chemistry

Chemical analysisis an indispensable servant of modern technology whilst it partly depends on that
modern technology for its operation. The two have in fact developed hand in hand. From the earliest
days of quantitative chemistry in the latter part of the eighteenth century, chemical analysis has
provided an important basis for chemica development. For example, the combustion studies of La
Voisier and the atomic theory proposed by Dalton had their bases in quantitative analytical evidence.
The transistor
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provides a more recent example of an invention which would have been almost impossible to develop
without sensitive and accurate chemical analysis. This example is particularly interesting asit illustrates
the synergic development that is so frequently observed in differing fields. Having underpinned the
development of the transistor, analytical instrumentation now makes extremely wide use of it. In
modern technology, it isimpossible to over-estimate the importance of analysis. Some of the major
areas of application are listed bel ow.

(@)—

Fundamental Research

Thefirst stepsin unravelling the details of an unknown system frequently involve the identification of
its constituents by qualitative chemical analysis. Follow-up investigations usually require structural
information and quantitative measurements. This pattern appears in such diverse areas as the
formulation of new drugs, the examination of meteorites, and studies on the results of heavy ion
bombardment by nuclear physicists.

(b)—

Product Development

The design and development of a new product will often depend upon establishing alink between its
chemical composition and its physical properties or performance. Typical examples are the
development of alloys and of polymer composites.

(©—
Product Quality Control

Most manufacturing industries require a uniform product quality. To ensure that this requirement is
met, both raw materials and finished products are subjected to extensive chemical analysis. On the one
hand, the necessary constituents must be kept at the optimum levels, while on the other impurities such
as poisons in foodstuffs must be kept below the maximum allowed by law.

(d)—

Monitoring and Control of Pollutants

Residual heavy metals and organo-chlorine pesticides represent two well-known pollution problems.
Sensitive and accurate analysisis required to enable the distribution and level of apollutant in the
environment to be assessed and routine chemical analysisisimportant in the control of industrial
effluents.

(69—
Assay

In commercial dealings with raw materials such as ores, the value of the oreis set by its metal content.
Large amounts of material are often involved, so that taken overall small differencesin concentration
can be of considerable commercial significance. Accurate and reliable chemical analysisisthus
essential.
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(f)—
Medical and Clinical Studies

The levels of various elements and compounds in body fluids are important indicators of physiological
disorders. A high sugar content in urine indicating a diabetic condition and lead in blood are probably
the most well-known examples.

Analytical Problemsand Their Solution

The solutions of all analytical problems, both qualitative and quantitative, follow the same basic
pattern. This may be described under seven genera headings.

—
Choice of Method

The selection of the method of analysisisavital step in the solution of an analytical problem. A choice
cannot be made until the overall problem is defined, and where possible a decision should be taken by
the client and the analyst in consultation. Inevitably, in the method selected, a compromise hasto be
reached between the sensitivity, precision and accuracy desired of the results and the costs involved.

For example, X-ray fluorescence spectrometry may provide rapid but rather imprecise quantitative
results in atrace element problem. Atomic absorption spectrophotometry, on the other hand, will supply
more precise data, but at the expense of more time-consuming chemical manipulations.

2—
Sampling

Correct sampling is the cornerstone of reliable analysis. The analyst must decide in conjunction with
technological colleagues how, where, and when a sample should be taken so as to be truly
representative of the parameter that isto be measured.

)—

Preliminary Sample Treatment

For quantitative analysis, the amount of sample taken is usually measured by mass or volume. Where a
homogeneous sample already exists, it may be subdivided without further treatment. With many solids
such as ores, however, crushing and mixing are prior requirements. The sample often needs additional
preparation for analysis, such as drying, ignition and dissolution.

(4)—

Separations

A large proportion of analytical measurements is subject to interference from other constituents of the
sample. Newer methods increasingly employ instrumental techniques to distinguish between analyte
and interference signals. However, such distinction is not always possible and sometimes a selective
chemical reaction can be used to mask the interference. If this approach fails, the separation of the
analyte from the interfering component will become necessary. Where quantitative measurements are to
be
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made, separations must also be quantitative or give a known recovery of the analyte.

®)—

Final Measurement

This step is often the quickest and easiest of the seven but can only be as reliable as the preceding
stages. The fundamental necessity is aknown proportionality between the magnitude of the
measurement and the amount of analyte present. A wide variety of parameters may be measured (Table
1.2).

Table1.1 A general classification of important analytical techniques

Group Property measured

gravimetric weight of pure analyte or of a stoichiometric compound containing it

volumetric volume of standard reagent solution reacting with the analyte

spectrometric intensity of electromagnetic radiation emitted or absorbed by the
anayte

electrochemical electrical properties of analyte solutions

radiochemical intensity of nuclear radiations emitted by the analyte

mass spectrometric abundance of molecular fragments derived from the analyte

chromatographic physico-chemical properties of individual analytes after separation

thermal physico-chemical properties of the sample asit is heated and cooled

(6)—

Method Validation

It is pointless carrying out the analysis unless the results obtained are known to be meaningful. This can
only be ensured by proper validation of the method before use and subsequent monitoring of its
performance. The analysis of validated standards is the most satisfactory approach. Validated standards
have been extensively analysed by avariety of methods, and an accepted value for the appropriate
analyte obtained. A standard should be selected with amatrix similar to that of the sample. In order to
ensure continued accurate analysis, standards must be re-analysed at regular intervals.

(n—

The Assessment of Results

Results obtained from an analysis must be assessed by the appropriate statistical methods and their
meaning considered in the light of the original problem.

The Natur e of Analytical Methods

It is common to find analytical methods classified as classical or instrumental, the former comprising
‘wet chemical' methods such as gravimetry and titrimetry. Such a classification is historically derived
and
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largely artificia asthereis no fundamental difference between the methods in the two groups. All
involve the correlation of a physical measurement with the analyte concentration. Indeed, very few
analytical methods are entirely instrumental, and most involve chemical manipulations prior to the
instrumental measurement.

A more satisfactory general classification is achieved in terms of the physical parameter that is
measured (Table 1.1).

Trendsin Analytical Methods and Procedures

Thereis constant development and change in the techniques and methods of analytical chemistry. Better
instrument design and afuller understanding of the mechanics of analytical processes enable steady
Improvements to be made in sensitivity, precision, and accuracy. These same changes contribute to
more economic analysis as they frequently lead to the elimination of time-consuming separation steps.
The ultimate development in this direction is a non-destructive method, which not only saves time but
leaves the sample unchanged for further examination or processing.

The automation of analysis, sometimes with the aid of laboratory robots, has become increasingly
important. For example, it enables a series of bench analyses to be carried out more rapidly and
efficiently, and with better precision, whilst in other cases continuous monitoring of an analytein a
production processis possible. Two of the most important devel opments in recent years have been the
incorporation of microprocessor control into analytical instruments and their interfacing with micro-
and minicomputers. The microprocessor has brought improved instrument control, performance and,
through the ability to monitor the condition of component parts, easier routine maintenance. Operation
by relatively inexperienced personnel can be facilitated by simple interactive keypad dialogues
including the storage and re-call of standard methods, report generation and diagnostic testing of the
system. Microcomputers with sophisticated data handling and graphics software packages have likewise
made a considerable impact on the collection, storage, processing, enhancement and interpretation of
analytical data. Laboratory Information and Management Systems (LIMYS), for the automatic logging of
large numbers of samples, Chemometrics, which involve computerized and often sophisticated
statistical analysis of data, and Expert Systems, which provide interactive computerized guidance and
assessments in the solving of analytical problems, have all become important in optimizing chemical
analysis and maximizing the information it provides.

Analytical problems continue to arise in new forms. Demands for analysis at 'long range' by instrument
packages steadily increase. Space probes, 'borehole logging' and deep sea studies exemplify these
requirements. In other fields, such as environmental and clinical studies, there isincreasing recognition
of the importance of the exact chemical form of an element in a sample rather than the mere level of its
presence. Two well-known
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examples are the much greater toxicity of organo-lead and organo-mercury compounds compared with
their inorganic counterparts. An identification and determination of the element in a specific chemical
form presents the analyst with some of the more difficult problems.

Glossary of Terms

Thefollowing list of definitions, though by no means exhaustive, will help both in the study and
practice of analytical chemistry.

Accuracy
The closeness of an experimental measurement or result to the true or accepted value (p. 13).
Analyte

Constituent of the sample which isto be studied by quantitative measurements or identified
qualitatively.

Assay

A highly accurate determination, usually of avaluable constituent in amaterial of large bulk, e.g.
minerals and ores. Also used in the assessment of the purity of a material, e.g. the physiologically active
constituent of a pharmaceutical product.

Background

That proportion of a measurement which arises from sources other than the analyte itself. Individual
contributions from instrumental sources, added reagents and the matrix can, if desired, be evaluated

separately.
Blank

A measurement or observation in which the sample is replaced by a simulated matrix, the conditions
otherwise being identical to those under which a sample would be analysed. Thus, the blank can be
used to correct for background effects and to take account of analyte other than that present in the
sample which may be introduced during the analysis, e.q. from reagents.

Calibration

(1) A procedure which enables the response of an instrument to be related to the mass, volume or
concentration of an analyte in a sample by first measuring the response from a sample of known
composition or from a known amount of the analyte, i.e. astandard. Often, a series of standardsis used
to prepare a calibration curve in which instrument response is plotted as a function of mass, volume or
concentration of the analyte over a given range. If the plot islinear, a calibration factor
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(related to the slope of the curve) may be calculated. This facilitates the rapid computation of results

without reference to the original curve.

(2) Determination of the accuracy of graduation marks on volumetric apparatus by weighing measured
volumes of water, or determinations of the accuracy of weights by comparison with weights whose
value is known with a high degree of accuracy.

Concentration

The amount of a substance present in a given mass or volume of another substance. The abbreviations
w/w, w/v and v/v are sometimes used to indicate whether the concentration quoted is based on the
weights or volumes of the two substances. Concentration may be expressed in severa ways. These are

shownin Table 1.2.

Table 1.2 Alternative methods of expressing concentration*

Units
moles of solute per dm3

equivalents of solute per dm3

milli-equivalents of solute per dm3

grams of solute per dm3
parts per million

milligrams of component per kg

milligrams of solute per dm3
parts per billion

nanograms of component per kg
nanograms of solute per dm3
parts per trillion

picograms of component per kg
picograms of solute per dm3

parts per hundred

millimoles of solute per 100 cm3

grams of solute per 100 cm3

milligrams of solute per 100 cm3
micrograms of solute per 100 cm3

nanograms of solute per 100 cm3

micrograms of solute per em’ }
MICTHECAMS PET £ram

nanograms of solute per om® ]
MANOETATS PEC ram
picograms of solute per cm? }
PICOECAMS Per gram

Name and symbol
mol dm~3, M
normal, N

meq dm-—3

g dm-3

ppm (9

mg kg

mg dm=3

ppb

ng kg

ng dm=3

ppt

pg kg

pg dm—3

% (wiw, wiv, v/v)
mM %

o%

mg%

Hg%

ng%

= ppin
= ppb

= ppt

* The table includes most of the methods of expressing concentration that are in current



use, although some are not consistent with Sl.
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Constituent

A component of asample; it may be further classified as:

major > 10%

minor 0.01-10%

trace 1-100 ppm (0.0001-0.01%)
ultratrace <1ppm

Detection Limit

The smallest amount or concentration of an analyte that can be detected by a given procedure and with
agiven degree of confidence (p. 25).

Determination

A gquantitative measure of an analyte with an accuracy of considerably better than 10% of the amount
present.

Equivalent

That amount of a substance which, in a specified chemical reaction, produces, reacts with or can be
indirectly equated with one mole (6.023 x 10%) of hydrogen ions. This confusing term is obsol ete but
itsuse is still to be found in some analytical laboratories.

Estimation

A semi-quantitative measure of the amount of an analyte present in a sample, i.e. an approximate
measurement having an accuracy no better than about 10% of the amount present.

I nterference

An effect which alters or obscures the behaviour of an analyte in an analytical procedure. It may arise
from the sample itself, from contaminants or reagents introduced during the procedure or from the
instrumentation used for the measurements.

I nternal Standard

A compound or element added to all calibration standards and samples in a constant known amount.
Sometimes a major constituent of the samples to be analysed can be used for this purpose. Instead of
preparing a conventional calibration curve of instrument response as a function of analyte mass, volume
or concentration, a response ratio is computed for each calibration standard and sample, i.e. the
instrument response for the analyte is divided by the corresponding response for the fixed amount of
added internal standard. Ideally, the latter will be the same for each pair of measurements but variations
in experimental conditions may alter the responses of both analyte and internal standard. However, their
ratio should be unaffected and should therefore be a more reliable function of



Page 10

the mass, volume or concentration of the analyte than its response alone. The analytein asampleis
determined from its response ratio using the calibration graph and should be independent of sample
sze.

Masking

Treatment of a sample with areagent to prevent interference with the response of the analyte by other
constituents of the sample (p. 40).

Matrix

The remainder of the sample of which the analyte forms a part.
Method

The overall description of the instructions for a particular analysis.
Precision

The random or indeterminate error associated with a measurement or result. Sometimes called the
variability, it can be represented statistically by the standard deviation or relative standard deviation
(coefficient of variation) (p. 14).

Primary Standard

A substance whose purity and stability are particularly well established and with which other standards
may be compared.

Procedure

A description of the practical stepsinvolved in an analysis.

Reagent

A chemical used to produce a specified reaction in relation to an analytical procedure.
Sample

A substance or portion of a substance about which analytical information is required.
Sensitivity

(1) The change in the response from an analyte relative to a small variation in the amount being
determined. The sensitivity isequal to the slope of the calibration curve, being constant if the curveis
linear.

(2) The ability of amethod to facilitate the detection or determination of an analyte.



Standard

Page 11

(1) A pure substance which reacts in a quantitative and known stoichiometric manner with the analyte or

areagent.

(2) The pure analyte or a substance containing an accurately known amount of it which is used to

calibrate an instrument or to standardize a reagent solution.

Standard Addition

A method of quantitative analysis whereby the response from an analyte is measured before and after
adding a known amount of that analyte to the sample. The amount of analyte originally in the sampleis
determined from a calibration curve or by simple proportion if the curve islinear. The main advantage

of the method is that all measurements of the analyte are made

Table 1.3 Physical quantities and unitsincluding Sl and CGS

Physical quantity
length, |

mass, m
time, t

energy, E

thermodynamic
temperature, T

amount of substance, n

force, F

volume, V

electric current, | or i

electric potential difference,

E

electric resistance, R
electric conductance, G

quantity of electricity, Q

electric capacitance, C

frequency, n

S

Unit
metre
kilogram
second

joule

kelvin

mole
newton
cubic metre
cubic
decimetre
ampere

volt

ohm
siemens
coulomb
farad
hertz

Symbol

m
kg

S

mol

m3

dm3

Hz

CGS

Unit
centimetre
gram

second

erg

electron volt
calorie

kelvin

mole
dyne

cubic centimetre

litre
ampere

volt

ohm
mho
coulomb
farad

cycles per second

Symbol

cps



wavenumber, s ¥

wavelength, |

magnetic flux density, B

disintegration rate

nuclear cross-sectional area

metre
millimetre
micrometre

nanometre

tesla
curie
becquerel

barn

mm
um

nm

reciprocal centimetre

centimetre
millimetre
micron
millimicron
Angstrém
gauss

curie

barn

on-1

mm

my
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in the same matrix which eliminates interference effects arising from differencesin the overall
composition of sample and standards (pp. 30, 114).

Standardization

Determination of the concentration of an analyte or reagent solution from its reaction with a standard or
primary standard.

Technique
The principle upon which a group of methods is based.
Validation of Methods

In order to ensure that results yielded by a method are as accurate as possible, it is essential to validate
the method by analysing standards which have an accepted analyte content, and a matrix similar to that
of the sample. The accepted values for these validated standards are obtained by extensive analysis,
using arange of different methods. Internationally accepted standards are available.

Physical quantities relevant to analytical measurements and the units and symbols used to express them
aregivenin Table 1.3. Both SI and CGS units have been included because of current widespread use of
the latter and for ease of comparison with older literature. However, only the SI nomenclature is now
officially recognized and the use of the CGS system should be progressively discouraged.

Further Reading

Skoog, D. A. & West, D. M., Fundamentals of Analytical Chemistry (4th edn), CBS College
Publishing, New Y ork, 1982.
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2—
The Assessment of Analytical Data

A critical attitude towards the results obtained in analysisis necessary in order to appreciate their
meaning and limitations. Precision is dependent on the practical method and beyond a certain degree
cannot be improved. Inevitably there must be a compromise between the reliability of the results
obtained and the use of the analyst'stime. To reach this compromise requires an assessment of the
nature and origins of errors in measurements; relevant statistical tests may be applied in the appraisal of
the results. With the devel opment of microcomputers and their ready availability, access to complex
statistical methods has been provided. These complex methods of data handling and analysis have
become known collectively as chemometrics.

21—
Definitions and Basic Concepts

True Result

The 'correct’ value for a measurement which remains unknown except when a standard sample is being
analysed. It can be estimated from the results with varying degrees of precision depending on the
experimental method.

Accuracy
The nearness of a measurement or result to the true value. Expressed in terms of error.
Error

The difference between the true result and the measured value. It is conveniently expressed as an
absolute error, defined as the actual difference between the true result and the experimental value in the
same units. Alternatively, therelative error may be computed, i.e. the error expressed as a percentage
of the measured value or in 'parts per thousand'.

Mean

The arithmetic average of areplicate set of results.
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Median
The middle value of areplicate set of results.
Degree of Freedom

An independent variable. The number of degrees of freedom possessed by areplicate set of results
equals the total number of resultsin the set. When another quantity such as the mean is derived from the
set, the degrees of freedom are reduced by one, and by one again for each subsequent derivation made.
Precision

The variability of a measurement. Asin the case of error, above, it may be expressed as an absol ute or
relative quantity. Standard deviations are the most valuable precision indicators (vide infra).

Spread

The numerical difference between the highest and lowest resultsin a set. It is a measure of precision.
Deviation (e.g. From the Mean or Median)

The numerical difference, with respect to sign, between an individual result and the mean or median of
the set. It is expressed as arelative or absolute value.

Standard Deviation, S
A vauable parameter derived from the normal error curve (p. 16) and expressed by:

N 4
: (x =)

g = T {21}

where x isameasured result, [ is the true mean and N is the number of results in the set. Unfortunately,

1 is never known and * the mean derived from the set of results has to be used. In these circumstances
the degrees of freedom are reduced by one and an estimate of the true standard deviation is calculated
from:

PN A
Ell:fr'—x]'“
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A better estimate of the standard deviation may often be obtained by the pooling of results from more
than one set. Thus, s may be calculated from K sets of data.

My My s Ny 2 }
Dl — B + B = R) +. . (%~ Ex)
5= e =1 i=1 {2“3:'

M-K

whereM =N, + N, + . .. N,. One degree of freedom is lost with each set pooled. A common
requirement is the computation of the pooled value for two sets of dataonly. In this case the simplified
eguation (2.4) may conveniently be used:

& =[(n — 1)s + (ma — 1) 53] /(m + 12 - 2) (2.4)

Standard deviations for results obtained by the arithmetic combination of datawill be related to the
individual standard deviations of the data being

Table2.1 Standard deviations from arithmetically combined data

Arithmetic quantity Standard deviation
x e
¥ Ty
1ix o
Xy (o + ot
'S Io.x
P o2t
xy (o + o)t
xly x/ylio2lyt + oy

combined. The exact relation will be determined by the nature of the arithmetic operation (Table 2.1).

The Relative Standard Deviation

Also known as the coefficient of variation {5 100/%) , thisis often used in comparing precisions.

Variance

The square of the standard deviation (S? or s°). Thisis often of practical use as the values are additive,

= 2
e.g. siﬂ'—.z... = SE + 55+ 522 e
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2.2—
The Natureand Origin of Errors

On the basis of their origin, errors may usually be classified asdeterminate or indeterminate. The first
are those having avalue which is (in principle at |east) measurable and for which a correction may be
made. The second fluctuate in arandom manner and do not have a definite measurable value.

Determinate errors may be constant or proportional. The former have afixed value and the latter
increase with the magnitude of the measurement. Thus their overall effects on the results will differ.
These effects are summarized in Figure 2.1. The errors usually originate from one of three mgjor
sources. operator error; instrument error; method error. They may be detected by blank determinations,
the analysis of standard samples, and independent analyses by alternative and dissimilar methods.
Proportional variation in error will be revealed by the analysis of samples of varying sizes. Proper
training should ensure that operator errors are eliminated. However, it may not always be possible to
eliminate instrument and method errors entirely and in these circumstances the error must be assessed
and a correction applied.

positive proportional error

true result

negative constant
error

magnitude of megsuremeant=#

sample sizgg —

Figure 2.1
The effects of constant and
proportional errorson a
measurement of concentration.

Indeterminate errors arise from the unpredictable minor inaccuracies of the individual manipulationsin
aprocedure. A degree of uncertainty is introduced into the result which can be assessed only by
statistical tests. The deviations of a number of measurements from the mean of the measurements
should show a symmetrical or Gaussian distribution about that mean. Figure 2.2 represents this
graphically and is known as a normal error curve. The general equation for such acurveis

_exp [~(x — /207

o(2n)t ik

where pisthe mean and s isthe standard deviation. The width of the curve is determined by s, which
isauseful measure of the spread or precision of a set of results, and is unique for that set of data. An
interval of p £ s will contain 68.3% of the statistical sample, whilst theintervals p + 2s and g + 3s will
contain 95.5% and 99.7% respectively.
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Figure 2.2

Normal error curves. (a) Curve (a) shows anormal distribution about the true
value. Curve (b) shows the effect of a determinate error on the normal
distribution. (b) Curves showing the results of the analysis of a sample by
two methods of differing precision. Method A is the more precise, or reliable.

2.3—
The Evaluation of Results and M ethods

A set of replicate results should number at least twenty-fiveif it isto be atruly representative 'statistical
sampl€'. The analyst will rarely consider it economic to make this number of determinations and
therefore will need statistical methods to enable him to base his assessment on fewer data, or data that
have been accumulated from the analysis of similar samples. Any analytical problem should be
examined at the outset with respect to the precision, accuracy and reliability required of the results.
Analysis of the results obtained will then be conveniently resolved into two stages — an examination of
the reliability of the results themselves and an assessment of the meaning of the results.

The Reliability of M easurements

When considering the reliability of the results, any determination which deviates rather widely from the
mean should be first investigated for gross experimental or arithmetic error. Except in cases where such
errors are reveal ed, questionable data should only be rejected when a proper statistical test has been
applied. This process of data rejection presents the analyst with an apparent paradox. If the limits for
acceptance are set too narrowly, results which are rightly part of a statistical sample may be rejected
and narrow limits may therefore only be applied with alow confidence of containing all statistically
relevant determinations. Conversely wide limits may be used with a high confidence of including all
relevant data, but at arisk of including some that have been subject to gross error. A practical
compromiseisto set limits at a confidence level of 90% or 95%.

There are two criteriawhich are commonly used to gauge the rejection of results. Of these, the most
convenient to useis based on the * 2% interval
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which contains 95.5% of the relevant measurements. Some workers believe this limit istoo wide, and
regard the Q-test at a 90% confidence level to be a more acceptable alternative. A rejection quotient Q
is defined as

Q = (Xn = Xp-1}/( Xy — 31} (2.6)
where X, is the questionable result in aset X, X,, X, . . . , X,. Qiscaculated for the questionable data and
compared with atable of critical values (Table 2.2). The result isregjected if Q (experimental) exceeds Q
(critical).

Table 2.2 Critical values of Q at the 90% confidence level

Number of results Q,;, (90% confidence)
2 —
3 0.94
4 0.76
5 0.64
6 0.56
7 0.51
g 0.47
g 0.44
10 041

The Analysis of Data

Once the reliability of areplicate set of measurements has been established the mean of the set may be
computed as a measure of the true mean. Unless an infinite number of measurements is made this true
mean will always remain unknown. However, the t-factor may be used to calculate a confidence
interval about the experimental mean, within which there is a known (90%) confidence of finding the
true mean. The limits of this confidence interval are given by:

X+ ts/N? (2.7)

where * isthe experimental mean, t is a statistical factor derived from the normal error curve (valuesin
Table 2.3), sisthe estimated standard deviation and N is the number of results.

Example 2.1
If the analysis of a sample for iron content yields a mean result of 35.40% with a standard deviation of

0.30%, the size of the confidence interval will vary inversely with the number of measurements made.
For two measurements, the confidence interval (90%) is

35.40 + 631 = 0.30 = 27} = 35.40% + 1.34%



and for five measurements

35.40 4 2.13 3 0.30 x 57F = 35 40% + 0.20%

(N.B. s has been derived from the set of dataand N — 1 degrees of freedom



Table 2.3 Values of tfor various levels of probability

Degrees of freedom 80
1 3.08
2 1.89
3 164
4 153
5 148
6 144
7 142
8 140
9 1.38

10 1.37
11 1.36
12 1.36
13 1.35
14 1.34
v 1.29

Confidence level (%)

0
6.31

292
235
213
2.02
1.94
1.90
1.86
183
181
1.80
1.78
177
176
164

9%
12.7

4.30
3.18
2.78
257
245
2.36
231
2.26
2.23
2.20
2.18
2.16
214

1.96

63.7
9.92

584
4.60
4.03
371
350
3.36
3.25
317
311
3.06
301
2.98

2.58
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99.9
637
31.6

129
8.60
6.86
5.96
5.40
504
4.78
4.59
444
4.32
4.22
414

3.29

are used in evaluating t.) The essential conclusion, here, isthat five analyses at most are required to get a

reasonabl e estimate of the true mean.

When a comparison of two separate replicate sets of datais required, the first stage is normally to
compare their respective precisions by means of the F-test. This test uses the ratio of the variances of the

two sets to establish any statistically significant difference in precision. F is calculated from

F=5/5 28)

(By convention the larger variance is always taken as numerator.) The value of F thus obtained is
compared with critical values computed on the assumption that they will be exceeded purely on a
probability basisin only 5% of cases (Table 2.4). When the experimental value of F exceeds the critical
value then the difference in variance or precision is deemed to be statistically significant.

Table2.4 Critical valuesfor F at the 5% level

Degrees of freedom
(denominator) 3 4

3 9.28 9.12
4 6.59 6.39

Degrees of freedom (numerator)

5
9.01

6.26

6
8.94

6.16

12
8.74

591

20
8.64

5.80

¥
8.53

5.63



»

20

541
4.76
3.49
3.10
2.60

519
4.53
3.26
2.87
2.37

5.05
4.39
311
271
221

4.95
4.28
3.00
2.60
2.10

4.68
4.00
2.69
2.28

175

4.56
3.87
254
212

157

4.36
3.67
2.30
184
1.00
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Having established that the standard deviations of two sets of data agree at a reasonable confidence
level it is possible to proceed to a comparison of the mean results derived from the two sets, using the t-
test in one of itsforms. Asin the previous case, the factor is calculated from the experimental set of
results and compared with the table of critical values (Table 2.3). If t_ exceeds the critical value for the
appropriate number of degrees of freedom, the difference between the meansis said to be significant.
When there is an accepted value for the result based on extensive previous analysis t is computed from
eguation (2.9)

t = [(x - p)/s|NE (2.9)

where * isthe mean of the experimental set, 1 the accepted value, s the experimental standard
deviation and N the number of results.

If there is no accepted value and two experimental means are to be compared, t can be obtained from
eguation (2.10) with (M + N — 2) degrees of freedom.

t=|(® - 7)/s|[MN/M + N)} (210)
where ¥ isthe mean of M determinations, ¥ the mean of N determinations and s the pooled standard
deviation (equation (2.3)).

The Application of Statistical Tests

Table 2.5, together with the subsequent worked examples, illustrates the application of the statistical
tests to real laboratory situations. Equation (2.10) is asimplified expression derived on the assumption
that the precisions of the two sets of data are not significantly different. Thus the application of the F-
test (equation (2.8)) isa prerequisite for its use. The evaluation of t in more general circumstancesis of
course possible, but from a much more complex expression requiring tedious cal cul ations. Recent and
rapid developments in desk top computers are removing the tedium and making use of the general
expression more acceptable. The references at the end of the chapter will serve to amplify this point.

Example 2.2

In aseries of replicate analyses of a sample the following data (%) were obtained:

4200 7.01 7.31 7.54 7.55 7.58 7.59

In the assessment of these data for reliability the first step of arranging them in rank order has been
carried out.

On ingpection 4.20 is rejected as having agross error, and 7.01 is seen as questionable and requiring to
be tested by the Q-test.

7.31-7.01 0.52

Qup =555 701 ~ >



Table2.5 Some practical problems with relevant statistical tests

Practical problems

Oneresult in areplicate set differs rather widely from therest. Isit a
significant result?

Two operators analysing the same sample by the same method obtain results
with different spreads. Is there a significant difference in precision between
the results?

A new method of analysisis being tested by the analysis of a standard sample
with an accurately known composition. Is the difference between the
experimental value and the accepted value significant?

Two independent methods of analysis have been used to analyse a sample of
unknown composition. Is the difference between the two results significant
and thus indicative of an error in one method?

With what confidence can the mean of a set of experimental results be quoted
as ameasure of the true mean?

If the standard deviation for a method is known, how many results must be
obtained to provide a reasonable estimate of the true mean?

|s adeterminate error fixed or proportional ?
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Relevant tests

Examine for gross error. Apply Q-test
(eguation (2.6))

Examine data for unreliable results. Apply
F-test (equation (2.8))

Examine data for unreliable results. Apply
t-test (equation (2.9))

Examine data for unreliable results.
Establish that both sets have similar
precisions by F-test. Apply T-test (equation
(2.10)

Calculate the confidence interval (equation

(2.7))

Use the confidence interval method
(eguation (2.7))

Graphical plot of results against sample
weight (Figure 2.1)

Comparison with critical valuesin Table 2.2 shows Q,, for 6 resultsto be 0.56. ThusQ,, < Q_, and 7.01

IS retained.

Example 2.3

The accepted value for the chloride content of a standard sample obtained from extensive previous
analysisis 54.20%. Five analyses of the same sample are carried out by a new instrumental procedure,
54.01, 54.24, 54.05, 54.27, 54.11% being the results obtained. |s the new method giving results

consistent with the accepted value?

(a) A preliminary examination shows no unreliable results.

(b) The mean and the standard deviations are then calculated (equation (2.2)).

X (x ~3) (e -z
54.01 -0.13 0.0169 s=(0.0528/4)v2 = 0.115
54.24 +0.10 0.0100
54.05 -0.09 0.0089
54.27 +0.13 0.0169
54.11 —0.03 0.0009
Sx = 270.68 £z - 7
¥=5414 =0.0528
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(c) Equation (2.9) is then applied to compare the means

¢ = [(54.20 — 54.14)/0.115]5¢
= 0.06 x 2.236/0.115 = 1.17

From t-criteriathe confidence level for this difference to be significant is less than 80%.
Conclusion: The new instrumental method is giving the same results as the accepted method.
Example 2.4

The technique of atrainee operator is being assessed by comparing his results with those obtained by an
experienced operator. Do the results obtained indicate a significant difference between the skill of the
two operators?

The trainee operator carried out six determinations yielding a mean of 35.25% with a standard deviation
of 0.34%. The experienced operator obtained a mean of 35.35% and a standard deviation of 0.25% from
five determinations.

(a) The F-test is used to compare the standard deviations (equation (2.8))
Frpp = 03470257 = 1.85

F.. from Table 2.4 is 6.26 and there is no significant difference in the standard deviations (at the 95%
level).

(b) Equation (2.10) now enables the two means to be compared. If s isfirst computed from the pooled
data (equation (2.3)) and found to be 0.29% then

¢ = [(35.35 — 35.25)/0.29](30,/11)*
= 0.57

Conclusion: The probability of the difference in means being significant is very low, and thereis no
difference between the skill of the two operators.

Example 2.5

In an investigation of a determinate error a series of replicate measurements were made using a range of
sample weights. The results obtained are tabulated below.

Sample weight/g Analyte/%
0.113 9.67
0.351 9.96
0.483 10.04
0.501 10.03
0.711 10.09

0.867 10.12



0.904 10.13

In order to decide whether the error is constant or proportional plot agraph
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of results against sample weight. Take care in selecting the scale to ensure that the trends are not
obscured. The graph (Figure 2.3) shows clearly that the error is negative and constant (see Figure 2.1).

10,21
101 4
10.0 4
9.9 1
9.8 4

analyle f %

8.7 4
2.5 4

8.5 4

a4 e —= -

0 01 02 03 04 05 06 07 08 08 1.0
sample weight / g

Figure 2.3
Plot of analyte content against sample weight to
investigate a determinate error.

The estimation of the overall precision of a method fromits unit operations A frequent problem in
anaysisisthe estimation of the overall precision of a method before it has been used or when
insufficient data are available to carry out a statistical analysis. In these circumstances the known
precision limits for the unit operations of the method (volume measurement, weighing, etc.) may be
used to indicate its precision. Table 2.6 gives the normal precision limits for 'Grade A' volumetric
equipment.

If the absolute standard deviations for a set of unit operationsare a, b, c, . . ., then s, the overal
standard deviation for the method is given by:

s=(@+b0++...) (2.11)
when the individual measurements are combined as a sum or difference (Table 2.1). Conveniently, the
relative standard deviations may be used to express the overall standard deviation when the individual

measurements are combined as a product or quotient.

ss={@ + b +E+. . ) (2.12)

Example 2.6

Consider as an example the standardization of a solution of hydrochloric acid by titration against a
weighed amount of sodium carbonate. The strength of the hydrochloric acid will be computed from



Table 2.6 Precision limits for laboratory equipment used in volumetric analysis
burettes + 0.02 cm3 for each reading
pipettes (to deliver) (5 £ 0.01) cm?
(10 + 0.02) cm?3
(25 + 0.03) cm?
(50 + 0.05) cm?®
(100 + 0.08) cm3
volumetric flasks (to contain) (25 + 0.03) cm3
(50 + 0.05) cm3
(100 + 0.08) cm3
(250 + 0.12) cm3
(500 + 0.15) cm3
(1 000 + 0.30) cm3

(2 000 + 0.50) cm?3

analytical balances (to weigh to) +0.0001 g

weight of NayCO; _ 2M,(HCl)

concentration of HCl = vol of HCl used M, {(Na;CO3)

where M, represents the relative molecular mass of the compound.

Theresults of an analysis are as follows:

weight of bottle + Na,CO, (1) 16.254 1+ 0.0001 g
weight of bottle + Na,CO, (2) 16.041 9+ 0.0001 g
weight of Na,CO, used 0.2122

final burette reading 45.21 + 0.02 cm3

initial burette reading 0.52 + 0.02 cm3
volume of HCl used 44.69 cm?

The overall precision of the weighing is now computed using equation (2.11).

5= [(0.0001) + (0.0001)%) = 0.000 14¢

Pege 24



The relative standard deviation for the weighing is then
(L00014/0.2122 = 0,000 66 i.e. aboutl 0.07%

Similarly, the overall precision of the volume measurement is obtained. An alowance for the
uncertainty in the colour change observation at the end point must be included (e.g. + 0.03 cm3).

Thus

5 = [[0.0203+(0.02)* + (0.037%} = 0.041 cm®

whence the relative standard deviation is

0414469 = 002 ie about (0.09%
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Finally, the estimated precision for the determination of the concentration of hydrochloric acid is
obtained using equation (2.12).

s = [(0.07) + {009 = 0.11%

One important point to remember is that the absolute standard deviations for the unit processes are
constant, but the relative standard deviations will decrease with the magnitude of the sample and the
titre. In other words, within limits the larger the sampl e taken the better the precision of the results.

Significant Figures

Results are normally given to a certain number of significant figures. All the digitsin a number that are
known with certainty plus the first that is uncertain, constitute the significant figures of the number. In
the case of azero it istaken as significant when it is part of the number but not where it merely
indicates the magnitude. Thus aweight of 1.0421 g which is known within the limits of + 0.0001 g has
five significant figures whilst one of 0.0421 g which is known within the same absolute limits has only
three. When a derived result is obtained from addition or subtraction of two numbers, its significant
figures are determined from the absolute uncertainties. Consider the numbers 155.5 + 0.1 and 0.085 +
0.001 which are added together to give 155.585. Uncertainty appears at the fourth digit, whence the
result should be rounded off to 155.6. If the derived result is a product or quotient of the two quantities,
the relative uncertainty of the least certain quantity dictates the significant figures. 0.085 has the
greatest relative uncertainty at 12 parts per thousand. The product 155.5 x 0.085 = 13.3275 has an
absolute deviation of 13.3275 x 0.012 = 0.16. Uncertainty thus appears in the third digit and the result is
rounded off to 13.3.

Limits of Detection

It isimportant in analysis at trace levels to establish the smallest concentration or absolute amount of an
analyte that can be detected. The problem is one of discerning a difference between the response given
by a'blank’ and that given by the sample, i.e. detecting aweak signal in the presence of background
noise. All measurements are subject to random errors, the distribution of which should produce a
normal error curve. The spread of replicate measurements from the blank and from the sample will
therefore overlap as the two signals approach each other in magnitude. It follows that the chances of
mistakenly identifying the analyte as present when it is not, or vice versa, eventually reach an
unacceptable level. The detection limit must therefore be defined in statistical terms and be related to
the probability of making awrong decision.

Figure 2.4(a) shows normal error curves (B and S) with true means 1, and | for blank and sample

measurements respectively. It is assumed that for measurements made close to the limit of detection, the
standard
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deviations of the blank and sample are the same, i.e. S, =S¢ =S. In most cases, a 95% confidence level

isareadlistic basisfor deciding if a given response arises from the presence of the analyte or not, i.e.
there is a5% risk in reporting the analyte 'detected’ when it is not present and vice versa. Thus, point L
on curve B represents an upper limit above which only 5% of blank measurements with true mean p,
will lie, whilst point L on curve S represents alower limit below which only 5% of sample
measurements with true mean p will lie. If s now approaches i, until points L on each curve coincide

(Figure 2.4(b)), the point of coincidence represents the practical detection limit for asingle
measurement, i.e. if ameasurement fallsat or below L, it has a 95% probability of arising from
background sources or random noise only, whilst if it falls above L it has a 95% probability of arising
from the presence of the analyte. Furthermore, it follows that p, must now represent the theoretical

detection limit because a true mean lying below p would have anormal distribution with more than 5%
of values below L. Because the chances of making an incorrect decision were chosen to be equal in this

case (5% probability), then psis given by
ns =2L (2.13)

Individual practical results falling between L and pg must be regarded as 'detected' but should be
reported as 'less than .

The value of L and hence of p isrelated to s and is given by

L =g + 1.640 (2.14)
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Figure 2.4
Normal error curves for blank B and sample S measurements.
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where alarge number of blanks (preferably more than 20) have been measured or

L =y +2.330c (2.15)

where a smaller number of paired measurements of sample and blank have been made.

Example 2.7

The determination of iron at trace levels can be accomplished by the spectrophotometric measurement
of its complex with the reagent o-phenanthroline. The sensitivity of a particular method is 53 ppm per
unit absorbance and the standard deviation of the blank estimated from 25 measurements is 0.002 of an

absorbance unit. The practical detection limit is therefore 1.64s , or 0.0033 of an absorbance unit which

correspondsto 0.17 ppm, and the theoretical detection limit is 3.28s, or 0.0066 of an absorbance unit
which corresponds to 0.35 ppm. (The value of ; in this caseis assumed to be zero.) Hence if aresult is

less than 0.17 ppm, the conclusion isthat iron is'not detected'. If the value lies between 0.17 ppm and
0.35 ppm, the iron content should be reported as 'less than 0.35 ppm'.

Quality Control Charts

Chemical analysis finds important applications in the quality control of industrial processes. In an ideal
situation a continuous analysis of the process stream is made and some aspects of this are discussed in
Chapter 12. However, such continuous analysis is by no means always possible, and it is common to
find a process being monitored by the analysis of separate samplestaken at regular intervals. The
analytical datathus obtained need to be capable of quick and simple interpretation, so that rapid
warning is availableif aprocessis going out of control and effective corrective action can be taken.
One method of data presentation which isin widespread use is the control chart. A number of types of
chart are used but where chemical data are concerned the most common types used are Shewhart charts
and cusum charts. Only these types are discussed here. The charts can also be used to monitor the
performance of analytical methods in analytical laboratories.

Shewhart Charts

In an explanation of the construction and operation of control chartsit is helpful to consider asimple
example such as the mixing of two materialsin a process stream. It isimportant to recognize that there
are two aspects of the composition of the process stream which need to be controlled. Firstly, the
overall composition of the mixture may be assessed by averaging the results on a run of about five
samples and plotting the results on an averages chart. Secondly, short term variations in composition
are reflected by the range of resultsin arun plotted on aranges chart. Shewhart charts are thus used in
pairs (Figure 2.5(a) and 2.5(b)). It isusual to mark the charts with



Page 28

' o I
12} upper action | limit C| /
3 upper warning | limit
=1 1D TR e R RAES S Tl Tl e e At
E target value
% gaf
5 |
£ oa T _TrTJe?"wiFrﬁrTg_TiElﬁ____
g Y4 Tower faction limig
= 04 | |
3 ,-'51 |
ozt I [
| | |
(al 2 4 8 Blm 12 14I1$ 18 20
| g4 |
mple number
R
I
O upper action | limit l
[
o,
i
=
=
i
L*
(=9
=]
0o
L]

=2
o

Sample number

Figure 2.5
A typical pair of Shewhart charts. (a) Averages chart and
(b) ranges chart. Point A shows alack of control of averages only,
point B of ranges only and point C of both together.

warning limits (inner control limits) and action limits (outer control limits). These represent the values
at which thereis respectively 95% (1.96s) or 99.9% (3.09s) confidence that the processis going out of
control. The use of the averages chart is thus based on an estimate of the variability and an assumption

that this remains constant. It is hence invalidated if a significant change in variability occurs. Therefore
the ranges chart fulfils a second important function in providing a check on such changesin variability.

Figure 2.5 shows a pair of Shewhart charts. Point A illustrates the pattern which occurs when the
averages are going out of control but the ranges remain in control. This would suggest perhaps that the
supply of one of the feedstocks for the processis being interrupted. Point B shows the ranges going out
of control with the averages remaining under control. One explanation of this would be that the mixing
had become inefficient. Finally, point C shows both averages and ranges going out of control which
implies a serious fault in the process.
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Cusum Charts

An aternative method of monitoring the behaviour of a process is the cumulative sum technique
(cusum). The cusum plot provides a simple method of diagnosing when a process begins to move out of
control. A sequence of analyses is made on the process stream at regular intervals. The values thus
obtained are compared with the target value for that particular component and the deviations aggregated
to provide the cumulative sum. For a process in control, the deviations will have small positive or
negative values and the cusum will remain close to zero, with the plot having a roughly horizontal
pattern. If the process goes out of control, the cusum will become increasingly positive or negative with
the corresponding change in slope signifying the point at which loss of control ensues. One major
advantage of such chartsis that the computations required are minimal and the plotting very simple.
Thus charts may be constructed and used by operators of limited technical knowledge. Figure 2.6 shows
acusum plot for a process going out of control.

20

T

observation number

o,

10 20 a0 40 50

CUSLI
=]
1
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Figure 2.6
A typical cusum plot showing alack of control with a negative
deviation developing after 20 observations.

Standar dization of Analytical Methods

Quantitative analysis demands that an analytical measurement can be accurately and reliably related to
the composition of the samplein a strict proportionality (p. 2). The complexity of relationships,
especialy for instrumental techniques, means that the proportionalities need to be practically
established in calibration procedures. For atypical smple calibration, arange of standardsis prepared
containing varying amounts of the analyte. These are then analysed by the standard method and a
calibration curve of signal vs amount of analyte is plotted. Results for unknowns are then interpolated
from this graph (Figure 2.7). An important convention is
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amount of analyte

Figure 2.7
A typical calibration curve.

that, to avoid confusion, the analytical signal is plotted on the y-axis and the amount of analyte on the x-
axis.

Various examples of calibration curves will be found in later pages of thistext. A good calibration
curve will be linear over agood range of analyte quantities. Ultimately curvature must be anticipated at
the higher ranges and uncertainty and deteriorating precision at the low ones. Ideally the calibration line
should pass through the origin but does not always do so. It isnot invalidated if it does not but
nevertheless, it is prudent to consider carefully the possible reasons for this.

A particular issue that must be considered for all calibration procedures is the possibility of matrix
effects on the analyte signal. If such effects are present they may be alowed for in many cases by
matrix matching of the standard to the sample. This of course requires an accurate knowledge of the
sample matrix. Where thisis not available, the method of standard addition is often effective. This
involves 'spiking' at least three equal aliquots of the sample with different amounts of the analyte, and
then measuring the response for both spiked and unspiked aliquots. A plot of response vs analyte,
extrapolated back, will give abscissae intercepts from which the amount of analyte in the sample may
be deduced (Figure 2.8).

Even this method, however, does not guarantee to overcome all matrix effects, and is often limited
where the matrix is extremely complex and remains largely unknown, as in naturally occurring
materials such as rocks and biological specimens. The use of recognized standards has proved
invaluable for the standardization and assessment of methods in these circumstances. Pioneered in
geochemistry, this involves the collection and thorough mixing of suitable standard materials. These are
then distributed for analysis by recognized laboratories using as many different techniques
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Figure 2.8
Cdlibration curve for standard addition; S = unspiked sample;
SS1, SS2, SS3 = spiked samples.

as possible. These ensuing results ultimately converge to give an accepted composition for the standard,
which may subsequently be used for the assessment and calibration of various analytical methods.
Standards are exemplified by arange of rock types for geochemistry and bovine liver and kale leaves
for biological analysis.

Plotting Calibration (Reference) Graphs Using the'Least Squares Regression Method

Anideal calibration curve (Figure 2.7) isastraight line with a slope of about 45 degrees. It is prepared
by making a sequence of measurements on reference materials which have been prepared with known
analyte contents. The curve is fundamental to the accuracy of the method. It is thus vitally important
that it represents the best fit for the calibration data. Many computer software packages, supplied
routinely with various analytical instruments, provide thisfacility. It is, however, useful to review
briefly the principles on which they are based.

If the relationship between the signal and the amount of analyte is linear, the method of least squares
may be used to obtain the best straight line through the points. Two important assumptions are made in
doing this. Firstly, that the amount of analyte in the references is known accurately, and that any
variations observed in the measurements originate in the intrinsic variability of the analytical signal.
Secondly, that the convention of plotting the signal on the y-axis, and the amount of analyte on the x-
axis, isfollowed. It isthen possible to calculate the best line on the basis of minimizing the sum of the
squares of the deviationsin y from the calculated line. (In mathematically orientated texts these
variations are known as residuals.)

If the straight line is represented by

pebad (2.16)
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the values of a, theintercept on the y-axis, and b, the slope, can be computed from equations (2.17) and
(2.18) respectively. Commonly a and b are referred to as regression coefficients.

a=jy-—bx (2.17)
2l — &)yi - 7
1
b= Yo~ (2.18)

In the evaluation of equation (2.16) it is appropriate first to calculate b (equation (2.18)) and then a
(equation (2.17)).

Example 2.8

A series of measurements obtained in the preparation of a calibration curve for an analytical method is
shown in Table 2.7. From equations (2.18), (2.17) and (2.16)

b =10.270 ppm per signal unit, a = 0.715 signal units,
and y=0270x +0.715

Table 2.7 Calibration data obtained in the assessment of a new method of analysis

Analyte concentration (ppm) Signal (arbitary units)
3.0 14
4.0 15
5.0 22
6.0 24
8.0 31
9.0 3.2

10.0 3.2
110 3.9
120 4.1
14.0 4.7
150 4.5
16.0 5.2
17.0 5.0
n=13

The final 'best fit' calibration curve can be seen at Figure 2.9. Note the limitations on the use of the
lower, extrapolated, portion of the curve. The line obtained will aways pass through the centroid of all

the points, i.e. the point on the graph corresponding to ¥ . A further aspect is the uncertainty
associated with the values of a and b. These may be estimated in terms of the variability of x and .



Details can be found in the references at the end of this chapter.

Where relationships are not straight lines, polynomia curve fitting
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Figure 2.9
‘Best fit' plot of data from Table 2.7 obtained by ‘least squares regression
analysis. (Important note: This graph implies a straight line relationship down
to zero concentration. It is, however, unsafe to use the extrapolated portion as
there are no experimental data for this part of the curve).

routines can be used. Thisis more complex than dealing with straight lines, and a number of pitfalls
may be encountered. A specialist text needs to be consulted in these circumstances.

Chemometrics

Advanced mathematical and statistical techniques used in analytical chemistry are often referred to
under the umbrellaterm of chemometrics. Thisis aloose definition, and chemometrics are not readily
distinguished from the more rudimentary techniques discussed in the earlier parts of this chapter, except
in terms of sophistication. The techniques are applied to the devel opment and assessment of analytical
methods as well as to the assessment and interpretation of results. Once the province of the
mathematician, the computational powers of the personal computer now make such techniques
routinely accessible to analysts. Hence, although it would be inappropriate to consider the detail of the
methods in abook at thislevel, it is neverthelessimportant to introduce some of the salient features to
give an indication of their value. Two important applicationsin analytical chemistry are in method
optimization and pattern recognition of results.

Analytical methods often contain many different variables which need to be optimized to attain best
performance. The different variables are not always independent. For example, pH and polarity in a
solution may be interdependent. Optimization by changing one variable at atime, while
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keeping the others nominally constant is neither efficient nor necessarily successful. This point iswell
illustrated in Chapter 4 where the optimization of chromatographic separationsis discussed (p. 140).

A sample may be characterized by the determination of a number of different analytes. For example, a
hydrocarbon mixture can be analysed by use of a series of UV absorption peaks. Alternatively, ina
sediment sample arange of trace metals may be determined. Collectively, these data represent patterns
characteristic of the samples, and ssimilar samples will have similar patterns. Results may be compared
by vectorial presentation of the variables, when the variables for similar sasmples will form clusters.
Hence the term cluster analysis. Where only two variables are studied, clusters are readily recognized in
atwo-dimensional graphical presentation. For more complex systems with more variables, i.e. n, the
clusterswill bein n-dimensional space. Principal component analysis (PCA) explores the
interdependence of pairs of variables in order to reduce the number to certain principal components. A
practical example could be drawn from the sediment analysis mentioned above. Trace metals are often
attached to sediment particles by sorption on to the hydrous oxides of Al, Fe and Mn that are present.
The Al content could be a principal component to which the other metal contents are related. Factor
analysisis amore sophisticated form of principal component analysis.

Problems

(1) Define the terms precision and accuracy as they are used in analytical chemistry. Indicate how they
may be estimated quantitatively. To what extent is the estimate of accuracy dependent upon precision?

(2) In an experiment the following replicate set of volume measurements (cn®) was recorded:
25,35, 25,80, X528, 25.50, 2545, 2543

(a) Calculate the mean of the raw data.

(b) Using the rejection quotient (Q-test) reject any questionable results.

(c) Recalculate the mean and compare it with the value obtained in 2(a).

(3) Calculate the absolute standard deviation and the relative standard deviation (%) of the following
replicate set of data. Comment upon the precision of the measurement.

Weight of component/g:

5.346, 5362, 5,379, 5.335, 5.341.

(4) The three sets of replicate results below were accumulated for the analysis of the same sample. Pool
these data to obtain the most efficient estimate of the mean analyte content and the standard deviation.

L ead content/ppm:
Set1 Set 2 Set3
9.76 9.87 9.85
9.42 9.64 9.91
9.53 9.71 9.42

9.81 9.49



(5) Calculate the confidence interval (90%) about the mean of the data in question 3.

(6) An exercise was carried out to compare the precisions of analytical measurements being made in
two different laboratories. A completely homogeneous sample was supplied to both laboratories and the
following analytical results (%) obtained by the same method.
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Laboratory 1 Laboratory 2
34.97 35.02
34.85 34.96
34.94 34.99
34.88 35.07

34.85

Comment upon the precisions attained in the two laboratories.

(7) On the basis of extensive past analysis the iron content of an homogeneous ore sample is accepted to
be 19.85%. An analysis of seven samples gave an average of 20.06% Fe. Within what probability levels
isadeterminate error indicated in the analysisif the absolute standard deviation of the resultsis 0.14%7?

(8) The efficiency of mixing of powdered solids in a process stream is being investigated. Two samples
of the mixture, each of about 1 kg, are taken from different parts of the same hopper. After grinding to a
fine powder, analytical samples were obtained using the coning and quartering technique. Subsequent
analysis gave the following results for one component:

Semple A - six analyses, mean 12.32%
Sample B - four analvses, mean 1263%.

The precisions were found to be similar and the pooled standard deviation (absolute) computed to be
0.071%. Comment upon the efficiency of the mixing.

(9) Replicate analysis by a new method for a constituent of a standard sample gave the following results
(%0):

0.45, 0,48, 0,46, (.60, 0.42, 0.50, D.41.
The content of the standard is accepted to be 0.47%.

Assess these data and draw conclusions concerning the suitability of the method of analysis for routine
use.

(10) A standard reference material with an accepted analyte content of 5.85 ppm was used to compare
the performance of two alternative methods of analysis. Solutions were prepared using a range of
sample weights. Each solution was analysed by the two methods. Use the results obtained to assess any
determinate errors exhibited by the methods.

Sample weight/g Result, Method L/ppm  Result, Method 2/ppm
0.125 6.37 572
0.612 5.97 5.69
0.334 6.10 5.70

0.781 5.93 571



0.271 6.20 5.68
0.457 6.03 5.74

(11) Find the equation for the regression line of y on x for the following pairs of values. Plot the graph
and comment upon its characteristics.

x 2 4 6 8 10
y 3 1 7 5 9

(12) A calibration exercise for an atomic absorption method to be used in the determination of a metal
yielded the following results:

Reference/mg kg Absorbance
0.021
0.050
0.090
0.126

o o ~ N O

0.173
10 0.210
12 0.247

Use the least squares method to plot the 'best fit' calibration curve. Comment upon its suitability for use.
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3—
pH, Complexation and Solubility Equilibria

Since so many analytical procedures involve solution chemistry an understanding of the principlesis
essential. Complex formation, precipitation reactions and the control of pH are three aspects with
special relevance in anaysis.

In the simplest situation where a solution of aweak acid is used the degree of dissociation of the acid
and hence the composition of the solution will depend on the pH of the solution. If, asis often the case,
acomplexing agent isitself aweak acid, its complexing reactions will also be pH dependent.

The formation of ametal ion complex may be used to facilitate its precipitation or solvent extraction,
whilst modification of its charge will influence its electrochemical properties.

Definitions

Acid

A species which donates protons in areaction (Lowry—Brensted) or accepts electrons (Lewis).
Base

A species which accepts protonsin areaction (Lowry—-Bransted) or donates electrons (Lewis).
Complex

A compound which isformed in a complexation reaction between two or more species which are
capable of independent existence. Most complexes of analytical importance involve dative bonds
between Lewis bases and metal ions.

Ligand

A species with at |east one Lewis basic site which can participate in complex formation.

Strong Electrolyte

A compound which is almost completely dissociated in solution.
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Weak Electrolyte

A compound which remains significantly undissociated in solution.
'p' Notation
Defined by

pX = —logipX (3.1)

and used for convenience in handling quantities which vary in magnitude through many powers of ten.
For example, the H,O* concentration of an aqueous solution may vary from 10 mol dm-3 to 10-4 mol
dm-3. Expressed in the 'p' notation this becomes pH = —1 to pH = 14. Similarly the dissociation constant
for acetic acid K, = 1.75 x 10-5 or 10476 becomes pK, = 4.76.

31—
Chemical Reactionsin Solution

The rate of achemical reaction and the extent to which it proceeds play an important role in analytical
chemistry. The fundamental problem which faces the analyst arises because thermodynamic data will
indicate the position of equilibrium that can be reached, but not the time taken to reach that position.
Similarly, a compound may be thermodynamically unstable because its decomposition will lead to a net
decrease in free energy, whilst a high activation energy for the decomposition reaction restricts the rate
of decomposition. In practical terms such a compound would be stable, e.g. NO. It is thus essential to
consider al analytical reactions from both thermodynamic and kinetic viewpoints.

Equilibrium Constants
An equation may be written for a generalized reaction

aA+hB+eCH - =aX+yY +z22+ - i3.2)

where a, b, ¢, X, y, z are numbers indicating its stoichiometry. The position of equilibrium is expressed
by the thermodynamic equilibrium constant K, which is defined by

_XPIYP2E

[A]"[BF[C]* - (3.3)

(4

In this expression, the square brackets refer to the activity of the component although it is more
convenient to use its concentration. This approximation is generally satisfactory, except at very high
concentrations, and is particularly suitable for analytical use. Where it is necessary to distinguish
between the constant obtained using concentrations and the true thermodynamic equilibrium constant
K, the former may be termed the equilibrium quotient and assigned the symbol Q. The exact relation
between K, and Q has been the subject of much investigation and speculation. In this
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text, no distinction will be made. For all cases the values of equilibrium constants quoted are based on
concentrations and represent approximations to the true values. Equilibrium constants are variously
named depending upon the nature of the equilibriato which they refer, e.g. dissociation constants,
formation constants or solubility products. The most convenient concentration units for analytical
chemistry are mol dm~2 and the dimensions of the constants will be derived from these and determined
by the stoichiometry of the reaction, e.g.

Vi e anmosak
3 3 dimensionless
3 4 mol dm-3
3 2 mol-1 dm3

Care must be exercised in making direct comparisons between K, values, and due attention should be
given to their dimensions.

Equilibria in Analytical Reactions

In analytical chemistry it is often necessary to shift the position of equilibrium in areaction so asto
obtain larger concentrations of the desired products. For example, sometimes a complete reaction
between an analyte and a reagent or between an interfering ion and a masking reagent is essential. One
important and widely used method of achieving a shift involves the removal of one of the products from
the system, e.g. by distillation or precipitation. In these circumstances to maintain K, constant the
reactants will be steadily converted to products until one or all are exhausted. An alternative approach
that is often useful uses an excess of the reagent which in most cases causes a shift towards the products
of the reaction. Thisisthe so-called common ion effect. Too large an excess, however, can partialy
reverse the shift or lead to some other undesirable effect (p. 218).

When comparing similar or parallel reactions, consideration of the changesin Gibbs free energy DG,
enthalpy DH and entropy DS can be valuable. The equilibrium constant is related to these quantities by
two fundamental thermodynamic expressions

AGF=—RT In K. 34
and

AGF= AH®_TAS® (3.5)

From these it will be seen that a more negative value of AH® or amore positive value of A5 will in
each case lead to an increase in K. Furthermore, there is a hypothesisthat if the degree of disorder ina

system increases it will almost certainly be accompanied by an increase in entropy
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(i.e. DSbecomes more positive). A reaction that resultsin a net increase in the number of specieswill in
these terms be favoured. Although this hypothesis has been usefully applied in a number of cases, its
useis necessarily limited by the difficulty of deciding which side of areaction has the greater disorder.

Conditional Equilibrium Constants

The discussion of equilibrium given above will be useful in developing ideas later in the book.
However, there are cases where a modified approach is needed, particularly when competing equilibria
are being considered. A typical situation might be the formation of a compound between metal ion M™
and aligand L~ in an agueous solution which also contains a weak acid AH. Equation (3.6) summarizes
the equilibria.

Ii'i-“I'[:,“l'H'E“'1:"F =0H™ +M"™ + aL~ =ML,
T ;

M(OH) " A~ H'

| | (3.6)
ete. MA Ut LH

|

MAL

It isthe reaction in the box that is of analytical importance. The position of equilibrium is conveniently
expressed by a modified or conditional equilibrium constant K',,, in which allowance has been made for
the competing side reactions. The fraction of M which has not reacted with L-and remains present as
M™ is given by

_ [M]
M] + [MOH] + [M{OH),]| - - - + [MA] + [MA;] - -

(3.7)

Dl

and similarly for L- not reacted with M

[

= T I B

L

(charges have been omitted for simplicity).

The conditional equilibrium constant may be defined in terms of the true thermodynamic equilibrium
constant K,,, and the appropriate values of a.

Ky = Knuaom (3.9)

Such equilibrium constants enable cal culations and deductions to be made for real systems and may be
used to assess the progress of a particular reaction amongst a number of competing or interfering
reactions. From this consideration the possibility of masking interfering reactions also emerges.
Suppose the solution above contains a second metal ion N™ which can aso react with L-. If the amount
of L-islimited, N™ will be in competition with M™. Its effect, however, may be masked if A-can be
selected to react
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preferentially with N™, reducing a, and hence K',, relativeto K',, . These ideas will be particularly
useful when handling polyprotic acid and complex forming reactions (p. 205).

Solvent Effects

Assessment of atypical analytical reaction in solution requires consideration of the solvent
participation. It islikely that both reactants and products will undergo significant solvation, and the

solvation energy will materially affect AG® and A for the analytical reaction. Solvation energies may
be high, typically in the range —400 to —4000 kj mol-1 for hydration. Solvent molecules participate in
the formation of ordered species in solution with the reactants and products of the reaction, thus

affecting A5 aso. Notably the interpretation of chelating processes depends upon solvent
considerations (p. 50)

Temperature Effects on Equilibrium Constants

If heat is applied to an endothermic reaction K_ will increase and, conversely, heat applied to an
exothermic reaction will result in adecrease in K. At the same time heat will tend to increase the
disorder of the system and favour the side of the reaction with the greatest potential disorder. However
the degree of disorder can rarely be assessed easily and the magnitude of the latter effect is difficult to
determine. Overall the variation of K, is unlikely to exceed afew per cent per kelvin.

Kinetic Factorsin Equilibria

The rate at which reactions occur is of theoretical and practical importance, but it is not relevant to give
adetailed account of reaction kinetics, as analytical reactions are generally selected to be asfast as
possible. However, two points should be noted. Firstly, most ionic reactions in solution are so fast that
they arediffusion controlled. Mixing or stirring may then be the rate-controlling step of the reaction.
Secondly, the reaction rate varies in proportion to the cube of the thermodynamic temperature, so that
heat may have a dramatic effect on the rate of reaction. Heat is applied to reactions to attain the position
of equilibrium quickly rather than to displaceit.

3.2—
Solventsin Analytical Chemistry

Solvents are conveniently divided into those which promote the ionization of a solute (ionizing
solvents) and those which do not (non-ionizing solvents). As always such divisions are not entirely
satisfactory but Table 3.1 illustrates the classification of some familiar solvents.

lonizing Solvents

Some ionizing solvents are of major importance in analytical chemistry whilst others are of periphera
interest. A useful subdivision isinto protonic solvents such as water and the common acids, or non-
protonic solvents
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Table 3.1 Some typical solvents

lonizing Intermediate Non-ionizing
water alcohols containing up to chloroform
hydrochloric acid four carbon atoms hexane
acetic acid benzene
ammonia ethers
sulphur dioxide esters

brominetrifluoride

amines

which do not have protons available. Typical of the latter subgroup would be sulphur dioxide and
bromine trifluoride. Non-protonic ionizing solvents have little application in chemical analysis and
subsequent discussions will be restricted to protonic solvents. lonizing solvents have one property in
common, self-ionization, which reflects their ability to produce ionization of a solute; some typical
examples are given in Table 3.2. Equilibrium constants for these reactions are known as self-ionization
constants

Table 3.2 Some self-ionization equilibria

IH,0 =H;O" + OH™
CH,CO0H = CH;COOH] + CH.C00-
2HCL = H.ClI" 4+ €17

2MH; = NH] + NH3

2RNH; =RNH} + RNH7

(R = alkyl or aryl)

It will be seen from these examples that the process of self-ionization in a protonic solvent involves the
transfer of a proton from one solvent molecule to another. Thus, the solvent is acting simultaneously as
aLowry—Brgnsted acid and as a base.

A final subdivision of ionizing protonic solvents can be made in terms of the behaviour of the solvent
towards available protons from a solute. A basic or protophilic solvent such as ammonia or an amine
will coordinate protons strongly, and in so doing accentuate the acidic properties of the acid.

RNH; + RCOOH = RNH7 + RCOO~ (3.10)

On the other hand an acid or protogenic solvent will be a poor proton acceptor, accentuating basic
properties. This effect is exemplified by the solution of nitric acid in anhydrous hydrofluoric acid,
which shows how nitric acid (normally regarded as a strong acid) can behave as a Lowry-Brensted
base.

H,F, + HNO; = HF; + H;NO7 (3.11)
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Water and other hydroxylic solvents both donate and accept protons with reasonable facility and are
termed amphiprotic.

Non-ionizing Solvents

The major uses of non-ionizing solventsin chemical analysis are twofold. They may be used smply to
provide mediafor the dissolution and reaction of covalent materials, or they may play a more active
part in a chemical process. For example, oxygen-containing organic solvents can be used to effect the
solvent extraction of metal ions from acid aqueous solutions; the lone pair of electrons possessed by the
oxygen atom forming a dative bond with the proton followed by the extraction of the metal ion as an
association complex.

R
™
O: - H*

e
R

This process is discussed more fully in Chapter 4.

3.3—
Acid—base Equilibria

The Lowry—Bransted concept provides a basis for the interpretation of reactions in protonic solvents.
This concept may be summarized by considering the generalized equilibrium

AH+B=A" +BH* (3.12)

where AH and B represent the acid and base for the forward reaction and A- and BH* the conjugate
base and conjugate acid for the reverse reaction. Thus the dissociation of atypical acid in water may be
represented by

AH + H;0 = A~ + H;0F (3.13)
with the water acting as a base and H,O* being the conjugate acid. The equilibrium constant is given by

_ [AT][H:07]

K = [AH|H;0]

(3.14)

and is known as the acid dissociation constant. In the case of a base a parallel treatment may be used in
which the water acts as an acid

B +H:0 =BH" +0H" {3.15)
and K,, the base dissociation constant, is given by

~ [BH*][OH]

Ko = Blmor 216

The solvent term [H,QO] varies by a negligible amount in such reactions and
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isincorporated in the constants K, and K. If the concentrations are expressed in mol dm=3, K, and K,
have the same units. Table 3.3 lists pK, values for some typical compounds. The behaviour of the
conjugate base may be represented in line with equation (3.15), i.e.

A”+H,O0=AH+0H" (3.17)
whence
_ |AH|[OH"]
=TT
and
[A7][HsO*][AH][OH"]
K Ky =—"—F——2 S
‘ [AH][A-]
= [H;07][OH™] = K,, (3.18}

K, isthe self-ionization constant for water (Table 3.2) and equation (3.18) reflects the not surprising
inverse relation between K, and K. Itisonly when K, and K, for a compound are of different

magnitudes that it may be classified as an acid or a base. An example which is difficult to classify is
hypoiodous acid (HOI) where K, = 2.5 x 1011 mol dm-3 and K, = 3.2 x 10-10 mol dm-3. Although K, has

been widely used in the past, it is a quantity which islargely redundant, for K_ (or pK ) may be used to
express the strength of bases as well as acids, see Table 3.3.

Table 3.3 shows that values of K, and K, vary over awide range and also that there is no clear dividing
line between strong acids and weak acids or strong bases and weak bases. However as arough guide
weak acids may be regarded as those having values of pK, in the range 4-10, those having pK, =4
being called 'strong weak acids and those with pK_ = 8-10 'very weak acids. The pH of asolution of a
strong acid or base may be related directly to the concentration of the acid or base. However, weak acid
or base systems present a rather more complex pattern.

Weak Acid and Weak Base Equilibria
Equation (3.14) may be rewritten

[AH|/[A™] = [H;07]/K, (3.19)
and presented in alog form using the 'p' notation

~logio|AH]/[A] = pH - pK, (3.20)

Thisisauseful equation asit gives the relation between the pH of a solution, the dissociation constant
for the acid, and the composition of the solution. When the relation is represented graphically (Figure
3.1) some further valuable points emerge. Asit is the difference between the pH of the solution and pK,

for the acid which isimportant rather than the pH



Table 3.3 pK, values for some Lowry —Brgnsted acids
Acid

acetic
CH,COCH

ammonium

WNH7

chloracetic
CH,CICOOH

diethanolammonium
NH:[CH-CHaOH);

ethanolammonium
NH,(CH,CH,OH)*

ethylenediaminetetraacetic (EDTA) (HOOCCH,)
,N—CH,—CH,—N(CH ,COOH),

formic
HCOOH

hydrocyanic
HCN

nitric

HNO,

nitrilotriacetic
(NTA) N(CH,COOH) ,

nitrous
HNO,

phenol
C,H.OH

phosphoric
H3PO4

sulphuric
HZSO4

sulphurous
HZSO3

PK,
4.76

9.25

2.86

9.00

9.49

2.0

3.75

9.22

1.66

329

9.98

217

-1.96

1.76
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K, PRy PK,
267 616 10.27
295 10.28
721 1236
721

alone, the pH axisis graduated in units of pH relative to PK, and the horizontal axisin the fractional

concentrations of the two species a

A @nd @, , which are given by



 |AH] S
A= TAH[+ (A7) ™ TIAH[+[AT]

o

(3.21)
The first point to be noted is that if AH and A-are present in equal quantities, pH = pK_. Secondly,

when the pH of the solution isin the range pK, £ 1, relatively large changesin a,,, or a,_correspond to

small changesin pH. To put this another way, the solution can tolerate quite large changesin its
composition whilst the pH is maintained almost constant. When this situation exists the solution is said
to be buffered and the solution is known as a buffer solution.

Buffersand pH Control

It is often necessary to control the pH of a solution in circumstances where hydrogen ions are being
generated or absorbed. The buffer solution
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pK,+ 3

Figure 3.1
Distribution diagram of a against pH for
acid AH and its conjugate base A-.

concept developed above is a versatile and widely used method of pH control. A buffer may be
prepared to meet a particular pH requirement by the use of standard pK, valuesin conjunction with

equation (3.21). This equation gives a good approximation provided that the solution contains at |east
0.1 mol dm-3 of the buffer and that the required pH lies close to the value of pK_. For example, if a

solution needs to be buffered to pH = 9, the ammonium ion (pK, = 9.62) can be used. Substitution in
eguation (3.20) enables the necessary solution composition to be calculated

—lagg ([NH}/[NHs]) = 9.00 — 9.26

whence theratio NHil/INHz] = 1.82 A tynical buffer solution might thus be prepared containing 1 mol

dm- of NH, and 1.82 mol dm- of ™4 jons, The pH obtained will be independent of the buffer
concentration provided that the ratio of acid to conjugate base is maintained constant. However if the

buffer solution is to stablize the pH when large amounts of H* ions are involved it must be reasonably
concentrated (i.e. greater than 0.1 mol dm-3).

In practice, a buffer solution (see Table 3.4) is prepared by the partial neutralization of the selected
weak acid or base with a suitable strong acid or base, or by the addition of the calculated amount of the
corresponding salt. The assumption is made that the salt is completely dissociated in solution, e.g. an

NH, + A puffer may be produced by the partial neutralization of an ammonia solution with

hydrochloric acid or by the addition of the appropriate quantity of ammonium chloride to an initial
ammonia
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Table 3.4 Some typical buffer solutions

Solutions pH Range
phthalic acid and potassium hydrogen phthalate 2.2-4.2
citric acid and sodium citrate 25-7.0
acetic acid and sodium acetate 3858

sodium dihydrogen phosphate and disodium hydrogen phosphate 6.2-8.2
ammonia and ammonium chloride 8.2-10.2

borax and sodium hydroxide 9.2-11.2

solution. To facilitate this practical approach, equation (3.20) may be written in a different form,

pH = pK, — logo{|Acid]/(Salt]} (3.22)

The approximate pH range over which a buffer solution remains effective can be deduced from Figure
3.1. Thelimits of effective buffering can be seen as the points at which the ratio [AH]/[A-] becomes
10:1 or 1:10 whence substitution in equation (3.20) yields

pH = pK, + 1 (3.23)

ThepH of Salt Solutions
Table 3.4 shows some typical buffer solutions.

When an acid in solution is exactly neutralized with a base the resulting solution corresponds to a
solution of the salt of the acid-base pair. Thisis a situation which frequently arisesin analytical
procedures and the calculation of the exact pH of such a solution may be of considerable importance.
The neutralization point or end point in an acid-base titration is a particular example (Chapter 5). Salts
may in all cases be regarded as strong electrolytes so that asalt AB derived from acid AH and base B
will dissociate completely in solution. If the acid and base are strong, no further reaction islikely and
the solution pH remains unaffected by the salt. However if either or both acid and base are weak a more
complex situation will develop. It is convenient to consider three separate cases, (a) weak acid-strong
base, (b) strong acid-weak base and (c) weak acid-weak base.

(a—
Weak Acid-strong Base Solutions

The conjugate base A- will react with water and undergo hydrolysis,

AT+ H0=AH+ OH" (3.24)

producing undissociated acid and hydroxyl ions with an accompanying rise in pH. The equilibrium
constant for this reaction is known as the hydrolysis constant K.

_ [AH][OH™]

Ko = AT m;0]

(3.25)
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(Asin equations (3.14) and (3.16) the solvent term [H,O] is by convention omitted. K, is simply related
to K,, and K, by equation (3.26), and as such is a redundant constant whose use should be discouraged.)

K, [H*]OH-)[AH] [OH ]AH] _
K- BAT - @A N S

Equation (3.24) shows that the amounts of AH and OH- generated in the hydrolysis are equal.
Furthermore, if it is assumed that only a small amount of the salt is hydrolysed, the concentration C of
the salt dissolved is approximately the same as the concentration of A-. Then from (3.26)

Ko/Ky = [OH F/Cand [OH] = (CKy/Ka )
from equation (3.18), [H*] = K,/[OH-] whence [H*] = (K, K /C)¥2 and finally

pH =1pK, +1pK. +1log C (3.27)

The pH of the solution will be dependent upon pK, for the acid AH and on the concentration of the salt
dissolved in the solution. For example, the pH of solutions of sodium cyanide may be calculated as
follows:

pi, for HCN = 922
pH=70446+1%log C
=116+1log C

Thus, when

C =1 mol dm™ pH=11.4
C=0.1moldm™?® pH=11.1
C=2maldm™ pH=118

(b)—
Strong Acid-weak Base

Similar reasoning shows hydrolysis |leading to the production of hydrogen ions and adrop in pH,
B*+HsO=BOH+H~ {3.28)
and enables an analogous expression for pH to be derived, i.e.

pH = IpKy — 1pKp —ilog € (3.29)
2 vl 2

(00—
Weak Acid-weak Base

Using the same approach again, both hydrolytic processes seen above will be expected to occur and the
pH of the solution will depend on the relative values of pK_ and pK,, but be independent of the



concentration,

pH = 1pK,, +1pK, — 1pK, (3.30)
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34—
Complexation Equilibria

The thermodynamic stability of acomplex ML, formed from an acceptor metal ion M and ligand
groups L may be approached in two different but related ways. (The difference between the two
approaches lies in the way in which the formation reaction is presented.) Consistent with preceding
sections, an equilibrium constant may be written for the formation reaction. Thisis the formation
constant K.. In asimple approach, the effects of the solvent and ionic charges may be ignored. A
stepwise representation of the reaction enables a series of stepwise formation constants to be written
(Table 3.5).

Table 3.5 Stepwise formation constants (mol ~1 dm3)

= JML]

M+ L =ML Ky, = gt
ML+ L = MLa fie l}[:]LIJrL
ML; + L = MLs K, =“¥[i"iﬁ
MLy.| + L =ML, K. =%

Alternatively, a set of overall formation constants may be defined (Table 3.6).

Table 3.6 Overall formation constants (mol = dm3")

M+ L =ML = %
M + 2L = ML; ) = ["'.}E:'E_[ﬂlz
M 4+ 3L = ML, fiy = [L'”[f]L
M +nL = MLn B =%

The relations between values of K; and values of b are simple and easily seen. For example, b, may be
multiplied by [ML]/[ML] and [ML,}/[ML,] to give

[MLs] [ML][ML,]

s [M][L]* [ML] [ML;]

an expression which can be rearranged in the form
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_ ML] [ML;] [MLs]
P = VAL ML) [MTA] L]

or
By = K, K, K, (331)

The Formation of Complexesin Solution

It isimplied above that all the constituent speciesfrom M and L to ML, may exist together in solution.
The solution composition will depend on the nature of M and L and the amounts present together with
the relative values of K.. Asageneral rule K, values show a steady decrease as shown in the Cd?* + CN-
system (Table 3.7). This steady decrease is brought about by three magjor factors: statistical; coulombic;
steric. Oncethefirst ligand group is attached the next stage will decrease in probability because there
are less sites available. Furthermore, the positive charge characteristically present on the metal atom
will be reduced, and with it the coulombic attraction for the ligand. This may even be converted to a
repulsion as subsequent ligand groups are attached. The third factor concerns the bulky nature of many
ligands which will place a steric restriction on the reaction. This restriction reachesits ultimate in the
EDTA type of ligand (p. 205); which forms a cage around the acceptor atom and prevents the
attachment of any further ligands, irrespective of the nature of the acceptor ion (Figure 5.4).

Table3.7
ML, K,/mol~1dm?3
Cd(CN)* 5.0 x 105
Cd(CN), 1.3 x 105
Cd{CN)3 4.3 x 104
Cd[CNT; 3.5 %103

The effect of this variation in values of K, can be seen by returning to the Cd?* + CN- system.
Commonly aligand is added to a solution of the acceptor ion, first forming ML then ML ,, ML, and
finally ML,, each becoming the predominant speciesin turn until ML, is formed to the exclusion of all
others when an excess of the ligand has been added. Figure 3.2 illustrates this pattern graphically.

The Chelate Effect

Many ligand molecules contain more than one donating centre and are called multidentate ligands. If
two or more dative links are formed with the same acceptor ion, aring compound is produced.
Compounds of thistype
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[CN—] —=>

Figure 3.2
The relation between solution composition and the

amount of cyanide added in the Cd2* + CN~ system.

are known as chelates and the ligands are chelating agents. A typical example is ethylenediamine which
reacts with many metal ions to form stable 5-membered ring compounds,

CH, CH,
4 S
H:h'\-___*Ml-“___.--J HJ

Other important examples are 'oxine’ and EDTA. Almost invariably, the formation of aring system
leads to alarge increase in stability relative to the comparable non-ring compound. Thus Ni(l1)
ethylenediamine [Nien]2* may be compared with [Ni(NH,),]2*. For each, the number of ligand-acceptor
bonds is the same, and furthermore, both involve nitrogen donor groups. It istempting to compare the
stability quantitatively by the stability constants b which are 10751 and 105% respectively. However,
such a comparison is not valid because of the different dimensions of the two constants and such
stability comparisons can only be made in aloose sort of way. To rationalize the experimentally
observed stability it is necessary to consider the formation reaction in a slightly more detailed way.
Stage 1 of this reaction involves the breaking of Ni—H,O bonds in the [Ni(H,0) ]+ species and stage 2
the formation of Ni—N bonds. Both stages are similar in chelate and non-chelate systems so it is

unlikely that AH" o AG® will pe significantly different. Comparisons of A5 petween the two
formation/reactions, however, show differences, as equations (3.32) and (3.33) illustrate.
[Ni{H,0),]*" + 2NHz(aq) = [Ni(Hz0),(NH3),]*" +2H0 (332

[Ni(H20)]*" + en = [Ni{H20),en]*" + 2H;0 (3.33)

{en = ethylenediamine}

In the first equation the disorder remains the same, whilst in the second case it increases, and is
accompanied by an entropy increase, i.e. DS becomes
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more positive and the reaction is entropy favoured. Hence the chelate effect may be regarded primarily
as an entropy effect with some additional stability conferred by delocalization of p electronsinto the
ring system. This latter effect is particularly likely if the ligands are highly conjugated.

35—
Solubility Equilibria

The solubility of solidsin liquidsis an important process for the analyst, who frequently uses
dissolution as aprimary step in an analysis or uses precipitation as a separation procedure. The
dissolution of asolid in aliquid isfavoured by the entropy change as explained by the principle of
maximum disorder discussed earlier. However it is necessary to supply energy in order to break up the
lattice and for ionic solids this may be severa hundred kilojoules per mole. Even so many of these
compounds are soluble in water. After break up of the lattice the solute species are dispersed within the
solvent, requiring further energy and producing some weakening of the solvent-solvent interactions.
The energy needed to bring about this change can only be supplied by the solvation of the solute species
utilizing van der Waals type ion-dipole interactions and to alesser extent dipole-dipole reactions, etc.
Thetotal energy available from this source, the solvation energy, may be in the range —400 to —4000 k|
mol~* for aqueous systems containing ionic solids. On the other hand non-ionizing solvents will have a
much lower ability to produce solvation and insufficient energy is available to break up ionic lattices
and produce a solution. Solvent-solute interactions between an ionizing solvent and a covalent solid are
small but may be large enough to overcome the low lattice energy for many solids although their
solubility will still be very low as aresult of the associated nature of the solvent. Covalent solvent-
solute systems have minimal interactions and may approximate in behaviour to ideal mixtures. The
dissolution equilibrium for an ionic compound AB may be summarized by

AB(solid) + Solvent = A7 {solv) + B~ (solv) (3.34)

Solubility Products

The solubility of a sparingly soluble salt is expressed by the equilibrium constant for the reaction,
eguation (3.34), e.g.

_ IaTIB]

K= TABJsP

Both [AB] and [S] are unchanged in solubility reactions of sparingly soluble salts, hence the above
equation may be rewritten thus

Ko = [A7)[B]

K, known as the solubility product, is widely used as a measure of the solubility of sparingly soluble

salts. It should be noted that the dimensions of this constant will change according to the stoichiometry
of the reaction.
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Temperature effects on solubility products are readily assessed as most solubility reactions are clearly
seen as endothermic and disorder increasing. Raising the temperature will thusincrease K together

with the solubility of the solid.

Problems

(1) Calculate the concentration of sodium acetate needed to produce a pH of 5.0 in a solution of acetic
acid (0.1 M) at 25°C. pK, for acetic acid is4.756 at 25°C.

(2) What isthe pH at 25°C of a solution which is 1.5 M with respect to formic acid and 1 M with
respect to sodium formate? pK_ for formic acid is 3.751 at 25°C.

(3) Calculate the pH of a2 M solution of sodium benzoate. pK_ for benzoic acid is4.01 at 25°C. pK, =
14.

(4) What isthe pH of a0.025 M solution of ammonium acetate at 25°C? pK_ of acetic acid at 25°C is
4.76, pK, of theammonium ion at 25°C is 9.25, pK,, = 14.
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4—
Separ ation Techniques

If it were possible to identify or quantitatively determine any element or compound by simple
measurement no matter what its concentration or the complexity of the matrix, separation techniques
would be of no value to the analytical chemist. Most procedures fall short of thisideal because of
interference with the required measurement by other constituents of the sample. Many techniques for
separating and concentrating the species of interest have thus been devised. Such techniques are aimed
at exploiting differencesin physico-chemical properties between the various components of a mixture.
Volatility, solubility, charge, molecular size, shape and polarity are the most useful in this respect. A
change of phase, as occurs during distillation, or the formation of a new phase, asin precipitation, can
provide a simple means of isolating a desired component. Usually, however, more complex separation
procedures are required for multi-component samples. Most depend on the selective transfer of
materials between two immiscible phases. The most widely used techniques and the phase systems
associated with them are summarized in Table 4.1.

Table 4.1 Classification of separation techniques

Technique Phase system
solvent extraction liquidHiquid
solid phase extraction liquid-solid
gas chromatography gas-liquid
gas-solid
liquid chromatography liquid-iquid
liquid-solid
thin-layer chromatography liquid-solid
liquicHiquid
ion-exchange and liquid-solid
size exclusion chromatography liquidHiquid
supercritical fluid chromatography supercritical fluid—liquid or solid
electrophoresis liquid

capillary electrochromatography liquid-solid
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All separation technigues involve one or more chemical equilibria, consequently the degree of
separation achieved can vary greatly according to experimental conditions. To a large extent, attainment
of optimum conditions has to be approached empirically rather than by application of rigid theory. In
the following sections, which deal with solvent and solidphase extraction, chromatography and
electrophoresis, the minimum theory necessary for an understanding of the basic principlesis
presented.

41—
Solvent Extraction

Summary
Principles

Selective transfer of material in microgram to gram quantities between two immiscible liquid phases;
separations based on solubility differences; salectivity achieved by pH control and complexation.

Apparatus and I nstrumentation

Separating funnels for batch extraction; special glass apparatus for continuous extraction; automatic
shakers used for discontinuous counter-current distribution.

Applications

Concentration and determination of metals as trace and minor constituents; organic materials separated
or concentrated according to type. Batch methods are rapid, simple and versatile; applicable to very
wide range of samples and concentrations.

Disadvantages

Sometimes requires large quantities of organic solvents; poor resolution of mixtures of organic
materials except by counter-current distribution which is slow.

Solvent extraction, sometimes called liquid-liquid extraction, involves the selective transfer of a
substance from one liquid phase to another. Usually, an aqueous solution of the sample is extracted with
an immiscible organic solvent. For example, if an agueous solution of iodine and sodium chlorideis
shaken with carbon tetrachloride, and the liquids allowed to separate, most of the iodine will be
transferred to the carbon tetrachloride layer, whilst the sodium chloride will remain in the aqueous
layer. The extraction of a solute in this manner is governed by the Nernst partition or distribution law
which states that at equilibrium, a given solute will aways be distributed between two essentialy
immiscible liquids in the same proportions. Thus, for solute A distributing between an agqueous and an
organic solvent,

[Al,/[AlL,= Kb (4.1)

ED



Page 56

where sgquare brackets denote concentrations (strictly activities) and K, is known as the equilibrium
distribution or partition coefficient which is independent of total solute concentration.

It should be noted that constant temperature and pressure are assumed, and that A must exist in exactly
the same form in both phases. Equilibrium is established when the chemical potentials (free energies) of
the solute in the two phases are equal and is usually achieved within afew minutes by vigorous
shaking. The value of K, isareflection of the relative solubilities of the solute in the two phases.

In many practical situations solute A may dissociate, polymerize or form complexes with some other
component of the sample or interact with one of the solvents. In these circumstances the value of K,

does not reflect the overall distribution of the solute between the two phases as it refers only to the
distributing species. Analytically, the total amount of solute present in each phase at equilibrium is of
prime importance, and the extraction process is therefore better discussed in terms of the distribution
ratio D where

D= [c."'- }-::.-I'II{C-"'- }::l.| E42]

and (C,) represents the total concentration of all forms of solute A. If no interactionsinvolving A
occurred in either phase, D would be equal to K,. Considerable variation in the experimental value of D
can be achieved by altering solution conditions so that solvent extraction is a very versatile technique.

Efficiency of Extraction

The efficiency of an extraction depends on the magnitude of D and on the relative volumes of the liquid
phases. The percentage extraction is given by

E=100D/[D + (Vi/Vo)] (4.3)
whereV_ and V, are the volumes of the agueous and organic phases respectively, or

E=100D/(D +1) (4.4)

when the phases are of equal volume.

If Dislarge, i.e. > 102, asingle extraction may effect virtually quantitative transfer of the solute,
whereas with smaller values of D several extractions will be required. The amount of solute remaining
in the aqueous phase is readily calculated for any number of extractions with equal volumes of organic
solvent from the equation

(Canl = Can[Var /IDV s+ Van)]" 4.5)

where (C_), is the amount of solute remaining in the agueous phase, volume V,,, after n extractions with
volumes V, of organic phase, and C,, is the amount of solute originally present in the agueous phase.
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If the value of D is known, equation (4.5) is useful for determining the optimum conditions for
guantitative transfer. Suppose, for example, that the complete removal of 0.1 g of iodine from 50 cms3 of
an aqueous solution of iodine and sodium chloride is required. Assuming the value of D for carbon
tetrachloride/water is 85, then for a single extraction with 25 cm3 of CCl

(Caq)y = 0.1[50/(85 x 25 + 50)]"
= (.002 3g in 50em’

I.e. 97.7% of the |, is extracted.

For three extractions with 8.33 cn® of CCl ,,

(Cagly = 0.1]50(85 = 8.33 + 50))°
= (LO00 029 g in 50cm’

I.e. 99.97% of the |, is extracted which for most purposes can be considered quantitative.

Itis clear therefore that extracting several times with small volumes of organic solvent is more efficient

than one extraction with alarge volume. Thisis of particular significance when the value of D isless
than 102,

Selectivity of Extraction

Often, it is not possible to extract one solute quantitatively without partial extraction of another. The
ability to separate two solutes depends on the rel ative magnitudes of their distribution ratios. For solutes
A and B, whose distribution ratios are D, and D,,, the separation factor b is defined astheratio D,/D,
where D,>D,. Table 4.2 shows the degrees of separation achievable with one extraction, assuming that

D, = 107 for different values of D, and b. For an essentially quantitative separation b should be at least
10°.

A separation can be made more efficient by adjustment of the proportions of organic and aqueous
phases. The optimum ratio for the best separation is given by the Bush-Densen equation

Vo/Vag = (1/DaDg) (4.6)

Table 4.2 Separation of two solutes with one extraction, assuming equal volumes of

each phase
D, Dy b %A Extracted  %B Extracted
10 10 99.0 90.9
1 102 99.0 50.0
102 101 103 99.0 9.1
102 104 99.0 1.0

10-3 10° 99.0 0.1
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Successive extractions, whilst increasing the efficiency of extraction of both solutes, may lead to a
poorer separation. For example, if D, = 102 and D, = 101, one extraction will remove 99.0% of A and
9.1% of B whereas two extractions will remove 99.99% of A but 17% of B. In practice, acompromise
must frequently be sought between completeness of extraction and efficiency of separation. It is often
possible to enhance or suppress the extraction of a particular solute by adjustment of pH or by
complexation. This introduces the added complication of severa interrelated chemical equilibriawhich
makes a complete theoretical treatment more difficult. Complexation and pH control are discussed more
fully in Chapter 3.

Extraction Systems

The basic requirement for a solute to be extractable from an aqueous solution is that it should be
uncharged or can form part of an uncharged ionic aggregate. Charge neutrality reduces electrostatic
interactions between the solute and water and hence lowers its aqueous solubility. Extraction into aless
polar organic solvent isfacilitated if the speciesis not hydrated, or if the coordinated water is easily
displaced by hydrophobic coordinating groups such as bulky organic molecules. There are three types
of chemical compound which can fulfil one or more of these requirements:

(2) essentially covalent, neutral molecules
eg. l,, GeCl,, C;H,COOH

(2) uncharged metal chelates e.qg. metal complexes of acetylacetone, 8-hydroxyquinoline, dithizone, etc.

(3) ion-association complexes
[ (CﬁHjCH:}jHHA1 Gﬂ{:1,|
Fe(o-phenanthroline)i*, 2C107
[(Cij}jD]jH_1 FECld

The partition of all three types should obey the Nernst law, but in most cases the concentrations of
extractable species are affected by chemical equilibriainvolving them and other components of the
system. These must be taken into account when cal culating the optimum conditions for quantitative
extraction or separation.

Extraction of Covalent, Neutral Molecules

In the absence of competing reactions in either phase and under controlled conditions, the extraction of
a simple molecule can be predicted using equations (4.3) to (4.5). However, the value of the distribution
ratio D may be pH dependent or it may alter in the presence of a complexing agent. It may also be
affected by association of the extracting speciesin either phase. These effects are considered in turn.



Page 59
pH Effect

Consider the extraction of a carboxylic acid from water into ether. The partition coefficient is given by

_ [RCOOH]|,

= : 4.7
» = [RCOGHL. (4.7)

In water, dissociation occurs
RCOOH = RCOO™ + H*

and the acid dissociation constant is given by

_ [RCOO™],,[H*],,

- ~Ls (4.8)
' [RCOOH,, :

The distribution ratio, which involves the total concentration of solute in each phase, is

[RCOOHI,,

_ ) _ (4.9)
[RCOOH],, -+ [RCOO Jag

D

HI.I

Substituting for [RCOO-], in (4.9) and rearranging

3 [RCOOH], 4.10)
D = [RcooH], (1 + K,/F],p) W
IJ-{]J‘ -
e} Ke'-"'[H'.aq

At low pH, where the acid is undissociated, D = Ko and the acid is extracted with greatest efficiency.
At high pH, where dissociation of the acid is virtually complete, D approaches zero and extraction of
the acid is negligible. Graphical representation of equation (4.11) for benzoic acid shows the optimum
range for extraction, Figure 4.1(a). Curves of this type are useful in assessing the separability of acids of
differing K, values. A similar set of equations and extraction curve can be derived for bases, e.g.
amines.

Effect of Complex Formation

Returning to the extraction of iodine from an agueous solution of iodine and sodium chloride, the effect
of adding iodide to the system isto involve the iodine in formation of the triiodide ion

I +17 =14

and [I.'T] &g

_ 4.12)
K= e

where K, is the formation constant of the triiodide ion.
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pH log, ,([17] /mol dm— )

(@) (b

Figure 4.1
The effect of pH and complex formation on extracting species.

(a) log,, D against pH for the extraction of benzoic acid, K, = 6.3 x 10~ mol dnm3.
(b) log,, D against log,, ([I7]/mol dm=3) for the extraction of I,

The partition coefficient is given by

fI‘T'I
Kp=—20 (4.13
D B, 4.13)
and the distribution ratio by
D=1 (4.14)

- [Illaq T [IE_] g

Substituting for [T;]mi in (4.14) and rearranging,

___ kb
T 1+ K]

i

D (4.15)

vt

Thus, the presence of iodide affects D in such away that at very low concentrations = — %p and iodine
is extracted with greatest efficiency. At high iodide concentrations, K[I7], >> 1, and D is reduced with
a consequent reduction in the extraction of iodine (Figure 4.1(b)).

Effect of Association

The distribution ratio isincreased if association occurs in the organic phase. Carboxylic acids form
dimersin solvents of low polarity such as benzene and carbon tetrachloride,
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ZRCOOH = (RCOOH),

RCOOH) t
Ry = LR OO, (4.16)
[RCOOH]?
and
RCOOH], +2/[RCOOH

[RCOOH],,
Substituting for [(RCOOH),], in (4.17) and rearranging,

~ [RCOOH],, + 2K gime[RCOOHJ;

2 [RCOOH],,

(4.18)
. D = Kp(1 + 2K gimee RCOOH] ) (4.19)

If Kine 1Slarge D becomeslarger than K, at low pH, resulting in a more efficient extraction of the acid.

Dimerization isonly slight in oxygenated solvents and extraction into them is therefore less efficient
than into benzene or carbon tetrachloride.

Extraction of Uncharged Metal Chelates

The process of chelation was discussed in Chapter 3. To form uncharged chelates which can readily be
extracted into organic solvents the reagent must behave as a weak acid whose anion can participate in
charge neutralization and contain hydrophobic groups to reduce the aqueous solubility of the complex.
The formation and extraction of the neutral chelate is best considered stepwise as severa equilibriaare
involved.

For example, a monobasic reagent HR dissociates in agueous solution (dissociation constant K,) and is
distributed between the organic and aqueous phases (distribution coefficient K,z). Thus

HE=H"+R~
B IR ]
[HR],
N ipeori -3 421
b = JHR],, s

The hydrated metal ion M{H:0);" reacts with the reagent anion R-to form the neutral chelate MR,
(formation constant K)), i.e.
M(H:0)!" + aR™ = MR,, + xH;O

[MRJoq
[M(H0);"], R-T,q

K; = (4.22)
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The meta chelate distributes itself between the agueous and organic phases according to the Nernst law

_ MR,

¢ = MR (4.23)

o -

and the corresponding distribution ratio is

IMR,],

D =7 ¢ H= i4'?"4'.':|
.:' .MR”]“‘I |- [}'I."T | H'.!D'Il' -| g

If several simplifying assumptions are made, e.g.
(1) the concentrations of chelated species other than MR, are negligible
(2) the concentrations of hydroxy or other anion coordination complexes are negligible

(3) the reagent HR and the chelate MR, exist as simple undissociated molecules in the organic phase,
and [MR,],, isnegligible

then it can be shown that

D= K[KrlflﬁrK: [HRIn (4.25)
KDR |.H_.:||:|
or
D = K'[HRy}[H ], (4.26)

(Substituting for each equilibrium constant in (4.25) gives equation (4.24).)

Thus, for a given reagent and solvent, the extraction of the metal chelate is dependent only upon pH and
the concentration of reagent in the organic phase and is independent of the initial metal concentration.
In practice, a constant and large excess of reagent is used to ensure that all the complexed metal exists
as MR, and D isthen dependent only on pH, i.e.

D= K"i_H'*]“;[’ (4.27)
or
log D =log K™ = npH (4.28)
where
K" = (KeKp K [HR],) /KD, {4.29)

The relation between D and E, the percentage extracted, is

D = E/{100 - E) (4.30)

for equal volumes of the two phases

S logD = log E — log (100 ~ E} = log K*' + npH (4.31)
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Equation (4.31), which defines the extraction characteristics for any chelate system, is represented
graphically in Figure 4.2 for amono-, di- and trivalent metal, i.e. n = 1, 2 and 3 respectively, and shows
the pH range over which ametal will be extracted. No significance should be attached to the positioning
of the curves relative to the pH scales as these are determined by the value of K*'. Thus the more acidic
the reagent or the stronger the metal complex, the lower the pH range over which the metal will be
extracted. Increased reagent concentration has a similar effect.

100

75

al

T extraction

Figure 4.2
Extraction as afunction of pH for metals of different formal valencies. (Note: the position of
each curve along the pH abscissais not significant).

The pH at which 50% of the metal is extracted, pH,,, can be used to assess the degree of separability of
two or more metals. At E = 50, equation (4.31) reducesto

log K" = —npH, (4.32)
Substituting this value for log K*' in equation (4.28)

log I} = n(pH — pHE:I (4.33)
For two metals, the separation factor b is defined asD'/D", where D' > D", or
log b = log D — log D" (4.34)
Therefore, for extraction at a specified pH,

log p = »'(pH — pH}) — n"(pH — pH{) (4.35)



Page 64

If n'=n", i.e the metals have the same formal valency,

log p = napH, (4.36)

Assuming that log b should be at least 5 for an essentially quantitative separation by a single extraction
(seep. 57), DpH,, should be 5, 2.5 and 1.7 respectively for pairs of mono-, di- and trivalent metals.
Selectivity by pH control is greatest, therefore, for trivalent metals and least for monovalent. Thisis

reflected in the slopes of the curves which are determined by n and decrease in the order M3+ > M2+ >
M+,

It can be seen from equation (4.25) that the value of b is determined by the formation constants and
distribution coefficients of the two chelates, i.e.

B=D'fD" = (KiKp, )/ (KrKp,) (4.37)

If bisinsufficiently large to enable a quantitative separation to be made by pH control alone, the
addition of a masking agent which forms a water-soluble complex more strongly with one metal than
the other will shift the extraction curve for the former to a higher pH range with a consequent increase
in b, which is now given by

B = (KK KL )(KIKh KS. ) (4.38)

K! and KV . . .
where "= *"% ®in gre the formation constants of the metal complexes with the masking agent and
e Masking reactions (Chapter 5) play an important role in extraction procedures involving
metal chelates. Some examples of neutral chelate extraction systems are givenin Table 4.3.

Extraction of 1on-association Complexes

The extraction of charged species from an agueous solution is not possible unless the charge can be
neutralized by chelation, as described in the previous section, or by association with other ionic species
of opposite charge to form a complex that is electrically neutral. A further requirement to aid extraction
isthat at least one of the ions involved should contain bulky hydrophobic groups. Metals and mineral
acids can both be extracted as cationic or anionic complexes, chelated or otherwise, and often solvated
by the organic solvent. The Nernst partition law is obeyed by ion-association systems but the number of
equilibriainvolved is greater than for neutral chelates and the mathematical treatment, whichis
correspondingly more involved, will not be covered in this book. Salting-out agents are often used to
increase the distribution ratio. These are electrolytes, such as di- and trivalent metal nitrates, with a
pronounced tendency to hydration. They bind large numbers of water molecules thereby lowering the
dielectric of the solution and favouring ion-association.

lon-association complexes may be classified into three types: non-chelated complexes; chelated
complexes; oxonium systems.



Table4.3 Typical chelate extraction systems
Chelating agent

b-diketones
e.g. acetylacetone, thenoyltrifluoro-acetylacetone

8-hydroxyquinoline (oxine) and its derivatives

a-dioximes
e.g. dimethylglyoxime, a-furildioxime

di-alkyldithiocarbamates

dithizone (diphenyldithiocarbazone)
cupferron (ammonium salt of N-
nitrosophenylhydroxylamine)

PAN (1-(2-pyridylazo)-2-naphthol

1-nitroso-2-naphthol

Non-chelated Complexes
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Metal s extracted

react with over 50 metals; especially useful for alkali metals,
Be, Sn, Cr, Mn, Mo

react with over 50 metals, especialy useful for Al, Mg, Sr,
Vv, W

Ni, Pd

react with many metals including Bi, TI(I11), Sb(l11), Te(IV),
As(I11), Se(1V), Sn(1V), V(V)

Pb, Hg, Cu, Pd, Pt, Ag, Bi, Zn and others

reacts with many metals, including Fe(I11), Ga, Sb(lll), Ti
(1IV), Sn(IV), Hf, Zr, V(V), U(1V), Mo(VI)

reacts with over 50 metals, including U(V1), In, V(V), Pd,
Zn,Cd, Mn, Y

Co(l11) (Cu, Ni)

These include the simplest ion-association systems in which bulky cations and anions are extracted as
pairs or aggregates without further coordination by solvent molecules. An example of this type of
system is the extraction of manganese or rhenium as permanganate or perrhenate into chloroform by
association with the tetraphenylarsonium cation derived from a halide salt

PhsAs™Cl™ + MnO] = PhyAs™ MnOj +CI™
—— ——

ion pair

o 2- - 3 .
Anionic metal complexes such as £1Cli™» GaCly and Co(CN)™ oo e exiracted with

tetraal kylammonium salts, e.q.

(Bu),N*Cl™ + GaCl; = (Buj,N", GaCly +CI~
R e ——

ion pair

Certain long-chain alkylammonium salts, notably tricaprylmethyl-ammonium chloride (Aliquat 336-S)
and tri-iso-octylamine hydrochloride (TIOA) are liquids, sometimes referred to as liquid anion
exchangers, which can form extractable ion pairs or aggregates with anionic metal complexesin the

same way, e.g. in sulphuric acid solution uranium is extracted as

2(TIOA—H"), UD(S0Z ).

Alkyl esters of phosphoric acid and phosphine oxides will extract metals and mineral acids by direct
solvation. Tri-n-butyl phosphate (TBP) and tri-n-octylphosphine oxide (TOPO)
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TBP

{CaHy7)2aP=0
TOPO

Page 66

are both used for this purpose and will extract uranium, actinides and lanthanides as well as many other

metals. The extractable species, such as

UOZ+(TBP),, 2(NO; ) and H' (TBP),, UO5(NO3 )s

in the case of

uranium, vary in composition depending on acidity and total electrolyte concentration, but direct
solvation of the metal ion or protons always plays an important role. TOPO is a better extractant than
TBP, particularly for mineral acids, forming more definite solvates. Table 4.4 includes some of the more

important non-chelated systems.

Chelated Complexes

Many cationic and anionic chelates which are not extractable by the usual organic solvents due to

residual charge can be extracted in the presence of a

Table 4.4 Typical ion-association extraction systems
System

Non-chelated ion-association systems tetraphenylarsonium
and tetraalkyl-ammonium salts

Rhodamine-B—H™ liquid anion exchangers e.g. Aliquat
336-S, TIOA

alkyl esters of phosphoric acid and phosphine oxides e.g.
TBPand TOPO

Chelated ion -association systems

o-phenanthroline, et

biquinolyl, Cl-
EDTA, liquid anion exchangers
oxine, tetraalkylammonium salts

acidic akylphosphoric esters (liquid cation exchangers)
e.g. HDBP, HDEHP

Oxonium systems
(C,Hy),0, HCl

C,H.COCH,, HF
(C,H),0, HI
(C,Hy),0, NH,SCN

(C,H,),0, HNO,

Metal s extracted

ReO7. MnO: | chioro, cyano and thiocyanato complexes of
Bi, Ga, Zn, Cd, Ir(1V), Zn, Co(ll)

SbCI;. GaCly, AuCly, TICI, FeCli gyiract many metals

including U(VI), Co, Fe(ll1), Mo(V1), Ta, Ti(lll), Zn as
halide, sulphate or nitrate complexes

uvh, Pu(lVv), Th(1V), Sc, Y, Zr, Nb, Mo, Sh, actinides,
lanthanides, mineral acids

Fe(Il)

Cu(l)

many metals can be extracted

u(vi)

metals in higher valency states, i.e. actinides, U(VI), Pu(VI)

FeCl;, $hCly GaCly, TICL, AUCY, 4nd others
NbE;, TaFj

So(l11), Hg(l1), Cd, Au(ll1), Sn(ll)

Sn(1V), Zn, Ga, Co, Fe(ll1)

Au(ll), Ce(1V), U(VI), Th(IV)
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suitable counter-ion. Two examples of charged chelates extractable by chloroform are the Fe(l1)-o-
phenanthroline cation using perchlorate as a counter-ion,

Fe(e-phen)i™, 2C107
and the UO,(I1)-8-hydroxyquinoline anion using a tetraalkylammonium cation as the counter ion,
(Bu):N™, UO(Ox);

EDTA complexes of trivalent metals can be extracted successively with liquid anion exchangers such as
Aliquat 336-S by careful pH control. Mixtures of lanthanides can be separated by exploiting differences
intheir EDTA complex formation constants.

Acidic alkyl esters of phosphoric acid, of which dibutyl-phosphoric acid (HDBP) and di(2-ethylhexyl)
phosphoric acid (HDEHP) aretypical,

R—0  OH
NS

P
7N
R—O0 ~ O

form extractable complexes by chelation and solvation, the acidic hydrogen being replaced by a metal,
e.g. La(DBP, HDBP),. Metalsin high valency states, such as tetravalent actinides are the most readily

extracted. The dialkyl phosphoric esters are liquids and are sometimes known as liquid cation
exchangers.

Table 4.4 includes some of the more important chelated systems.
Oxonium Systems

Oxygen-containing solvents with a strong coordinating ability, such as diethyl ether, methyl iso-butyl
ketone and iso-amy| acetate, form oxonium cations with protons under strongly acidic conditions, e.g.
(R,0),H*. Metals which form anionic complexesin strong acid can be extracted asion pairs into such
solvents. For example, Fe(l11) is extracted from 7 M hydrochloric acid into diethyl ether asthe ion pair

[(CyHs),0]:H* (H,0), FeCl;

The efficiency of the extraction depends on the coordinating ability of the solvent, and on the acidity of
the agueous solution which determines the concentration of the metal complex. Coordinating ability
follows the sequence ketones > esters > alcohols > ethers. Many metals can be extracted as fluoride,
chloride, bromide, iodide or thiocyanate complexes. Table 4.5 shows how the extraction of some metals
astheir chloro complexesinto diethyl ether varies with acid concentration. By controlling
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Table 4.5 Extraction of metal chloro complexesinto diethyl ether

HCI (M)

Metal 0.3M 14M 29 M 44 M 6 M
% extracted

Au(lll) 84 98 98 %
Fe(lll) trace 0.1 8 92 9
TI(I) ~08 ~99 ~98
Sb(ln) 0.3 8 2 13 6
Ge ~50
A(IIN) 0.2 0.7 7 37 63
Te(IV) trace 0.2 3 12 #
Ga ~97
Sn(1V) 0.8 10 23 28 17
Ho(l1) 13 0.4 0.2
Cu(I1) trace 0.05 0.05
Zn trace 0.03 0.2
Ir(1v) trace 0.02 5

The following metals are not extracted: Al, Be, Bi, Cd, Cr, Co, Fe(l1), Pb, Mn, Ni, Pd,
Os, Pt, rare earths, Ag, Ti, Th, W, U, Zr.

acidity and oxidation-state and choosing the appropriate solvent, useful separations can be achieved.
As, for example, the number of readily formed fluoride complexes is small compared with those
involving chloride, it is evident that a measure of selectivity isintroduced by proper choice of the
complexing ion. The order of selectivity isF > Br-> 1-> Cl- > SCN-. Examples of oxonium systems
areincluded in Table 4.4.

The use of oxonium and other non-chelated systems can be advantageous where relatively high
concentrations of metals are to be extracted as solubility in the organic phase is not likely to be a
limiting factor. Metal chelates, on the other hand, have a more limited solubility and are more suited to
trace-level work.

M ethods of Extraction

Batch extraction is the smplest and most useful method, the two phases being shaken together in a
separatory funnel until equilibrium is reached and then alowed to separate into two layers. If the
distribution ratio is large, a solute may be transferred essentially quantitatively in one extraction,
otherwise severa may be necessary. The optimum conditions for quantitative extraction have been
discussed on p. 57. If several extractions are required, it is advantageous to use a solvent more dense
than water, e.g. carbon tetrachloride or chloroform, so that the aqueous phase can be | eft in the
separatory funnel until the procedure is compl ete.



Continuous extraction consists of distilling the organic solvent from a reservoir flask, condensing it and
allowing it to pass through the agueous phase before returning to the reservoir flask to be recycled.
Figure 4.3 illustrates two types of apparatus used for this purpose. The method is



Page 69

condenser —| condenser =
7
condensed— condensed [
solvent salvent .L

sample [
solution

sample
solution

POTOUS
frit

solvent -

(a) b}

Figure 4.3
Continuous extraction apparatus.
(a) Extraction with a solvent lighter than water.
(b) Extraction with a solvent heavier than water.

particularly useful when the distribution ratio is small, i.e. D < 1, and where the number of batch
extractions required for quantitative transfer would be inconveniently large. Discontinuous counter -

current distribution is a method devised by Craig, 1 \which enables substances with similar distribution
ratios to be separated. The method involves a series of individual extractions performed automatically

in aspecialy designed apparatus. This consists of alarge number (50 or more) of identical interlocking
glass extraction units (Figure 4.4) mounted in aframe which is rocked and titled mechanically to mix
and separate the phases during each extraction step. Initially, equal volumes of the extracting solvent,
which should be the more dense phase, are placed in each of the extraction units. This can be termed the
stationary phase as each portion remains in the same unit throughout the procedure.

A solution of the mixture to be separated, dissolved in the less dense phase, is placed in the first unit
and the phases mixed and allowed to separate. The upper layer is transferred automatically to the
second unit whilst a fresh portion, not containing any sample, is introduced into the first unit from a
reservoir. By repeating the extraction and transfer sequence as many times as there are units, the
portions of lighter phase, which may be
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stationary phase

(a}

Figure 4.4
Two interlocking glass units for Craig counter-current distribution.
(a) Position during extraction. (b) Position during transfer.
(Note: By returning the apparatus from (b) to (a) the transfer is
completed. The mobile phase moves on to the next unit and is
replaced by afresh portion).

termed the mobile phase, move through the apparatus until the initial portion isin the last unit, and all
units contain portions of both phases. A schematic representation of the first four extractions for a
single solute is shown in Figure 4.5 where it is assumed that D = 1 and equal volumes of the two phases
are used throughout. It can be seen that the solute is distributed between the units in a manner which
follows the coefficients of the binomial expansion of (x + y)" (Table 4.6) where x and y represent the
fractions of solute present in the mobile and stationary phases and n is the number of extractions. The
values of x and y are determined by D and the proportions of mobile and stationary phases used. For
large values of n the distribution approximates to the normal error or Gaussian curve (Chapter 2), and
the effects of n and D are shown in Figures 4.6 and 4.7 respectively. Thus, as the number of extractions
n isincreased, the solute moves through the system at a rate which is proportional to the value of D.
With increasing n the solute is spread over a greater number of units, but separation of two or more
components in amixture will be improved. It should be noted that a 100% separation can never be
achieved as the extremities of a Gaussian curve approach a baseline asymptotically. However, many
separations are essentialy quantitative within the context of a particular problem, e.g. 95, 99 or 99.9%.

Theoretically, any number of solutes can be separated in this manner and the method has been applied,
for example, to the separation of fatty acids, amino acids, polypeptides and other biological materials
with distribution
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Figure 4.5
Extraction scheme for a single solute by Craig counter-current distribution.
(Figures represent the proportions in each phase for D = 1 and equal
volumes. Only the first four extractions are shown).

Table 4.6 Proportional distribution of a solute between extraction units for Craig
counter-current distribution

Unit number
Extraction 1 2 3 4 5 6 7
1st 1
2nd 1 1
3rd 1 2 1
4th 1 3 3 1
5th 1 4 6 4 1
6th 5 10 10 5 1
7th 1 6 15 20 15 6 1
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Effect of the number n of equilibrations on solute
distributions for a distribution ratioD = 1.

ratios in some cases differing by less than 0.1. However, the procedure can be lengthy and consumes
large volumes of solvents. It is frequently more convenient to use one of the chromatographic

techniques described later in this chapter. These can be considered as a development of the principle of
counter-current distribution.

Applications of Solvent Extraction

The technique is used predominantly for the isolation of a single chemical species prior to a
determination and to alesser extent as a method of concentrating trace quantities. The most widespread
application isin the determination of metals as minor and trace constituents in a variety of inorganic
and organic materials, e.g. the selective extraction and spectrometric determination of metals as
coloured complexes in the analysis of metallurgical and geological samples aswell asfor petroleum
products, foodstuffs, plant and animal tissue and body fluids.

Separation procedures for purely organic species do not possess the same degree of selectivity as
systems involving metals because of a general lack of suitable complexing and masking reactions.
Nevertheless, classes of compounds such as hydrocarbons, acids, fats, waxes, etc., can often be isolated
prior to analysis by other techniques.
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Figure 4.7
Effect of the distribution ratio D on solute
distribution after 50 equilibrations.
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42—
Solid Phase Extraction

Summary
Principles

Selective transfer of material in sub-microgram to milligram quantities between a solid sorbent and a
liquid phase; separations depend on different relative affinities for the two phases based on adsorption,
size or charge; selectivity achieved by pH control, solvent composition and surface chemistry of the
sorbent.

Apparatus and | nstrumentation

Syringe-barrel cartridges, disk-holders, plastic pipette-tips, well plates; vacuum manifolds for semi-
automatic batch processing; fully automated autosamplers, xyz liquid handlers and robot-controlled
work stations.

Applications

Increasingly used for sample clean-up prior to chromatographic analysis and pre-concentration of trace
and ultra-trace levels of analytes. Largely replacing solvent extraction.

Disadvantages

Packed sorbent beds may suffer from poor efficiency due to channelling; solid phase microextraction
difficult to calibrate and replicate, especially with gaseous samples.

Solid phase extraction (SPE) involves the separation of components of samples in solution through their
selective interaction with and retention by a solid, particulate sorbent. SPE depends on differencesin
the affinities of the various components of the sample for the sorbent. The mechanisms of the
interactions are virtually identical to the sorption processes that form the basis of liquid
chromatographic separations (p. 80). The choice of solvent, the pH and ionic strength of aqueous
solutions, and the chemical nature of the sorbent surface, especialy its polarity, are all of importancein
controlling the selectivity and efficiency of an extraction.

Solid Phase Sor bents

These are generally either silica or chemically modified silica similar to the bonded phases used in
high-performance liquid chromatography (p. 124 et seq) but of larger particle size, typically 40-60 um
diameter. Silicawith chemically bonded alkyl chains such as C,, (ODS) or C,, phenyl, amino, ion-
exchange groups or unmodified silica are the most widely-used, although polymeric resins
(polystyrene/divinyl benzene copolymers), Florisil (activated magnesium silicate), aluminaand
charcoal also find applications. Some SPE sorbents are listed in Table 4.7 along with the predominant
interaction mechanism for each one. All four chromato-
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Table4.7 Typical SPE sorbents and interaction mechanisms

Sorbent Polarity Interaction mechanisms
silica, Sio,
Florisil, MgSiO, Ez:dl; l adsorption;
palar H-bonding
alumina, AlO,

Bonded phases (modified silica)

—C,,H,, (C,, or ODS)

—C.H.. (C. or octyl non-polar van der
g ( 8 v nog=polar ] Waals
nonspolar interactions
—CH, (phenyl) and p—p
interactions
—(CH,).CN (cyanopropyl)
o Eg:gﬁ } polar interactions; H-bonding
—(CH,),NH,, (aminopropy!)
—(CH,),CH,SOH ionic cation exchange
—(CH,),N(CH ,),CI ionic amion exchange
chiral (cyclodextrin) polar adsorption; H-bonding; dipolar
interactions; steric effects
styrene/divinyl benzene copolymer non-polar size exclusion

graphic sorption mechanisms (p. 80) can be exploited depending on the sorbent selected and the nature
of the sample. Thus, hydrophobic and van der Waals forces, dipolar interactions, H-bonding, ion-
exchange and exclusion may contribute to or predominate in the retention of sample components, mixed
mechanisms being common. Figure 4.8 represents these interactions diagrammatically for a number of
sorbent surfaces and solute functionalities, some typical applications being given in each case. Sorbents
can be classified according to the polarity of the surface. The hydrocarbon-modified silicas are non-
polar, and therefore hydrophaobic, but are capable of extracting a very wide range of organic compounds
from agueous solutions. However, they do not extract very polar compounds well, if at al, and these are
best extracted by unmodified silica, aluminaor Florisil, al of which have a polar surface. lonic and
ionizable solutes are readily retained by ion-exchange using cationic or anionic sorbents. Weak acids
can be extracted from aqueous solutions of high pH when they are ionized, and weak bases from
agueous solutions of low pH when they are protonated (cf. solvent extraction, p. 59). Alternatively, by
supressing ionization through pH control, extraction by C,, or C, sorbents may be possible. Sorbents of
intermediate polarity, such as cyanopropyl and aminopropyl modified silicas may have different
selectivities to non-polar and polar sorbents.

Solid Phase Extraction For mats

Syringe-barrel Cartridges

Currently, most SPE is carried out using a small packed bed of sorbent (25-500 mg) contained in a
cartridge made from a polypropylene syringe barrel, the sorbent being retained in position by



polyethylene fritted discs. The sorbent generally occupies only the lower half of the cartridge, leaving
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space above to accommodate several millilitres of the sample solution or washing and eluting solvents.
Depth filters can also be positioned immediately above the sorbent bed to remove particul ate matter
from sample solutions. A typical cartridge procedure isillustrated in Figure 4.9 and consists of four
distinct steps, i.e.

» Sorbent conditioning The cartridge is flushed through with sample solvent to remove impurities and to
ensure that the sample solution will properly wet the surface of the sorbent particles. It also creates a
solvent composition and pH environment compatible with that of the sample solution thus avoiding
undesirable chemical changes when the sample is applied. Furthermore, conditioning each cartridge
before use improves the reproducibility of an analytical method.

» Sample loading or retention The sample solution is passed through the cartridge with the object of
either retaining the analytes of interest whilst the matrix components pass through or retaining the
matrix components whilst the analytes pass through. The former option should be chosen if the analyte
(s) is/are present at relatively low or trace levels otherwise the latter can be used, provided the cartridge
capacity to retain matrix components is not exceeded. The sample solvent should have aweak power of
elution compared to the affinity of the sorbent for the components to be retained. In some procedures,
the analyte(s) and one or more of the matrix components are retained whilst the remainder of the matrix
components pass through. The sample size must be selected so as to be well within the capacity of the
sorbent bed for whichever components are to be retained, and the flow rate of the solvent should not be
excessive (normally no more than 10 cm? min—) otherwise retention efficiency will be impaired or
separations incomplete.

» Rinsing Thisis necessary to remove all of those components not retained by the sorbent during the
retention step and which may remain trapped in the interstitial solvent. These could either be analyte(s)
or matrix components, depending on which are not retained by the sorbent.

* Elution Thisfinal step isto recover retained analytes, otherwise the matrix-free solution and rinsings
from the second and third steps are combined for quantitative recovery of the analyte before completion
of the analysis.

Disks and Pipette-tips

Alternative forms of sorbent bed have been developed. These include thin porous glass-fibre or PTFE
disks in which sorbent particles are embedded, and disposable plastic pipette-tips fitted with small
sorbent beds.

Disks have relatively large cross-sectional areas compared to packed-bed cartridges and thin sorbent
layers (0.5—1 mm thick) containing about 15 mg of material. This reduced bed-mass resultsin low void

volumes (aslittle as
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Diagrammatic representations of SPE interactions.
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15 pl) thus minimizing solvent consumption in the rinsing and elution steps, improving selectivity and
facilitating high solvent flow rates when large volumes of sample are to be processed. In addition,
channelling, which can limit extraction efficiency in packed beds, is eliminated. Discs can be used
singly or stacked in syringe barrels to increase sample capacity or to alow 'mixed-mode' extractions,
I.e. combinations of discs with different sorbents selected to retain a wider range of compounds for
specific types of sample.

Plastic pipette-tips incorporating small sorbent beds are designed for processing very small volumes of
sample and solvents rapidly, and have the advantage of allowing flow in both directions if required.

Automated Solid Phase Extraction

Solid phase extraction can be semi- or fully automated to increase sample throughput and to improve
both precision and accuracy. The degree of automation ranges from the parallel off-line processing of
batches of up to about ten samples using a vacuum manifold to provide suction, to on-line
autosamplers, xyz liquid handlers and robotic workstations. One of the most recent developmentsis the
utilisation of well plates containing upwards of 96 individual miniature sample-containersin a
rectangular array. Well plates are used in xyz liquid handlers for processing large numbers of samples
prior to the transfer of aliquots to analytical instruments, particularly gas and liquid chromatographs and
mass spectrometers. A set of miniature SPE cartridges, fitted with discs or short packed-beds, can be
placed on top of awell plate, and some commercial systems offer the aternative of using disposable
pipette-tips with aliquid handler.

Solid Phase Microextraction

An important variation of SPE, known as SPME, allows trace and ultratrace levels of analytesin liquid
or gaseous samples to be determined by concentrating them onto a fused-silica optical fibre coated with
alayer of a polymeric substance such as polydimethylsiloxane (PDMS) or Carbowax, both of which are
commonly used as gas chromatographic stationary phases. The 1 cm long fibre is normally attached to a
modified microsyringe in such away that after concentration of the required sample components into
the coating by exposing it to the gas or liquid to be analysed, it can be inserted directly into the injection
port of agas or liquid chromatograph (Figure 4.10). To protect the fibre after sampling and to enable it
to be introduced into a gas chromatographic injection port, it is attached to a hollow stainless steel
needle into which it can be retracted. Sorbed analytes are thermally desorbed into the carrier gas stream
after piercing the septum of the injection port and exposing the fibre. Sample introduction into aliquid
chromatograph is viaa modified multiport valve and desorption into the flowing mobile phase. The
polymeric coatings used on SPME fibres range in thickness between 5 and 100 um. They require
conditioning before use but can be used repeatedly.
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Figure 4.10
SPME sampling device.

Extraction is an equilibrium process that is affected by temperature, analyte and other sample
component concentrations, and the volume/thickness of the polymeric coating. Continuous stirring of
liquid samples greatly speeds up the equilibration process whilst the headspace sampling of liquids and
solids (p. 109) and gaseous samples require the shortest equilibration times. Detection limits are the
lowest with the thickest fibre coatings but equilibration times are correspondingly very long (up to
several hours). The desorption of analytesis aso time and temperature dependent so that careful control
of these parameters is necessary in both the sampling and analysis stages. An advantage of SPME over
SPE is the avoidance of solvents, but good precision for quantitative determinations is more difficult to
achieve and automated systems are only just being devel oped.

Applications of SPE and SPME

The principal application isin the preparation or ‘pretreatment’ of samples for analysis where analytes
need to be separated from other sample components (the sample matrix), and in some cases to
concentrate trace or ultra-trace levels of analytes that would otherwise not be detectable or quantifiable.
Matrix components may cause interference with the subsequent determination of analytes and, where a
chromatographic analysisis required, they may be detrimental to the performance of a column. The
pretreatment of 'dirty samples, i.e. those containing high levels of matrix components such as salts,
proteins, polymers, resins, etc., and often described as ‘'sample clean-up’, is necessary where thereis a
likelihood of contamination of the column leading to rapid deterioration. SPE is versatile and rapid,
requires only small volumes of solvents (cf. solvent extraction, section 4.1), or none in the case of
SPME, and cartridges or disks are cheap enough to be discarded after use thus obviating the need for
regeneration. The analysis of environmental, clinical, biological and pharmaceutical samples have all
benefited from arapid growth in the use of SPE where it has largely replaced solvent extraction.
Specific examples include the determination of pesticides and herbicidesin polluted surface waters and
soils, polycyclic aromatic hydrocarbons (PAHS) in drinking water, polluted industrial and urban
atmospheres, and drugsin biological fluids. SPME isfinding particular use in water analysis, in the
analysis of fragrances and
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volatiles in foodstuffs by headspace analysis, and in the detection of drugs and their metabolitesin
urine, blood and breath samples.

43—
Chromatography

Historically, the word chromatography was used by Tswett 2 in 1903 to describe the separation of plant
pigments by percolating a petroleum-ether extract through a glass column packed with powdered
calcium carbonate. Coloured zones were produced by the various pigments migrating through the
column at different rates, the components being isolated by extrusion and sectioning of the calcium
carbonate packing. Modern chromatographic techniques are more complex and are used for awide
variety of separations frequently involving colourless substances, but the original term is retained.

All the techniques depend upon the same basic principle, i.e. variation in the rate at which different
components of a mixture migrate through a stationary phase under the influence of a mobile phase.
Rates of migration vary because of differencesin distribution ratios. Chromatography therefore
resembles Craig counter-current distribution which has been described in the previous section. In the
Craig process, individual equilibrations are performed in a series of separate vessels. If the walls of
these vessels are imagined to be non-existent so that the stationary phase is continuous, and the mobile
phase is allowed to move continuously rather than stepwise, the situation would be closely analogous to
that found in chromatographic separations. In practice the liquid stationary phase is coated onto an inert,
granular or powdered solid support which is either packed into a column or spread on a supporting
sheet in the form of athin layer. The solid stationary phases used in some chromatographic techniques
have no need of a support if packed into a column but still require a supporting sheet for thin-layer
operation. As the distributing components of a mixture are moved down a column or across a surface by
the mobile phase, they assume a Gaussian concentration profile as they do in the Craig process. In
addition, because both phases are continuous, diffusion and other kinetic effects play asignificant rolein
determining the width of the profile. Thiswill be discussed in more detail later.

Chromatographic M echanisms

During a chromatographic separation solute molecules are continually moving back and forth between
the stationary and mobile phases. While they are in the mobile phase, they are carried forward with it
but remain virtually stationary during the time they spend in the stationary phase. The rate of migration
of each solute is therefore determined by the proportion of time it spends in the mobile phase, or in
other words by its distribution ratio.

The process whereby a solute is transferred from a mobile to a stationary phase is called sorption.
Chromatographic techniques are based on four different sorption mechanisms, namely surface
adsor ption, partition, ion-
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exchange and exclusion. The original method employed by Tswett involved surface adsorption where
the relative polarities of solute and solid stationary phase determine the rate of movement of that solute
through a column or across a surface. If aliquid is coated onto the surface of an inert solid support, the
sorption processis one of partition, and movement of the solute is determined solely by itsrelative
solubility in the two phases or by its volatility if the mobile phase is a gas. Both adsorption and partition
may occur simultaneously, and the contribution of each is determined by the system parameters, i.e. the
nature of the mobile and stationary phases, solid support and solute. For example, a stationary phase of
aluminium oxide is highly polar and normally exhibits strong adsorptive properties. However, these
may be modified by the presence of adsorbed water which introduces a degree of partition into the
overall sorption process by acting as aliquid stationary phase. Conversely, paper (cellulose) is
relatively non-polar and retains alarge amount of water which functions as a partition medium.
Nevertheless, residual polar groups in the structure of the paper can lead to adsorptive effects.

The third sorption phenomenon is that of ion-exchange. Here, the stationary phase is a permeable
polymeric solid containing fixed charged groups and mobile counter-ions which can exchange with the
ions of a solute as the mobile phase carries them through the structure.

The fourth type of mechanism is exclusion although perhaps ‘inclusion’ would be a better description.
Strictly, it is not a true sorption process as the separating solutes remain in the mobile phase throughout.
Separations occur because of variations in the extent to which the solute molecules can diffuse through
an inert but porous stationary phase. Thisisnormally agel structure which has a small pore size and
into which small molecules up to a certain critical size can diffuse. Molecules larger than the critical
size are excluded from the gel and move unhindered through the column or layer whilst smaller ones
are retarded to an extent dependent on molecular size.

In each chromatographic technique, one of the four mechanisms predominates, but it should be
emphasized that two or more may be involved simultaneously. Partition and adsorption frequently
occur together and in paper chromatography, for example, ion-exchange and exclusion certainly play
minor roles also.

Sor ption | sother ms

Ideally the concentration profile of a solute in the direction of movement of the mobile phase should
remain Gaussian at all concentrations as it moves through the system. However, sorption characteristics
often change at high concentrations resulting in changes in the distribution ratio. If no such changes
occurred, aplot of the concentration of solute in the mobile phase as afunction of that in the stationary
phase at constant temperature would be linear and the concentration profile symmetrical (Figure 4.11
(a)). Plots of thistype, known as sorption isotherms, can show curvature towards either
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axis. In such cases, the concentration profiles will be asymmetrical or skewed, an appearance described
astailing (Figure 4.11(b)) or fronting (Figure 4.11(c)). Both these effects are undesirable as they lead to
poor separations and unreliable quantitative data. Fronting, which produces peaks with sloping front
and sharp rear boundaries is more likely to occur in systems where partition forms the basis of the
separation process, and where the solute has a small distribution ratio. Tailing produces peaks with
sharp leading edges and long sloping rear boundaries. It is particularly likely to occur where adsorption
isinvolved in the separation process. The diagrams show that both effects become more pronounced at
high concentrations and are therefore symptomatic of overloading the column or surface with sample.
Restricting the sample size so as to operate over the linear region of the sorption isotherm isa
recognized means of preventing fronting and tailing.

Oy Cg Cs
Cu T C
Cy Ch /\ Cm
time Lime time
{2} =]} ich
Figure 4.11

Sorption isotherms and concentration profiles.
() Linear isotherm; Gaussian profile. (b) Curved isotherm; 'tailing'.
(c) Curved isotherm; 'fronting'.

Adsor ption Systems

Separations in which surface adsorption is the predominant sorption process depend upon polarity
differences between solute molecules. Those which are highly symmetrical or consist of atoms with
similar electro-negativities are relatively non-polar, e.g. C,H,,, C.H,, CCl,. The presence of functional
groups leads to an increase in polarity, thus, C.H,,OH is more polar than CH,,, C.H,NO, is more polar
than CH,, and CHCI, is more polar than CCl,. The more polar the molecule, the more tenacioudly it

will be adsorbed by a polar surface. The approximate order of increasing strength of adsorptionis:
akanes < alkenes < ethers < esters < ketones and
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aldehydes < amines < alcohols and phenols < acids. During the separation process there is competition
for adsorption sites between solute molecules and those of the mobile phase. Solute and solvent
molecules are continually being adsorbed and desorbed as the mobile phase travel s through the system.
Solutes of low polarity spend proportionately more time in the mobile phase than those that are highly
polar. Consequently, the components of a mixture are eluted in order of increasing polarity (increasing
distribution ratio). Adsorption isotherms often show curvature (p. 82), unless the sample loading is very
low. Thisleadsto pronounced tailing of solute peaks and aloss of resolution.

Stationary Phase

Almost any polar solid can be used, the most common choices being silicagel or alumina. A selection
of stationary phasesislisted in Table 4.8 in order of decreasing adsorptive power. Silicagel and
alumina are highly polar materials that adsorb molecules strongly. They are said to be active adsorbents.
Activity is determined by the overall polarity and by the number of adsorption sites. In silicagel, the
adsorption sites are the oxygen atoms and silanol groups (—S —OH) which readily form hydrogen
bonds with polar molecules. Adsorption sites of different types are present on the surface of alumina,
but, like silica gel, a proportion of them are hydroxyl groups. The amount of water present on the
surface has a profound effect on activity by blocking adsorption sites. If the water is progressively
removed by oven drying, the material becomes correspondingly more active.

Table 4.8 Adsorbents used in column

chromatography
alumina
B charcoal
& silica gel
E magnesium carbonate
gn caleium carbonate
& tale
fﬁ. starch
HH SUCTOse
= celiulose

Note: The positions of aluminaand silicagel are
dependent on water content.

The choice of stationary phase and its degree of activity is determined by the nature of the sample. If
sample components are adsorbed too strongly, they may be difficult to elute or chemical changes may
occur. Weakly polar solutes should be separated on highly active adsorbents otherwise they may elute

rapidly with little or no resolution. Strongly polar solutes are better separated on adsorbents of low
activity. Silicagel can be prepared with a
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wider range of activities than aluminaand is lesslikely to induce chemical changes. The latter is
available in aneutral form for general use, and in a basic form (containing sodium carbonate) for use
with acid-sensitive compounds. An acidic form behaves as an anion exchanger and not as atrue

adsorbent.
Mobile Phase

The eluting power of a solvent is determined by its overall polarity, the polarity of the stationary phase
and the nature of the sample components. Table 4.9 lists some widely used solventsin order of their
eluting power, this being known as an eluotropic series. In practice, better separations are achieved with
the least polar solvent possible and mixtures of solvents are often used to achieve optimum separation

conditions.

Table4.9 An example of an eluotropic series

Solvent

n-hexane
cyclohexane
carbon tetrachloride
toluene

benzene

methylene chloride
n-propanol
tetrahydrofuran
ethyl acetate
is0-propanol
chloroform

acetone

ethanol

acetonitrile
methanol

water

UV cut off
nm

190
200
265
285
280
233
240
212
256
205
245
330
210
190
205

Rl 25°C

1.372
1.423
1.457
1.494
1.498
1421
1.385
1.405
1.370
1.384
1.443
1.356
1.359
1.341
1.326
1.333

Viscosity C,

25°C

0.30
0.90
0.90
055
0.60
041

1.9
0.46
0.43

1.9
0.53

0.3
1.08
034
054

0.89

Solvent polarity (p',
partition-based)

0.1
0.2
16
2.4
2.7
3.1
4.0
4.0
4.4
3.9
4.1
5.1
4.3
5.8
5.1

10.2

Solvent polarity (€9,
adsorption-based)

0.01
0.04
0.18
0.29
0.32
0.42
0.82
057
0.58
0.82
0.40
0.56
0.88
0.65

0.95

It isimportant that a given solvent should not contain impurities of a more polar nature, e.g. water or
acids, alcohol in chloroform, aromatics in saturated hydrocarbons, as resolution may be impaired.
Certain solvent-adsorbent combinations can be chemically unstable. For example, acetoneis
polymerized by basic alumina.

Partition Systems



In a partition system the stationary phase isaliquid coated onto a solid support (p. 97). Silicagel,
kieselguhr (diatomaceous earth) or cellulose powder are the most frequently used. Conditions closely
resemble those of counter-current distribution so that in the absence of adsorption by the solid support,

solutes move through the system at rates determined by their
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relative solubilitiesin the stationary and mobile phases. Partition isotherms usually have alonger linear
range than adsorption isotherms, so tailing or fronting of elution peaksis not a particular problem,
except at high concentrations.

Stationary and Mobile Phases

Thereisavery wide choice of pairs of liquids to act as stationary and mobile phases. It is not necessary
for them to be totally immiscible, but alow mutual solubility is desirable. A hydrophilic liquid may be
used as the stationary phase with a hydrophobic mobile phase or vice versa. The latter situation is
sometimes referred to as a 'reversed phase' system as it was devel oped later. Water, agueous buffers and
alcohols are suitable mobile phases for the separation of very polar mixtures, whilst hydrocarbonsin
combination with ethers, esters and chlorinated solvents would be chosen for less polar materials.

In principle the wide range of stationary phases used in GLC can be used in liquid-iquid partition
systems, but problems can arise from mutual solubility effects which may result in the stationary phase
being stripped from the column.

Char acterization of Solutes

As aready described, the rate of movement of a solute is determined by its distribution ratio defined as

= Csl:niu:unarj.' phase

c-1|:|1| ihile phase

The larger the value of D, the slower will be the progress of the solute through the system, and the
components of amixture will therefore reach the end of a column or the edge of a surface in order of
increasing value of D. In column methods, a solute is characterized by the volume of mobile phase
required to move it from one end of the column to the other. Known as the retention volume, V,,, it is
defined as the volume passing through the column between putting the sample on the top of the column
and the emergence of the solute peak at the bottom. It is given by the equation

Ve =V +kVy (4.39)

whereV,, is the volume of mobile phase in the column (the dead or void volume) and k is the retention

factor which isdirectly proportional to D but takes account of the volume of each phase. Sometimesk
is used to characterize a solute rather than V...

If k=0, then V. =V,, and the solute is eluted without being retarded or retained by the stationary phase.
Large values of k, which reflect large values of D, result in very large retention volumes and hence long
retention times. At a constant rate of flow of mobile phase F, V; isrelated to the retention time, t;, by

the equation
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Ve = Fig (4.40)

If the flow of mobile phase is monitored by a detector and recorder/V DU system, such asisused in gas
and high-performance liquid chromatography, then t, can be used as a measure of V..

In paper and thin-layer chromatography, the separation processis halted at a stage which leaves the
separated components in situ on the surface in the form of spots. The rate at which a solute has moved
is then determined by its retardation factor , R, which is defined as

_ distanee travelled by the centre of the solute spot
~ distance travelled by the front of the mobile phase

[

Itisinversely related to D and clearly cannot be greater than 1. Distances are measured from the point
of application of the sample. Asboth t; and R, arerelated to D they will depend on the conditions under
which a chromatogram is run. Valid comparisons between samples and between samples and standards
can be made only if experimental conditions are identical. In many cases thisis difficult to achieve and
it is common practice to run samples and standards sequentially or simultaneously to minimize the
effects of variations.

Chromatogr aphic Performance

Theideal chromatographic process is one in which the components of a mixture form narrow bands
which are completely resolved from one another in as short atime as possible. The performance of a
particular chromatographic system can be assessed in the following ways.

Efficiency and Resolution

The width of aband or peak isameasure of the efficiency of the process whilst resolution is assessed by
the ability to resolve the peaks of components with similar t, or R values.

Efficiency, N, for column separationsis related to retention time and peak width measured in terms of
the standard deviation, assuming an ideally Gaussian-shaped peak (p. 16), i.e.

N= [IE“]? (4.41)

In practiceit is easier to measure baseline width or the width at one half of the peak height, so Nis
generally calculated using one of the alternative formulae:

N =16 f—“)z (4.42)
N =16( - 4,

or
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where W, is the baseline peak width and W,,, is the peak width measured at half of the peak height.

Valid comparisons of efficiencies can be made only if the same formulais used throughout, as the
computed values of N using each of the above formulae may differ considerably.

The parameter N is universaly referred to as the plate number, but an aternative means of quoting
efficiency isin terms of aplate height, H or HETP. Plate number and plate height are inversely related

by the equation

N=L/H (4.44)

where L isthe length of the column.

Values of N may be many thousands for columns having high efficiencies, the corresponding values of
H being lessthan 1 mm.

Resolution, R,, is measured from a chromatogram by relating the peak-to-peak separation to the average
peak width. Thisis expressed by the equation

R, = 2Atp /(W) + W3) (4.45)

where Dt, is the separation of the peak maxima and W, and W, are the respective pesk widths (Figure

4.12). Because of the Gaussian profile of the peaks, a 100% separation is never attainable (see counter-
current distribution, section 4.1) but an R, value of 1.5 or more indicates cross-contamination of 0.1% or

less and is known as basdline resolution.
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Figure 4.12
Resolution of adjacent peaks

* HETP = height equivalent to atheoretical plate. It is derived from the plate theory of distillation whichisa
confusing concept having no basisin fact in the context of modern chromatographic separations. Nevertheless the
terms plate number and plate height are still very widely used.
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Peak Asymmetry (Peak Skew)

Few chromatographic peaks are perfectly Gaussian (symmetrical), most exhibiting a degree of
asymmetry dueto tailing or fronting (p. 82). It is common practice to quantify the degree of asymmetry,
or skewness, using one of a number of formulae that incorporate the front and rear half-widths of the
peak as defined in Figure 4.13. A perpendicular is drawn from the peak maximum to the baseline and
the horizontal distances from this perpendicular to the front and rear edges of the peak (A and B) are
measured at a specified height above the baseline, usually 5 or 10% of the peak height. The asymmetry
factor, A, is defined as B/A and the tailing factor, A,, as (A + B)/2A. For a Gaussian peak, A=B and both
A,and T, are exactly 1. Values of 0.9 (fronting) to 1.2 (tailing) are considered acceptable, whereas
outside this range an improvement in the chromatography should be sought. Comparisons should
always be based on the same formul a, although differences between A, and T, for the same peak are
small when the values are close to 1. Some |laboratories use A, whilst others prefer T,.

' %0 af
[ e SR peak heighe

time

Figure 4.13
Determining peak-asymmetry and
peak-tailing factors. Peak asymmetry = B/A,
and peak tailing factor = (A + B)/2A.

Kinetic Effects

The ultimate width of a peak is determined by the total amount of diffusion occurring during movement
of the solute through the system, and on the rate of masstransfer between the two phases. These effects
are shown diagrammatically in Figure 4.14. Both diffusion and mass transfer effects are inter-dependent
and complex, being made up of a number of contributions from different sources. Because they are
Kinetic effects, their influence on efficiency is determined by the rate at which the mobile phase
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Figure 4.14
Effects of diffusion and mass transfer on peak width. (a) Concentration profiles
of asolute at the beginning of a separation. (b) Concentration profiles of a solute
after passing some distance through the system.

travels through the system. Attempts to define efficiency in terms of diffusion and mass transfer effects

are numerous, the most useful being those of van Deemter 2 and of Giddings?. Based on their approach,
the following simplified equation can be derived:

H=A+B/it=Ca (4.46)

where # is the mean linear flow rate of the mobile phase, and A, B and C are terms involving diffusion
and mass transfer.

A isthe 'multiple path' term which accounts for different portions of the mobile phase, and consequently
the solute, travelling different total distances because of the various routes taken around the particles of
stationary phase. The effect is minimized by reducing particle size but increases with length of column
or surface.

B/* is the 'molecular diffusion’ term and relates to diffusion of solute molecules within the mobile phase
caused by local concentration gradients. Diffusion within the stationary phase also contributes to this
term, which is significant only at low flow rates and increases with column length. As B is proportional
to the diffusion coefficient in the mobile phase, the order of efficiency at low flow ratesisliquids >
heavy gases > light gases.

C' isthe 'mass transfer' term and arises because of the finite time taken for solute molecules to move
between the two phases. Consequently, atrue equilibrium situation is never established as the solute
moves through the system, and spreading of the concentration profiles results. The effect is minimal for
small particle size and thin coatings of stationary phase but increases with flow rate and length of
column or surface.

Experimental values of H, obtained from equation (4.46) and plotted against the rate of flow of mobile
phase for a given solute and set of conditions, produce a hyperbolic curve showing an optimum flow
rate for maximum efficiency (Figure 4.15). The position of the maximum varies with the solute, and a
family of curves can be derived for the components of a mixture. The most efficient flow rate for a
particular sampleis, therefore, a matter of compromise. The eguation also indicates that the highest
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Figure 4.15
Efficiency as afunction of mobile phase velocity
and the effect of each term in equation (4.46).

efficiencies are achieved with stationary phases of small particle size (small values of A and C*) and
thin coatings of liquid (small value of C*). In practice, the choice of operating conditionsis often a
semi-empirical one based on previous experience. Equation (4.46) applies strictly to packed column gas
chromatography (p. 97) but similar equations have been derived for capillary column gas
chromatography (p. 99) and for high performance liquid chromatography (p. 118).

A more fundamental equation for resolution than equation (4.45) is given by the expression

V% @)k

Ry 4 a1+ ks

(4.47}

where N, is the efficiency (plate number) measured for the second solute, k, isits retention factor and &
IS the separation factor defined as k,/k,. An R, value of O indicates that the two solutes are completely
unresolved and would occur if @ were 1 (i.e. when k, = k), or if k, were O (i.e. if the second solute
eluted on the solvent front (p. 85). Improvement in the resolution of two solutes can be achieved by
increasing the magnitude of one or more of the three termsin equation (4.47) which are essentially
independent variables. Thefirst term is affected by particle size, column length and flow rate (p. 86 et
seg.) but it should be noted that a doubling of resolution requires afourfold increase in efficiency. The
second and third terms are affected by the nature of the mobile and stationary phases, temperature and
pressure. Very significant improvements in resolution can often be achieved by changing one or both of
the phases as this can have alarge effect on the value of @, especidly if itisinitialy very closeto 1.
Although resolution increases significantly with increasing k, for early-eluting peaks, once k, gets much
larger than 10, further improvement is negligible because the third term rapidly approaches 1.
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Temper atur e Effects

The choice of operating temperature can have a profound effect on a chromatographic separation due to
the temperature dependence of the distribution ratio D of each solute or to be strict, of the distribution
coefficient K, (cf. solvent extraction, p. 56). The relation is an exponential one,

K x exp {—- AH®/RT)

and a change in temperature of 20 K can result in atwofold changein K,. As Alr , the enthalpy of
sorption, is usually negative increasing the temperature decreases K, or D, which leadsto a
corresponding decrease in t,, the retention time, or an increase in R, the retardation factor. Therefore, in
the interests of speed, a higher temperature may be considered desirable but this can be at the expense
of resolution, which will be affected by the increased rates of diffusion and mass transfer. At lower
temperatures resolution may be better, but the time required may be unacceptably long and a
compromise is usually sought. Whatever the ultimate choice of operating temperature it isimportant
that it isreproducibleif valid comparisons are to be made.

I solation of Separated Components

One aspect in which column chromatography differs from counter-current distribution isin the recovery
of the separated components. In Tswett's original method, the individual pigments were recovered from
the column itself rather as they would be collected from the glass separation units of the Craig
apparatus. Nowadays, the usual procedure is to remove the components of a mixture from the column
sequentially by sweeping them through with the mobile phase, a process known as elution. A sampleis
introduced onto the top of the column and the pure mobile phase passed through it continuously until all
the components have been eluted. The order of elution depends on the individual distribution ratios for
each solute, and incompl ete separation may occur where these are not sufficiently different. A plot of
volume of eluting agent or time against concentrations of the eluted species provides an elution profile
from which both qualitative and quantitative information can be obtained (Figure 4.16).

Gradient elution is a procedure whereby the conditions under which the sampleis eluted are
progressively varied throughout the separation so as to speed up the process. This can be achieved by
atering the composition of the mobile phase or increasing the temperature or flow rate. The effect isto
elute components more rapidly in the latter stages and sharpen their elution profiles. Stepwise elution is
asimilar procedure in which elution conditions are changed at predetermined times rather than
continuously.

Two other means of separating and removing components from a column are frontal analysis and
displacement development, but these are of secondary importance. In frontal analysis sampleis
continuously applied to the top of the column. Eventually, as the stationary phase becomes
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Figure 4.16
A typical elution profile; the separation of saturated esters
by gas-liquid chromatography
1. methyl formate 2. methy!| acetate 3. ethyl formate
4. ethyl acetate 5. n-propyl formate 6. iso-propyl acetate
7. n-butyl formate 8. sec-butyl acetate 9. iso-butyl acetate
10. n-butyl acetate

saturated with sample, the component with the smallest distribution ratio begins to emerge from the
column followed by othersin order of increasing distribution ratio but not separated as well asin the
elution method. Displacement devel opment involves the movement of a sample down the column by
introducing a displacing agent which has alarger distribution ratio than any of the sample components.
Again solutes leave the column in order of their distribution ratios, but with much less overlap thanin
frontal analysis. Neither of these methods offers any advantages over elution, except in preparative
work where large quantities are to be handled.

43.1—
Gas Chromatography

Summary
Principles

Separation of mixtures in microgram quantities by passage of the vaporized samplein a gas stream
through a column containing a stationary liquid or solid phase; components migrate at different rates
due to differences in boiling point, solubility or adsorption.

Apparatus and | nstrumentation
Injection port, heated metal, glass or fused quartz column, detector and recorder, regul ated gas supply.
Applications

Very widespread use, almost entirely for organic materias; techniqueis rapid, smple and can cope with
very complex mixtures (100 or more
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components) and very small samples (nanograms); useful for both qualitative and quantitative analysis.
Relative precision 2—5%.

Disadvantages

Samples must be volatile and thermally stable below about 400°C; most commonly used detectors are
non-selective; published retention data are not always reliable for qualitative analysis.

Gas chromatography, so called because the mobile phase is a gas, comprises gas-liquid
chromatography (GLC) and gas-solid chromatography (GSC). For GL C the stationary phaseis a high-
boiling liquid and the sorption process is predominantly one of partition. For GSC the stationary phase
isasolid and adsorption plays the major role. Samples, which must be volatile and thermally stable at
the operating temperature, are introduced into the gas flow via an injection port located at the top of the
column. A continuous flow of gas elutes the components from the column in order of increasing
distribution ratio from where they pass through a detector connected to a recording system. A schematic
diagram of a gas chromatograph is shown in Figure 4.17 and details of the components are discussed
below.

CAITicr gas a
; imjecior [y
pressure gauges JI_ amplifier
?rP | |
L | I |
flow controllers
VD LUcompat-
ing insegrator
column oven
carmer gas
OYET
lcmpcra:u:'t
PrOgTATIED
Figure 4.17

Schematic diagram of a gas chromatograph.
(From R. M. Smith, Gas and Liquid Chromatography in Analytical
Chemistry, Wiley, 1988).

(H—

M obile Phase and Flow Control

The mobile phase or carrier gas is supplied from acylinder via a pressure-reducing head at a pressure
of 1040 psi giving aflow rate of 2-50 cm3 min-1. Fine control of carrier-gas pressure is achieved either
by a needle-valve or by amass flow controller. The latter enables a constant flow rate to be
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maintained when the temperature is increased during a separation. With asimple needle valve, the flow
rate will decrease with arise in temperature due to an increase in the viscosity of the carrier gas. Water
vapour, hydrocarbons and other impuritiesin the gas affect column performance and detector response,
but they can be removed by passing it through atrap containing a suitable adsorbent. Carrier gases
commonly used are nitrogen, helium and hydrogen, the choice depending on type of column (packed or
capillary), cost and the detector to be used. Helium and hydrogen are the preferred gases for capillary
columns because chromatographic efficiency diminishes more slowly with increasing flow rate above
the optimum (Figure 4.15, equation (4.46)) with these gases than with nitrogen thus facilitating faster
Separations.

2—
Sample I njection Systems

To ensure the best possible efficiency and resolution, the sample should be introduced into the carrier-
gas stream in as narrow a band as possible. Liquids, diluted if necessary with avolatile solvent, and
solids in solution, are injected through a self-sealing silicone-rubber septum using a 1-10 pl capacity
microsyringe. Gas samples require alarger volume gas-tight syringe or gas-sampling valve asthey are
much less dense than liquids.

For packed columns, 0.1-10 pl of aliquid sample or solution may be injected into a heated zone or
flash vaporizer positioned just ahead of the column and constantly swept through with carrier gas
(Figure 4.18(a)). The zone is heated some 20-50°C above the column temperature to ensure rapid
volatilization of the sample. Alternatively, to minimize the risk of decomposing thermally sensitive
compounds and to improve precision, samples can be deposited directly onto the top of the packed bed
of the column (on-column injection).

Several techniques are available for introducing samplesinto capillary columns which generally have a
much lower sample capacity than packed columns.

» Solit injection involves an inlet stream splitter incorporating a needle valve that enables most of the
injected sample to be vented to the atmosphere whilst allowing only a small fraction (2% or less) to
pass into the column (Figure 4.18(b)). Split ratios between 50 : 1 and 500 : 1 are common. A
disadvantage of split injection is that samples with components that vary widely in their boiling points
tend to be split in differing proportions; relatively more of the lower boiling components entering the
column than the high boiling ones. However, thisdiscrimination effect can be assessed by
chromatographing standard mixtures. Split injection is not suitable when the highest sensitivity is
required as most of the sample is vented to the atmosphere.

» Jplitlessinjection avoids the problems and several variations of this technique are used. In one system,
up to several microlitres of injected
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needle into the base of the column. (Reproduced by permission of Dr Alfred Huthig Verlag from
J. High Res. Chromatogr., Chromatogr. Commun., 2, 358 (1979))
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sample are collected in a cold trap at the top of the column initially held at over 100°C below the
boiling point of the most volatile sample component. The trap is then heated to boil off the sample
components sequentially. This method is suitable only if all the sample components have relatively high
boiling points. In a variation devised by Grob, the sample is mixed with a high-boiling solvent, e.g.
octane (b.pt. 126°C), which, on injection, condenses in athick layer on the cooled wall at the top of the
column. This layer retains and concentrates the sample components before the temperature is raised,
thereby, in effect, increasing the sample capacity of the column.

* On-column injection alows very small liquid samples to be placed directly into the cooled top of the
column which is then heated to volatilize the components. A syringe fitted with avery fine quartz
needle is used in conjunction with a specially designed septumless valve through which cooled or
heated air can be passed (Figure 4.18(c)). Air cooled to about 20°C below the boiling point of the
sample solvent is passed through the valve while the sample is being injected, then warmer air is
circulated to volatilize the sample in situ on the column. This technique avoids discrimination and
reduces the risk of decomposition of thermally sensitive compounds.

» Automatic injectors, which eliminate variations due to the analyst, improving reproducibility, and
which can be controlled by computer, are of value where large numbers of samples are to be analysed
or unattended operation is required. Samples and standards loaded into racks or turntables can berunin
a predetermined sequence and under different operating conditions. Such devices can aso be used for
single samples to improve injection precision.

Solid samples can be introduced as a solution or in a sealed glass ampoule which is crushed in the gas
stream by means of a gas-tight plunger. Only solids which have appreciable vapour pressures at the
operating temperature of the column can be successfully chromatographed.

d)—

The Column

The column is the heart of the gas chromatograph in which the separation process occurs. It consists of
acoil of stainless steel, glass or fused silica (quartz) tubing which may be 1 m to 100 m long and have
an internal diameter of between 0.1 mm and about 3 mm.

To ensure operation under reproducible conditions, the column is enclosed in athermostatically
controlled oven whose temperature can be held constant to within £0.1°C. Operating temperatures
range from ambient to over 400°C and may remain constant during a separation — isothermal operation
—or automatically increased at a predetermined rate to speed the elution process — temperature
programming (p. 106). The latter isaform of gradient elution. Rapid temperature equili-
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bration and changes in operating temperature are achieved by circulating the oven air with afan.

(@)—

Packed Columns

These rarely exceed 2—3 metresin length with an internal diameter of 2—3 mm and are made of stainless
steel or glass, the latter being less reactive to thermally sensitive compounds and facilitating visual
inspection of the packed bed. For GLC they are completely filled with an inert porous granular solid
support which is coated with athin film of aliquid or semi-liquid stationary phase (videinfra). GSC
columns are filled with a solid stationary phase which has adsorbent properties. Packed columns do not
have the very high resolving power of capillary columns but, compared to the latter, they are cheap,
robust and have a high sample capacity which allows the use of a simpler injection system. Their
popularity has diminished steadily in recent years as capillary columns have improved, but for some
applications they may still be preferred.

Solid Support

The function of a solid support isto hold the liquid phase used for packed column GLC immobile
during the separation process. It should be inert, easily packed and have alarge surface area. Calcined
diatomaceous earth and firebrick, both mainly silica, are commonly used, being marketed under various
trade names such as Celite, Chromosorb and Stermachol. The materials must be rendered chemically
inert before coating with stationary phase because trace metal impurities and surface silanol (S—OH)
groups produce surface active sites which promote undesirable adsorption effects. Adsorption causes
tailing (p. 82) and may result in catalysed decomposition or rearrangements of the solutes passing
through the column. Pretreatment consists of acid- or alkali-washing to remove the trace metals, and
silanizing to convert the S—OH groupsto silyl ethers, e.g. SS—O—Si(CH,),. Dimethyl dichlorosilane
or hexamethyldisilazane are frequently used for this purpose. If highly polar compounds are to be
separated, silanized glass beads or granular PTFE are supports less likely to cause tailing. Because they
are non-porous, they can support a maximum of only about 3% of stationary phase, and the size of
sample that can be chromatographed is smaller than with the silaceous solid supports.

The particle size of a solid support is critical in striking a compromise between column efficiency and
speed of separation. Both the multiple path term A and the mass transfer term (C* of equation (4.46) (p.
89)) are reduced by reducing particle size thus leading to increased efficiency. However, as particle size
Is reduced, the pressure drop across the column must be increased if areasonable flow rateisto be
maintained. The optimum particle sizesfor 1/8 in columns are 80/100 or 100/120 mesh and for /4 in
columns 40/60 or 60/80 mesh.
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Sationary Phase

The number of stationary phases suitable for gas chromatography is quite extensive, and choiceis
dictated largely by the nature of the sample. A liquid stationary phase should be non-volatile and
thermally stable at the operating temperature of the column, otherwise it will 'bleed’ during operation
and cause a drifting baseline on the recorder. In addition it should be chemically stable and inert
towards samples to ensure reliable results. Stationary phases are described as non-polar or polar
according to their structure and separating abilities. Non-polar types include hydrocarbon and silicone
oils and greases. Polar types cover awide range of polarity and include high molecular weight
polyesters, ethers, carbowaxes, amines, etc. Solid adsorbents used in GSC, e.g. silicaand alumina, are
among the most polar of stationary phases.

In general, the most suitable stationary phase for a given sample is that which is chemically similar to it.
Thus, a mixture of saturated hydrocarbons is best separated on a non-polar hydrocarbon-type liquid
such as squalane, Apiezon-L grease or silicone oil DC200. If thereis an appreciable differencein
polarity between the sample components and the stationary phase, elution profiles may show tailing or
fronting because of non-linearity of the sorption isotherms. Where a sample contains unknowns or
compounds of varying polarity, a compromise stationary phase must be chosen, usually by trial and
error. The order of elution can be atered by changing the liquid phase. For example, on a non-polar
alkane-type column, t-butyl alcohol (b.pt. 82.6°C) will elute before cyclohexane (b.pt. 80.8°C). If a
more polar liquid phase containing hydroxyl groups is used, the cyclohexane elutes first because of
hydrogen-bonding between the alcohol and the stationary phase.

Stationary phases can be made highly selective by adding compounds to them which have affinities for
certain chemical species. For example, silver nitrate, incorporated into a polar liquid preferentially

retards the elution of alkenes by formation of weak p-complexes. A selection of stationary phases with
their maximum operating temperatures and useful applicationsis givenin Table 4.10.

The amount of stationary phase or 'loading’ carried by a solid support affects the efficiency of the
column and the size of sample that can be injected. A high loading, 15-30% by weight, produces a
thick liquid film which impairs efficiency by increasing the mass transfer term C¥ in equation (4.46).
Loadings of 1-10% are to be preferred, although at the lower end of this range the sample size may
have to be restricted to prevent overloading the column. In general lower loadings allow the use of a
lower operating temperature which is an important factor when handling thermally sensitive
compounds. However if the liquid film istoo thin, adsorption of the solutes by the solid support may
cause tailing, decomposition or rearrangements.
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Table 4.10 Some stationary phases used in gas chromatography

Stationary phase Operating Typical applications
Lemperature
(*C)
squalane high M. W. 0-130 saturated hydrocarbons
Apiezon-L | hydrocarbons S0-2R0 high-boiling hydrocarbons
Porapak-0 solid aromatic 2010 water, light hydrocarbons,
polymer permanent gases
silicone gum rubber SE 30 S0-350 general, sternids, pesticides
i silicome oil DC 350 20-250 general, aTomatics
E‘ di-nonyl phthalate 20-150 esters, aloohols
=2 di-ethyleneglycol succinate 20-200 fatty acids esters
& earbowax 20 M {polvethylene G0-300 alcohals, amines, halogen and
'E_" glyeol) SLIﬂ]'I-]'.Il.!r compounds, essential
% oils
E Bonded phases
= dimethylpalysiloxans —G0-325 amines, hydrocarbons,
pesticides, PCBs, phenols,
sulphur compounds
phenylmethylpolysiloxans — 60280 glyeols, drugs, pesticides,
steroids
polvethylene glyveol =220 aleohols, free acids, aromatics,
essential oils
PLOT (Al:O5) 200 max. Cy-Cyq hydrocarbons
FLOT {molecular sieve) 350 max. permanent gascs
FLOT {carbon) 115 max. He, My, O, €0, COg, CH,,
CoH;
Dizxsil 300 {carharane! 450 max. peneral use; low bleed; GC-M5S
methylsilicone)
(b)—

Capillary (Open Tubular) Columns

Thistype of column has become the most widely used because of its superior resolving power for
complex mixtures compared to that of a packed column. Capillary columns are typically 5-50 metres
long and between 0.1 and 0.60 mm internal diameter. A thin film (0.1-5 pm thick) of the liquid
stationary phase is coated or bonded onto the inner wall of the tube (hence the alternative description of
wall-coated open tubular or WCOT columns) which is made of high-purity fused silica (quartz).
Keeping the total metallic impuritiesin the silicato around 1 ppm or less rendersit extremely inert
thereby minimizing peak tailing and the possibility of thermal decomposition of chromatographed
substances. The exterior of the tube is coated with alayer of a polyimide or aluminium as a protection
against cracking or scratching.

The unrestricted flow of carrier gas through the centre of capillary columns results in a much smaller
pressure drop per metre than for packed columns. They can therefore be made very much longer and
will generate many more theoretical plates, i.e. up to about 150,000 plates per 25 metres compared with
afew thousand for a 2-metre packed column. A narrow bore and thin layer of stationary phase are
essential to promote rapid mass
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transfer between the phases as this increases efficiency by reducing the C* term in equation (4.46). The
most efficient capillary columns are those with the narrowest bore (0.1 mm) and the thinnest liquid
coating (0.1 pm) but they have avery low sample capacity ( “ 0.1 pl) which necessitates the use of a
sample inlet stream splitter, cold trap or special on-column injection system (p. 95). Sample capacity
can be progressively increased at the expense of reduced efficiency by increasing both column diameter
and liquid phase thickness. Wide-bore capillary columns (>0.5 mmi.d.) with arelatively thick layer (1—
5 um) have sample capacities approaching those of packed columns so they can be used with asimple
packed column injection system. Furthermore, although their efficiencies are much lower than those of
the narrowest bore columns, they are nevertheless considerably more efficient than packed columns and
have become popular replacements for them. Very rapid separations can be achieved on short wide-bore
capillary columns (5-10 metres), with efficiencies at least as good as those of packed columns.,

Capillary columns are much more expensive than packed columns but their working life can be
extended and performance improved by chemically bonding the stationary phase to the wall of the
tubing. This greatly reduces 'column bleed', especially at high operating temperatures, and is
particularly advantageous in minimizing the contamination of detectors and GC-MS systems. Bonded-
phase columns, which can also be washed with solvents to remove strongly retained material
accumulating from samples in the first few metres over a period of time, are becoming the most popul ar
type of capillary column for routine work. Stationary phases of various polarities are available and the
range of applications includes petrochemicals, essential oils and biomedical samples. For gas-solid
chromatography (GSC) porous-layer open-tubular (PLOT) columns are used. These have a thin porous
layer of afinely divided solid, usually alumina or molecular sieve, deposited on the inside wall of the
tube. They are used to separate mixtures of low RMM hydrocarbons and the permanent gases. A
capillary column separation of organic acids in human urine is shown in Figure 4.24.

(4)—

Detectors

The purpose of a detector isto monitor the carrier gas as it emerges from the column and respond to
changesin its composition as solutes are eluted. deally a detector should have the following
characteristics: rapid response to the presence of a solute; awide range of linear response; high
sengitivity; stability of operation.

Most detectors are of the differential type, that istheir response is proportional to the concentration or
mass flow rate of the eluted component. They depend on changes in some physical property of the gas
stream, e.g. thermal conductivity, density, flame ionization, €lectrolytic conductivity, b-ray ionization,
in the presence of a sample component. The signal from the detector is fed to a chart recorder,
computing integrator or



Page 101

VDU screen via suitable electronic amplifying circuitry where the data are presented in the form of an
elution profile. Although there are a dozen or more types of detector available for gas chromatography,
only those based on thermal conductivity, flame ionization, electron-capture and perhaps flame emission
and electrolytic conductivity are widely used. The interfacing of gas chromatographs with infrared and
mass spectrometers, so-called 'hyphenated' techniques, is described on p. 114 et seq. Some detector
characteristics are summarized in Table 4.11.

Table4.11 Gas chromatography detector characteristics

Detector Minimum detectable Linear range  Temperature = Remarks
quantity (gs™) limit (°C)

Thermal conductivity 10-9 104 450 non-destructive, temperature and flow

(TCD) sensitive

Flame ionization (FID) 10-12 107 400 destructive, excellent stability

Electron capture (ECD) 1013 102—103 350 non-destructive, easily contaminated,
temperature-sensitive

Phosphorus 10-14 105 4007 similar to flame ionization

Nitrogen 10-13 105 4007? similar to flame ionization

Flame photometric

(FPD)

(P compounds) 10712 104 ~250 signal approximately

(S compounds) 10-10 — ~250 proportional to square of S concn.

Thermal Conductivity Detector (TCD)

This detector is based on the principle that a hot body loses heat at a rate which depends on the thermal
conductivity and therefore the composition of the surrounding gas. Sometimes called a katharometer , it
consists of two heated filaments of a metal which has a high coefficient of resistance, e.g. platinum, and
which form two arms of a Wheatstone bridge circuit. The two filaments are situated in separate channels
in a heated metal block (Figure 4.19). Pure carrier gas flows through one channel and the effluent from
the column through the other. The rate of heat loss from each filament determines its temperature and
therefore itsresistance. A change in thermal conductivity of the gas flowing through the sample channel
arising from elution of a sample component alters the temperature and hence the resistance of the
filament in that channel and this produces an out-of -
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Thermal conductivity detector (TCD).

balance signal in the bridge circuit. The imbalance is registered as a deflection from the baseline.
Sengitivity, which is determined by the difference in thermal conductivity between the reference and
sample streams, is highest when hydrogen or helium is used as the carrier gas. The thermal conductivity
detector is robust and reliable but has only moderate overall sensitivity which varies widely from
compound to compound. Response has alimited linear range and is sensitive to changes in temperature
and flow rate so that it is not particularly suitable for quantitative work.

| onization Detectors

lonization detectors depend on the principle that the electrical conductivity of agasisdirectly
proportional to the concentration of charged particles within it. Effluent gas from the column passes
between two electrodes across which a dc potential is applied. Anionizing source partially ionizes the
carrier gas alowing a steady current to flow between the electrodes and through aresistor where a
corresponding voltage drop is amplified and fed to a recorder. When a sample component is eluted from
the column, it is also ionized in the electrode gap thereby increasing the conductivity and producing a
response in the recorder circuit. lonization detectors are very sensitive, respond rapidly, usually linearly,
and are mostly stable to variations in temperature and flow rate.

Flame | onization Detector (FID)

A schematic view of aflame ionization detector, which is one of the most widely used, is shown in
Figure 4.20. Effluent gas from the column is mixed with hydrogen and air and burned at a small metal
jet. The jet forms the negative electrode of an electrolytic cell, the positive or collector electrode being a
loop of wire or short tube placed just above the flame. The potential difference applied across the
electrodes is about 200 V. The FID respondsto virtually all organic compounds except formic acid, air
and other inorganic gases. Its response to water isvery low. It has avery high sensitivity and the widest
linear range (107) of any detector in common use (Table 4.11).
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Flame ionization detector (FID).

Nitrogen/Phosphorus Detector

Thisisamore recent introduction which is (NPD), basically an FID, and can in fact be used as such, if

a selective response to phosphorus and/or nitrogen compounds is not required. Nitrogen and phosphorus
response is achieved through the incorporation of an electrically heated glass bead containing a
rubidium silicate which is positioned afew millimetres above the burner jet. By heating the bead to
600-800°C and applying a negative potential (— 180 V) to it, areaction cycle occurs involving the
vaporization, ionization and recapture of rubidium by the bead. During this recycling of rubidium,
which prevents its long-term depletion in the bead, an electron flow to the positive collector electrode
occurs. Thisflow or background current is enhanced when nitrogen or phosphorus compounds are
eluted, as they form radicals in the flame which participate in the reaction cycle and accelerate the rate
of rubidium recycling. Thus, nitrogen compounds are believed to form mainly cyanide radicals which
then abstract electrons from vaporized neutral rubidium atomsto form CN-ions. The CN-ions are
captured by the collector electrode, thereby increasing the detector current, whilst the Rb* ions are
recaptured by the bead. The phosphorus response is thought to be due to similar processes involving

PO3 gng P02 Species.

The detector can be made to respond to phosphorus compounds only by earthing the jet, which isat a
negative potential for simultaneous nitrogen and phosphorus detection, and altering the flow rates of the
flame gases. If
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the bead is not electrically heated the response is the same as a conventional FID. The detector isthus a
three-in-one device which can be very easily switched between the three modes FID, NP, and P only.
Sengitivity for nitrogen and phosphorus compounds exceeds 10-13 g st and the linear range is about 105.

Electron Capture Detector (ECD)

Thisisthe most widely used of several detectors which employ ab-ray ionizing source. A schematic
diagram is shown in Figure 4.21. Unlike the FID the electron capture detector depends on the
recombination of ions with free electrons and therefore measures areduction in signal. As the nitrogen
carrier gas flows through the detector atritium or %Ni source ionizes the gas forming 'sow' electrons
which migrate towards the wire anode under an applied potentia difference of 20-50 V. The drift of
'slow" electrons constitutes a steady current while only carrier gasis present. If a solute with ahigh
electron affinity is eluted from the column, some of the electrons are 'captured' thereby reducing the
current in proportion to its concentration. The detector is very sensitive to compounds containing

hal ogens and sul phur, anhydrides, peroxides, conjugated carbonyls, nitrites, nitrates and
organometallics, but is virtually insensitive to hydrocarbons, alcohols, ketones and amines. Additional
selectivity can be obtained by increasing the applied potential when the response of weakly electron-
capturing compounds is eliminated. Application of a pulsed dc potential rather than a continuous one
improves sensitivity and linear range and reduces contamination of the anode by deposition of
negatively charged solute species. However, this mode of operation is more costly and requires the use
of an argon/methane carrier gas mixture. The electron capture detector is particularly useful in the
analysis of halogen-containing pesticides which can be detected in the sub-picogram range. Although it
isthe most sensitive available, itslinear rangeisrestricted to only 102 or 103 and it
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Is sengitive to temperature changes. The carrier gas must be exceptionally pure as oxygen, air and water
at levels exceeding about 10 ppm affect performance, as does column bleed. Halogenated solvents
should be avoided in sample preparation as residual traces can deactivate the detector.

Flame Photometric Detector (FPD)

Thisis a selective detector for phosphorus and sul phur-containing compounds which makes use of the

characteristic emission of radiation by 51 and HPO" species in asuitable flame. Earlier versions
incorporated special burnersto produce a flame with hydrogen envel oping the air/carrier gas mixture
(inverted or inside-out flame). More recently, modified FID burners have proved satisfactory (Figure

4.22). The St emission at 394 nm and the HPO" emission at 526 nm are selected by means of
appropriate narrow bandpass filters and the lower half of the flame is shielded to reduce background

emission which isdue largely to C2 and CH-. The emission intensity can be monitored with afibre
optics light pipe connected to a remote photomultiplier tube, as the response of the tube is temperature-
sensitive. An alternative design utilizes heat filters, along tube and a metal block to act as a heat sink.
Sensitivity is high (Table 4.11) but the response to phosphorousis linear over arange of only 104, while
for sulphur it is proportional to the square of the sulphur concentration, varies with the type of sulphur
compound and is linear over an even smaller range.

L] [ L u ) heat

\"\ shield light
{quartz) pipe

iEnitor

photemulaplier
b

column
effluent

Figure 4.22
Schematic cross-section of a flame photometric detector (FPD).
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Specialized Techniques Used in Gas Chromatogr aphy
Temperature Programming

The effect of column temperature on chromatographic retention is pronounced in that thereis an inverse
exponential relation with the distribution coefficient, K, (p. 91). Thisresultsin a shortening of retention
times as the temperature is increased. Temperature programming, which isaform of gradient elution
(p. 92), exploits this relation. In practice, the oven temperature is progressively raised during a
chromatographic run to improve the resolution of mixtures where the components have a wide range of
boiling points, and to shorten the overall analysistime by speeding up the elution of the higher boiling
compounds. It is particularly useful for the separation of multicomponent mixtures on capillary
columns. In such cases, it is very likely that no isothermal conditions will be entirely satisfactory for
separating and detecting all components for the following reasons:

() If theisothermal temperature istoo high, early eluting peaks may not be fully resolved as these
solutes will elute quickly.

(2) If the isothermal temperature istoo low, later eluting peaks may have unacceptably long retention
times, and detection limits will be poor because of excessive peak-broadening. Peak shape may also be
adversely affected.

(3) Intermediate isothermal temperatures may result in part of the chromatogram having acceptable
resolution and detection limits whilst other parts do not.

The separation of a series of n-alkanesisothermally at 150°C on a packed column is shown in Figure
4.23(a) and illustrates both of the first two problems. The first four alkanes, n-hexane (C,) to n-decane
(C,p), areincompletely resolved, C, and C, co-eluting. Beyond n-dodecane (C,,), the peaks are smaller,
broader and show fronting (p. 82). In the temperature programmed chromatogram (Figure 4.23(b)), a
complete separation of al the n-alkanes up to C,; has been achieved and in about a third of the time
taken to separate only up to C,, isothermally. Note also that C,, C, and C, are fully resolved and that the
later peaks are sharper and more symmetrical. For mixtures where the individual components are not, as
in the case of the n-alkanes, members of a homologous series, temperature programmes are often more
complex. They may involve initial, intermediate and final isothermal periods separated by temperature
ramps of varying rates, usually between 2 and 30°C per minute. The optimum conditions for a
particular sample are generally established by trial and error.

Two potential disadvantages of temperature programming are the inevitable delay between consecutive
chromatographic runs whilst the oven is cooled down and a stable starting temperature re-established,
and the possible decomposition of thermally-labile compounds at the higher temperatures. Computer -
controlled systems have improved the reproducibility of temperature programming, and automated
forced cooling of the oven
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(a) Isothermal separation of homologous series of alkanes at 150°C. Column 3%

Apiezon-L on 100-120 mesh VarAport 30. Carrier gas helium at 10 ml min—1,
(b) Sample and column as (a) but temperature-programmed separation showing
the greater range of hydrocarbons, which can be resolved in a shorter time.
(Reproduced by permission of Varian Associates from McNair and Bonelli,
Basic Gas Chromatography, p. 190)

between runs to save time is now commonplace. An example of the temperature programmed
separation of acomplex mixture is shown in Figure 4.24.

Non-volatile and Thermally Sensitive Compounds

Paints, plastics, polymers, ionic and many biologically important compounds fall into this category.
They can either be pyrolysed under controlled conditions to produce characteristic lower molecular
mass and therefore volatile products or, in some cases, converted into related and more volatile
derivatives.

Pyrolysis GC involves the rapid and controlled thermal decomposition of
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Capillary column separation of some constituents of human urine.
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afew milligrams of the sample in the injection port of the chromatograph, the volatile products then
being swept onto the column in a narrow band of carrier gas. Thistechnique is discussed more fully in
section 11.5.

Derivatization of non-volatile polar or thermally sensitive compounds to enhance their volatility and
stability prior to chromatography is a well -established technique. Compounds containing hydroxyl,
carboxyl and amino functional groups can be readily reacted with appropriate reagents to convert these
polar groups into much less polar methyl, trimethylsilyl or trifluoroacety! derivatives of greater
volatility. Fatty acids, carbohydrates, phenols, amino acids and other compounds of biological interest
are the most frequently derivatized although liquid chromatography (HPLC) is very often the preferred
technique for these types of compound (p. 118).

Thermal desorption is atechnique that involves the pre-concentration of substances prior to
chromatography. For example, it enables the build-up of volatile materials such as toxic solvent vapours
inan industrial or laboratory environment to be monitored. The vapours are allowed to pass through a
small tube containing an absorbent such as Tenax or Poropak by atmospheric diffusion for a prescribed
period of time. The tube is subsequently connected to the injection port of the chromatograph and
purged with carrier gas whilst being rapidly heated. This causes any previously adsorbed substance to
be thermally desorbed and swept onto the column in a narrow band to be separated in the normal way.

Headspace analysis involves examination of the vapours derived from a sample by warming in a
pressurized partially filled and sealed container. After equilibration under controlled conditions, the
proportions of volatile sample components in the vapours of the headspace are representative of those
in the bulk sample. The system, which is usually automated to ensure satisfactory reproducibility,
consists of athermostatically heated compartment in which batches of samples can be equilibrated, and
ameans of introducing small volumes of the headspace vapours under positive pressure into the carrier-
gas stream for injection into the chromatograph (Figure 4.25). The technique is particularly useful for
samples that are mixtures of volatile and non-volatile components such as residual monomersin
polymers, flavours and perfumes, and solvents or alcohol in blood samples. Sensitivity can be improved
by combining headspace analysis with thermal desorption whereby the sample vapours are first passed
through an adsorption tube to pre-concentrate them prior to analysis.

Qualitative Analysis

| dentification of the component peaks of a chromatogram, which may be numerous, can be achieved in
two ways. comparison of retention times (discussed below); trapping the eluted components for further
analysis by other analytical techniques such as infrared and mass spectrometry or by direct interfacing
of these techniques with a gas chromatograph. This latter approach is discussed on p. 114.
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Comparison of Retention Times

Provided that operating conditions remain constant and are reproducible, the retention times of the
components of a sample can be compared directly with those of known materials and synthetic
mixtures. An unfamiliar peak can sometimes be identified by 'spiking' a sample with a pure substance
whose presence is suspected. An increase in the size of the unknown peak is good evidence for it being
the substance added. Astwo materials may have the same retention time for a given stationary phase,
this method is not infallible. It is advisable, therefore, to run unknowns on two different stationary
phases.

In cases where a mixture has alarge number of components, or pure standards are not available,
published retention data must be consulted. The uncorrected retention time, t,, (p. 86), is not suitable for

this purpose because it cannot be compared with data from different columns and instruments. Valid
comparisons can be made using relative retention data which are dependent only on column
temperature and type of stationary phase. An adjusted retention time, t',, isfirst obtained by subtracting

from t, the time required to elute a non-retained substance such as air (Figure 4.26)
Thus,
Tp =tk = tuir (4.48)

wheret,, denotes the time taken to elute the air peak. Theterm t, isrelated to the volume of the
injection port, column void space and detector, known as the dead volume V,,,, by the expressiont, =
V,,/F whereF isthe volumetric flow rate. Vaues of t', are obtained for the sample components to be
identified and also for a standard substance chromatographed under identical conditions, preferably by
adding it to the sample. The relative adjusted retention time, a,, for component x is given by

_ frix)
e tr, (standard) 442
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Measurement of adjusted retention time, t' .

Thevaue of a, isthen compared with published values of known compounds for the appropriate
temperature and stationary phase used.

If asample contains one or more members of a homologous series, identifications can be made using a
plot of log t; against the number of carbon atoms, previously prepared from standards. The plot, which

isvalid for one temperature only, is linear and can be used for alkanes, alkenes, alcohols, aldehydes,
ketones, esters and ethers.

A universal system for qualitative identification was devised by Kovats some years ago. Based on the
linear relation between log t', and the number of carbon atoms for a homologous series, Kovéts selected
n-alkanes as standards for the following reasons:

(1) they cover avery wide range of boiling points

(i) they are readily separated on virtually any column
(iii) they are chemically very stable and non-toxic
(iv) they are easily obtained and relatively cheap.

The Kovats retention index for each n-alkane is defined as 100 times the number of carbon atomsin the
chain at all temperatures and for any column, e.g. pentane is 500 and octane is 800. A plot of log t';
against retention index for a series of n-alkanesis linear as shown in Figure 4.27. A substance with a
retention time between an adjacent pair of n-alkanes will have aretention index that can be determined
graphically or calculated by linear interpolation. For example, using the plot in Figure 4.27, the
graphical method for an unknown substance that elutes with a retention time a little more than halfway
between those of n-octane (C,) and n-nonane (C,), will have aretention index in the region of 860. The
possible identity of unknowns can be ascertained from tables (published or previously compiled in
house) or by using a computer database. Kovéts indices are also used as a basis for comparing GC
stationary phases by computing a set of values from the retention times of a selected group of test
compounds on each phase.
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Figure 4.27
Graph of log adjusted retention times of n-alkanes
versus carbon number. The open circles show log
retention times of n-alkane standards. The retention
of an unknown (full circle) can be determined from
the graph as shown.

Quantitative Analysis

Gas chromatography has become one of the most useful separation techniques because quantitative
information can so readily be obtained from it. Standardization of operating conditionsis of prime
importance and detector response factors must be known for each compound to be determined. The
integrated area of a peak is directly proportional to the amount of solute eluted. Peak height can be used
as ameasure of peak area, but compared to an area measurement the linear rangeislessand it is more
sensitive to changes in operating conditions. A more reliable method is to multiply the peak height by
the retention time as these parameters are inversely related. Heights are measured by drawing
perpendiculars from the peak maximato the baseline or projected baseline if there is drift or the peaks
to be measured overlap. Measurement of area is accomplished by one of the following methods, which
vary considerably in precision (Table 4.12).

Geometric Methods

As normal peaks have a Gaussian profile, which approximates to an isosceles triangle, their area can be
estimated by multiplying the height by

Table4.12 Precision of methods of peak area measurement

Method of measurement Relative precision, %
computing integrator 0.4
cutting out and weighing peaks 1.7
height x weight at 1/2 height 2.6

1/2 base x height 4.0
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the width at half height or by calculating the area of atriangle formed by the baseline and the sides of
the peak produced to intersect above the maximum (Figure 4.28) i.e. 1/2 base x height. The methods are
simple and rapid but are unreliable if peaks are narrow or asymmetrical. Precision is only moderate.
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Figure 4.28
Measurement of peak height and area.

Cutting-out and Weighing

The peak is cut from the original chart paper or from a photocopy and weighed on an analytical balance.
This method isfairly precise and particularly useful for asymmetrical peaks but is subject to errors
arising from variation in thickness and moisture content of the paper.

Automatic I ntegration

Electronic integrators are the most rapid and precise means of determining peak areas. They have a
digital output derived by feeding the detector signal into a voltage-to-frequency converter which
produces a pulse rate proportional to the input signal. The total number of pulsesis a measure of the
peak area and this can be printed out directly or stored until required. Electronic integrators have awide
linear range, a high count rate and may automatically correct for baseline drift. In addition, the more
expensive versions will print retention data alongside peak areas. Computing integrators, based on a
microcomputer, are now widely available and are discussed in Chapter 13.

Calculation of Quantitative Results
I nternal Normalization

If the components of a mixture are similar in chemical composition and if all are detected, the
percentage weight of each is given by

area of component x
total area for all components

percentage x = x 100 (4.50)
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The formula assumes that the detector sensitivity is the same for each component. If thisis not the case,
the response of each must first be determined using a set of standards. Areas are then multiplied by
correction factors obtained by setting the response of one component equal to unity.

I nternal Standardization

An accurately known amount of a standard is added to the sample before it is chromatographed. The
ratio of peak area of standard to that of the component of the sample to be determined is calcul ated.
Thisratio is converted to weight of component using a previously prepared calibration curve (p. 9). The
internal standard should have a retention time close to those of the components being determined but
well resolved from them. Preferably it should be present at a similar concentration level.

Standard Addition

If a pure sample of the component to be determined is available, the sample can be chromatographed
before and after the addition of an accurately known amount of the pure component. Itsweight in the
sample is then derived from the ratio of its peak areas in the two chromatograms.

The advantages of internal standardization are that the quantities of sample injected need not be
measured accurately and the detector response need not be known, as neither affect the arearatios.
Standard addition is particularly useful in the analysis of complex mixtures where it may be difficult to
find a suitable internal standard which can be adequately resolved from the sample components.

Combination of Gas Chromatography with Other Analytical Techniques

The identification of GC peaks other than through retention data, which are sometimes ambiguous or
inconclusive, can be facilitated by the direct interfacing of GC with infrared spectrometry (p. 378 et
seg.) or mass spectrometry (p. 426 et seq.), so-called ‘coupled’ or 'hyphenated' techniques. The general
instrumental arrangement is shown in Figure 4.29(a).

GC-Mass Spectrometry

Identification of separated components can be achieved by feeding the effluent gases from a GC column
directly to a mass spectrometer. The interfacing of the two instruments presents difficulties in that the
mass spectrometer operates at very low pressures (107 to 10° N m—2) whereas gas emerging from the
column is at atmospheric pressure. For packed columns, a jet-orifice separator (Figure 4.29(b)) enables
the carrier gas (usualy helium) to be pumped away whilst allowing the sample vapours to pass on into
the mass spectrometer. It is constructed of glass and consists of two fine-bore jets separated by a 0.5-1
mm gap and surrounded by an evacuated tube. Asthe GC effluent is passed through the separator, the
momentum of the relatively large and heavy sample molecules carries them
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across the gap and on into the mass spectrometer whereas the lighter helium atoms are deflected
outwards by the vacuum and are pumped away. Increased enrichment of the sample vapour can be
achieved by incorporating a second pair of jetsinto the device. The diameter and hence the volumetric
gas flow through a capillary column is much lower than that through a packed column which obviates
the need for a separator as the carrier gas can be readily pumped away by the vacuum system of the
spectrometer. Furthermore, the column can be inserted directly into the spectrometer reducing dead
volume (Figure 4.29(c)).

In many GC separations, alarge solvent peak may precede those of sample components, and minor
components sometimes elute on the tails of major component peaks. It is advantageous to be able to
divert solvent peaks and sometimes other large peaks from the mass spectrometer to avoid swamping it.
Thisis easily accomplished by means of a solvent dumping valve positioned between the end of the
column and the separator; carefully timed operation of this valve enables selected peaks to be vented to
the atmosphere. Asin other instances where GC is interfaced with another technique (e.g. GC-IR) any
transfer tubing used between the end of the column and the spectrometer must be heated to prevent
condensation of samples during the transfer stage. In the case of GC-MS, the dumping valve and
separator must be heated also, either with a separate heater or by enclosing them within the GC oven.
The total volume of the separator, dumping valve and transfer line (dead volume) must be kept to a
minimum so as not to degrade chromatographic resolution, and glass or glass lined metal components
are preferable as hot metal surfaces can catalyse the decomposition of thermally sensitive compounds.

A stream-splitter may be used at the end of the column to allow the simultaneous detection of eluted
components by destructive GC detectors such as an FID. An alternative approach isto monitor the total
ion current (TIC) in the mass spectrometer which will vary in the same manner as the response of an
FID. The total ion current isthe sum of the currents generated by all the fragment ions of a particular
compound and is proportional to the instantaneous concentration of that compound in theionizing
chamber of the mass spectrometer. By monitoring the ion current for a selected mass fragment (nv2)
value characteristic of aparticular compound or group of compounds, detection can be made very
selective and often specific. Selected ion monitoring (SIM) is more sensitive than TIC and is therefore
particularly useful in trace analysis.

As early GC peaks elute in afew seconds or less, rapid scanning of the mass range of interest is
necessary. Fast scanning also alows partially resolved GC peaks to be sampled severa times, peak
dicing, to facilitate identification of the individual components (Figure 12.5) provided that the dead
volume of theinterface is small compared to peak volumes. For the speedy interpretation of spectral
datafrom complex chromatograms a
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computerized data processing system is essential. Quantitative analysis can be accomplished by
monitoring standards and samples at a selected mass fragment (m/z) value. The technique of GC-MSis
now well-established as one of the most powerful if somewhat costly analytical tools available for the
study of complex samples.

GC-Infrared Spectrometry

Effluent gas emerging from a gas chromatograph at atmospheric pressure can be led directly into a
heated infrared gas cell viaa heated transfer line. Vapour-phase infrared spectra of eluting components
can be recorded as they pass through a cell by a Fourier transform (FT) infrared spectrometer enabling a
full-range spectrum to be collected and stored in a second or less.

For maximum sensitivity, the volume of the gas cell should be similar to the volume of the eluting GC
peaks, e.g. 50—-300 pl for capillary columns. Thisis achieved with a light pipe, a glass tube 50 cm by 2
mm i.d. and coated on the inside with gold to maximize transmission of the radiation. The ends are
sealed with an IR transparent material such as potassium bromide or caesium iodide (Figure 4.29(d)). If
the cell volume is appreciably less than the peak volumes, good spectra from partially resolved peaks
can be obtained by careful sampling, i.e. peak dicing. Conversely, if the cell volume is appreciably
more than the peak volumes, cross-contamination of one peak with another may occur. Wide-bore
capillary columns or packed columns having higher sample capacities but poorer resolution are used
where increased sensitivity isrequired. Asin the case of GC-MS a stream-splitter facilitates the
simultaneous use of an FID detector. Alternatively, if a non-destructive thermal conductivity detector is
used no stream splitting is necessary.

Compared to GC-MS, GC-IR is much less sensitive. Whereas a mass spectrum can be recorded from as
little as 1010 g of sample, at least 10-¢ g isrequired for an IR spectrum. Careisrequired in the
interpretation of vapour phase IR spectra as they differ in certain respects from the corresponding liquid
or solid phase spectra. Rotational fine structure may appear, band positions may be shifted slightly and
hydrogen bonding effects are non-existent. The availability of libraries containing thousands of
digitized vapour-phase infrared spectra that can be searched in seconds by computer and compared with
those collected from a chromatographic run has increased the power of GC-IR for qualitative analysis.
The full range of computerized spectral enhancement facilities enables the quality of weak or noisy
spectrato be improved and the spectra of contaminants to be subtracted.

GC-IR is becoming more widely used because FT spectrometers (p. 281) have virtually replaced the
older dispersive types and even with computerized enhancements are much cheaper than mass
Spectrometers.
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Applications of Gas Chromatography

Along with high performance liquid chromatography, gas chromatography is the most widely used of
the chromatographic techniques. Some applications are included in Table 4.10 but the list isfar from
exhaustive. It is particularly suited to the rapid analysis of volatile mixtures containing dozens or even
hundreds of components and as a result is much used by the food and petroleum industries. Specialized
techniques such as pyrolysis, derivatization, head-space analysis and thermal desorption have extended
the range of applications so that it is also used widely by the plastics, paints and rubber industries and
for the monitoring of toxic atmospheric pollutants. The overall relative precision of quantitative
analysisis 2-5%.

4.3.2—
High Performance Liquid Chromatography

Summary
Principles

Separation of mixtures in microgram to gram quantities by passage of the sample through a column
containing a stationary solid by means of a pressurized flow of aliquid mobile phase; components
migrate through the column at different rates due to different relative affinities for the stationary and
mobile phases base on adsorption, size or charge.

Apparatus and | nstrumentation
Solvent delivery system; stainless steel columns; injection port; flow-through detector, recorder.
Applications

Used largely for the separation of non-volatile substances including ionic and polymeric samples,
complementary to gas chromatography.

Disadvantages

Column performance very sensitive to settling of the packed bed or the accumulation of strongly
adsorbed materials or particulate matter at the top; universal detection system not available.

High performance liquid chromatography (HPLC) hasits originsin classical column chromatography
although in both theory and practice it is similar to gas chromatography. In column chromatography the
sample isintroduced into aliquid mobile phase which flows through a column of relatively coarse
particles of the stationary phase, usually silicaor alumina, under the influence of gravity. Flow rates are
of the order of 0.1 cm3 min-1 which results in extremely lengthy separation times and quite inadequate
efficiencies and separations of multicomponent mixtures. The poor



Page 119

performance islargely due to very slow mass transfer between stationary and mobile phases and poor
packing characteristics leading to alarge multiple path effect (p. 89). It was recognized that much
higher efficiencies and hence better resolution could be achieved through the use of smaller particles of
stationary phase, and that rapid separations would require higher flow rates necessitating the pumping
of the mobile phase through the column under pressure. The means of meeting these two basic
requirements were developed during the 1960s together with suitable pumps, injection systems and low
dead-volume detectors and the new technique, which is now at least as extensively used as GC, became
known as 'high performance’ liquid chromatography (HPLC) or ssimply ‘liquid chromatography" (LC).
The mobile phaseistypically pumped at pressures up to about 3000 psi (200 bar), and flow rates of 1-5
cm3 min-1 can be achieved through 10-25 cm columns packed with particles as small as3 umin
diameter. At its best, HPLC is comparable to GC for speed, efficiency and resolution and it is inherently
more versatile. It is not limited to volatile and thermally stable samples and the choice of stationary
phase includes solid adsorbents, chemically modified adsorbents, ion-exchange and exclusion materials
thus allowing all four sorption mechanisms (p. 80) to be exploited. A much wider choice of mobile
phases than in GC facilitates a very considerable variation in the selectivity of the separation process.

A schematic diagram of a high performance liquid chromatograph is shown in Figure 4.30 and details
of the components are discussed below. All materials which come into contact with the mobile phase
are manufactured from stainless steel, PTFE, sapphire, ruby or glass for inertness.
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—
Solvent Delivery Systems

These include solvent reservoirs and inlet filters, solvent degassing facilities and one or more pumps
with associated pressure and flow controls. Most systems are microprocessor or computer controlled
enabling parameters to be selected and monitored during operation using simple keypad dialogues. The
ability to store sets of parameters as method files and to run diagnostic tests of the system are also often
available. A single solvent may be used as the mobile phase for isocratic elution or mixtures of two to
four solvents (binary, ternary and quater nary) blended together under microprocessor or computer
control for gradient elution, i.e. where the composition of the mobile phase is altered during the
chromatographic run so as to optimize the separation. Pumps for HPL C should be capable of delivering
a constant, reproducible and pulse-free supply of mobile phase to the column at flowrates between 0.1
and at least 5 cm® min! and at operating pressures up to about 3000 psi (200 bar). They should be
chemically inert to the various solvents that may be used and preferably have a very small hold-up
volume to facilitate rapid changes of mobile phase and for gradient elution. A number of types of pump
have been developed and these can be classified according to whether they function at constant flow,
which is desirable for reproducible retention data, or constant pressure. The latter will deliver a
constant flow only if column backpressure, solvent viscosity and temperature also remain constant.

Constant flow reciprocating pumps are now the most widely used type (Figure 4.31(a)), but because
their mechanical action inherently produces a pulsating delivery of the mobile phase the flow must be
smoothed so asto eliminate the pulsations. This can be achieved in several ways, the ssmplest being the
incorporation of a pulse damper in the flow to the column. One such device is aflexible bellows or
diaphragm enclosed in a small oil-filled chamber which absorbs the pulsations. Alternative designs of
pump include a double-headed arrangement where two pistons operate in parallel but with delivery
strokes 180° out-of-phase and sharing common solvent inlets and outlets. Another is an in-line double-
headed pump with one piston (A) having twice the capacity of the other and delivering solvent both to
the column and to the chamber of the second piston simultaneously (Figure 4.31(b)). The smaller piston
(B) then takes over the delivery whilst the larger oneisrefilling.

With both designs, residual pulsations can be virtually eliminated with a pulse damper or by suitable
cam design that varies the speed of the pistons during the fill and delivery parts of the cycle so asto
maintain a constant flow. The flow rates of reciprocating pumps are varied by altering the length of
stroke of the piston(s) or through the use of a variable speed steppermotor. Constant flow can be
ensured by incorporating flow or pressure sensors into the design which automatically adjust pumping
stroke or motor speed by means of a feed-back system. Automatic compensation for solvent
compressibility can therefore be achieved.

Two aternative but much less common types of constant flow pump are
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the screw-driven syringe and the hydraulic amplifier. The former consists of a variable-speed stepper
motor which drives a plunger into a stainless-steel cylinder of large capacity (up to 500 cms3) whilein
the latter a variable speed gear pump supplies oil under pressure to a pressure intensifier which in turn
acts upon the mobile phase contained in a cylinder and deliversit to the column at a greatly increased
pressure. Disadvantages of these types of pump are cost and the need for frequent refilling especially
when solvents need to be changed, although both achieve constant and pul seless flows without the need
for pulse-dampers or feed-back controls.

Where binary, ternary or quaternary gradient elution (p. 91) is required, a microprocessor controlled
low-pressure gradient former is the most suitable (Figure 4.31(c)). The solvents from separate reservoirs
are fed to amixing chamber via a multiport valve, the operation of which is preprogrammed via the
microprocessor, and the mixed solvent is then pumped to the column. For the best reproducibility of
solvent gradients small volume pumps (< 100 pl) are essential.

(29—
Sample I njection System

Sample injection in HPLC isamore critical operation than in GC. Samples may be injected either by
syringe or with a valve injector although the former is now rarely used. Valves, which can be used at
pressures up to about 7000 psi (500 bar), give very reproducible results for replicate injections (< 0.2%
relative precision) and are therefore ideal for quantitative work (p. 134). They consist of a stainless steel
body and rotating central block into which are cut grooves to channel the mobile phase from the pump
to the column (Figure 4.32). The sampleis loaded into a stainless steel 1oop incorporated into the valve
body or attached externally whilst the mobile phase is passed directly to the column. By rotating the
central block, the flow can be diverted through the loop thereby flushing the sample onto the column.
Returning the block to its original position enables the next sample to be loaded ready for injection.
Although the sample injected is generally afixed volume as determined by the size of the loop, these
are interchangeable and range from 2 pl to over 100 pl. Multiport valves which can accommodate
several loops of different sizes are available, and some loops can be used partially filled. Automated
injection systems that allow a series of samples and standards to be injected over a period of time whilst
the instrument is unattended and under variable chromatographic conditions are frequently used in
industrial |aboratories.

3)—

The Column

Columns are made from straight lengths of precision-bore stainless-steel tubing with a smooth internal
finish. Typicaly they are 10-25 cm long and 4-5 mm i.d. Microbore columns, 20-50 cm long and with
ani.d. of 1-2 mm, are sometimes used where sample sizeis limited and to minimize solvent
consumption because the volumetric flow rate through them isless than a
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(a) Single-head reciprocating pump
(reproduced by permission of Gilson Medical Electronics. Inc.).
(b) Double-head 'in-series' reciprocating pump.
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Figure 4.31
(c) A low-pressure gradient former
with three solvents.

quarter of that through conventional columns. The stationary phase or packing is retained at each end by
thin stainless-steel frits or mesh disks of 2 um porosity or less. Columns are packed by aslurry method
which involves suspending the particles of packing in a suitable solvent and 'sSlamming' it into the
column rapidly and at pressuresin excess of 3 000 psi (200 bar). The choice of slurry solvent depends
upon the nature of the packing and many solvents have been investigated. Balanced-density durries, in
which solvent density is matched with particle density, are sometimes used to minimize settling out of
larger particles during the packing procedure or for packings which are larger than 10 pm.

HPL C columns need more careful handling and storage than GC columnsto avoid disturbance of the

packed bed. They should be kept sealed at both ends when not in use and flushed with methanol prior to
sedling.

Sample injection loop

Figure 4.32
Valve injector with external loop.
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Column lifeis generally six months or more and can be prolonged by use of aguard column and a
scavenger column. The former consists of avery short length of column placed between the injection
port and the analytical column to trap strongly retained species or particulate matter originating in the
mobile phase, the samples or from wearing of the injection valve. It is packed with relatively large
particles (~30 um) of the same or asimilar stationary phase to that used in the analytical column and
require periodic renewal. Scavenger columns are short lengths of tube packed with large particle silica
and positioned between the pump and the injection valve with the principal object of saturating an
agueous mobile phase with silicato reduce attack on the packing in the analytical column, especially by
high or low pH buffers.

(4)—

Stationary Phase (Column Packing)

Unmodified or chemically modified microparticulate silicas (3, 5 or 10 um) are preferred for nearly all
HPL C applications. The particles, which are totally porous, may be spherical or irregular in shape but it
Is essential that the size range is as narrow as possible to ensure high column efficiency and
permeability. For separations based on adsorption, an unmodified silica, which has a polar surface due
to the presence of silanol (S—OH) groups, is used. Appropriate chemical modification of the surface by
treatment with chloro- or alkoxy-silanes, e.g. R(CH,),SiCl, produces bonded-phase packings which are
resistant to hydrolysis by virtue of forming siloxane (S—O—S —C) bonds. The reactions are similar
to those used to silanize GC supports (p. 97). Materials with different polarities and chromatographic
characteristics can be prepared. The most extensively used are those with a non-polar hydrocarbon-like
surface, the modifying groups, R, being octadecyl (C,; or ODS), octyl or aryl. More polar bonded-
phases, e.g. amino-propyl, cyanopropy! (nitrile) and diol, and cation and anion exchange materials are
also available. Mixed ODS/aminopropyl and ODS/nitrile phases having enhanced selectivity for certain
classes of compound have aso been produced. 1on-exchange chromatography is discussed more fully in
section 4.3.5. HPL C separations based on exclusion (GPC) are best achieved with microparticulate
silicas which are sometimes chemically modified with such groups as trimethylsilyl to eliminate or
minimize adsorption effects. Exclusion separations using polymeric gels are discussed in section 4.3.6.

Chiral stationary phases for the separation of enantiomers (optically active isomers) are becoming
increasingly important. Among the first types to be synthesized were chiral amino acidsionically or
covalently bound to amino-propyl silicaand named Pirkle phases after their originator. The ionic form
is susceptable to hydrolysis and can be used only in normal phase HPL C whereas the more stable
covalent type can be used in reverse phase separations but is less stereosel ective. Polymeric phases
based on chiral peptides such as bovine serum albumin or a,-acid glycoproteins bonded to
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silica, esterified cellulose and chiral cyclodextrins can all be used in reverse phase separations. The
|latter, a-, b- or g-cyclodextrins form barrel-shaped cavities into which enantiomers can fit. Chiral
phases form complexes with analytes by binding them at specific sites through H-bonding, p—p and
dipolar interactions. In addition, steric repulsion, solvent, pH, ionic strength and temperature all affect
chromatographic retention. If the total adsorption energy of two enantiomers differs then a separation is
possible.

The recently introduced graphitized carbon and a new generation of rigid porous polymeric micro-beads
based on styrene/divinyl benzene as alternatives to silica, can both be used over an extended pH range
between 1 and 13. These materials have increased the choice of stationary phases and the scope of
HPLC, particularly for highly polar and basic substances where peak tailing on silica-based columnsis
afrequent occurrence. Some examples of column packings used in HPL C and their applications are
givenin Table 4.13.

6)—
M obile Phase

Unlike GC, in HPLC appropriate selection of the mobile phase composition is crucial in optimizing
chromatographic performance. The eluting power of the mobile phaseis determined by its overall
polarity, the polarity of the stationary phase and the nature of the sample components. For ‘normal
phase' separations (polar stationary phase/non-polar mobile phase) eluting power increases with
increasing solvent polarity whereas for 'reverse phase' separations (non-polar stationary phase/polar
mobile phase) eluting power decreases with increasing solvent polarity. Some examples of solvents
suitable for HPLC are given in Table 4.9 together with their polarities as measured by a solubility
parameter, P' (applicable to partition-based separations) and an adsorption parameter, €° (applicable to
adsorption-based separations). Such alist is often called an eluotropic series. Other properties of
solvents which must be taken into account include boiling point and viscosity, detector compatibility,
flammability and toxicity. Generally, lower boiling and hence less viscous solvents give higher
chromatographic efficiencies and lower back pressures. The most commonly used detectors are based
on absorbance of UV radiation and on refractive index (see below). The UV cut-off and refractive
indices of solvents therefore need to be known. These are included in Table 4.9.

Often, optimum retention and resolution are achieved by using a mixture of two solvents. The
solubility-based parameter, P', varies linearly with the proportion of the two solvents, being given by
the weighted arithmetic mean of the two individual values. The adsorption-based parameter, €°,
however, increases rapidly with small additions of a more polar solvent to aless polar one and levels off
as the proportion increases. Elution with a single solvent or mixed solvent of fixed composition is
called isocratic as opposed to gradient elution (p. 91). Gradient elution is sometimes employed where
sample components vary widely in polarity. Gradient



Table 4.13 Some column packings used in HPLC
Packing Mode of HPLC*

microparticulate silicas; spherical or L SC (adsorption)
irregular particles; mean particle size 3
pm, 5 pm, 10 pm

chemically modified versions of the above
(bonded-phase packings):

octadecyl (ODSor C,;) BPC, IPC

octyl (Cy) BPC, IPC

short chain (C or less) BPC, IPC

diol BPC

nitrile normal phase and BPC
aminoaky! BPC

anion and cation exchangers (tertiary IEC

amine or sulphonic acid)

controlled porosity silicas (may be SEC
chemically modified to reduce adsorption
effects)

chiral amino acids bound to aminopropy! cC

Page 12¢

Applications

non-polar to moderately polar mixtures, e.g.
polyaromatics, fats, oils, mixtures of isomers

wide range of moderately polar mixtures, e.g.
pharmaceuticals and drugs, amino acids

more polar mixtures, e.g. pesticides, herbicides,
peptides, metabolitesin body fluids

IPC applications of above three packings
include bases, dyestuffs and other multiply
charged species; can be used instead of IEC

very polar and water-soluble compounds, e.g.
food and drink additives

aternative to silica and can give better results
carbohydrates including sugars

ionic and ionizable compounds, e.g. vitamins,
water-soluble drugs, amino acids, food and
drink additives

polymer mixtures, screening of unknown
samples. Increasing use for separating mixtures
of smaller molecules before other modes of
HPLC

chiral peptides cr mixtures of enantiomers especially of drugs
cyclodextrins cC
* LSC = liquid-solid chromatography | CE = ion-exchange chromatgraphy

BPC = bonded -phase chromatography SEC = size exclusion chromatography

IPC = ion-pair chromatography CC = chiral chromatography

formers (p. 121) enable binary, ternary and quaternary mixtures of solvents to be blended reproducibly.
In reverse phase separations the most widely used mobile phases are mixtures of agueous buffers with
methanol, or water with acetonitrile. In normal phase work pentane or hexane with dichloromethane,

chloroform or an alcohol are frequently used.
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Many solvents for HPL C require purification before use as the impurities may either be strongly UV
absorbing, e.g. aromatic or alkene impuritiesin n-alkanes, or they may be of much higher polarity than
the solvent itself, e.g. traces of water or acids, or ethanol in chloroform, etc. All mobile phases should
be filtered and degassed before pumping through the column, the former to prevent contamination and
clogging of the top of the column and the latter to prevent noise in the detector from the formation of air
bubbles due to the pressure dropping to atmospheric at the column exit.

(6)—

Detectors

The ideal HPL C detector should have the same characteristics as those required for GC detectors, i.e.
rapid and reproducible response to solutes, awide range of linear response, high sensitivity and stability
of operation. No truly universal HPL C detector has yet been developed but the two most widely
applicable types are those based on the absorption of UV or visible radiation by the solute species and
those which monitor refractive index differences between solutes dissolved in the mobile phase and the
pure mobile phase. Other detectors which are more selective in their response rely on such solute
properties as fluorescence, electrical conductivity, diffusion currents (amperometric) and radioactivity.
The characteristics of the various types of detector are summarized in Table 4.14.

UV/Visible Photometers and Dispersive Spectrophotometers

These detectors respond to UV /visible absorbing speciesin the range 190-800 nm and their responseis
linear with concentration, obeying the Beer-Lambert law (p. 357). They are not appreciably flow or
temperature sensitive, have awide linear range and good but variable sensitivity.

Photometers are designed to operate at one or more fixed wavelengths only, e.g. 220, 254, 436 and 546
nm, whereas spectrophotometer sfacilitate monitoring at any wavelength within the operating range of
the instrument. Both types of detector employ low-volume (10 pl or less) flow-through cells fitted with
quartz windows. Careful design of the cell, which should be of minimal volume to reduce band-
spreading, and maximal path length for high sensitivity, is necessary to reduce undesirable refraction
effects at the cell walls as solutes pass through.

Although many substances absorb appreciably at 254 nm or one of the other fixed wavelengths
available with a photometer, a much more versatile detection system is based on a spectrophotometer
fitted with a grating monochromater and continuum source, e.g. a deuterium lamp for the UV region
and a tungsten-halogen lamp for the visible region (Figure 4.33). They have double-beam optics (p.
277), stable low-noise electronics and are often microprocessor controlled. Some can be programmed to
select a sequence of optimum monitoring wavelengths during or between chromatographic runs, and the
recording of acomplete UV spectrum after stopping the flow with a selected peak in the detector cell is
afeature of



Table 4.14 Characteristics of liquid chromatography detectors*

Detector basis Type** Maximum Flow rate
sensitivity*** sensitive?
Ultraviolet absorption S 5 x 10-10 No
Infrared absorption S 106 No
Fluorimetry S 10-10 No
Refractive index G 5 x 10-7 No
Conductometric S 10-8 Yes
Mass spectrometry S 10-10 No
Amperometric S 10-10 Yes
Radioactivity S — No

Temperature
sensitivity
Low

Low

Low

None
+1°C

None

Page 12¢

Useful with
gradient?

Yes
Yes
Yes
No

No

Yes

* Most of these data were taken from: L. R. Snyder and J. J. Kirkland, Introduction to Modern Liquid Chromatography.

New Y ork: Wiley-Interscience, 1964, p. 165. With permission.
** G = general; S= selective.
*** Sensitivity for afavourable sample in grams per millilitre.
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Variable-wavel ength detector, showing deuterium lamp, optical path, reference
photodiode and monochromator.

other designs. Another development is a rapid scanning capability that allows a complete spectrum to
be recorded in afraction of a second without the need to stop the flow, therefore rivalling diode array
detectors (vide infra). Like the latter, full computer control and high resolution colour graphics enable
chromatograms to be displayed in 3D and other formats and peak purity assessed. Sensitivity and
resolution are better than some diode array detectors.

Photometers are more sensitive than spectrophotometers, are cheaper and more robust and are well
suited to routine work where monitoring at 254 nm or some other fixed wavelength is acceptable.
Spectrophotometers, however, alow 'tuning' to the most favourable wavelength either to maximize
sensitivity for a particular solute or to 'detune’ the response to other solutes. By allowing monitoring
down to 190 nm, weakly absorbing or saturated compounds can be detected.

Diode Array Spectrophotometers

These can provide more spectral information than photometers or conventional dispersive
spectrophotometers but are much more expensive and generally less sensitive (Figure 4.34(a) and p.
355).

However, they enable sets of complete UV or UV and visible spectra of all the sample components to

be recorded as they elute from the column. The stored spectral information can be processed in several
ways by the microcomputer and displayed using sophisticated colour graphics software packages. The
most usual isa 3D chromatogram of time/absorbance/wavelength as shown in Figure 4.34(b). This can
be rotated on the screen to alow examination of otherwise hidden regions behind major peaks, (Figure
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(a) Optical path in a UV photodiode array detector. (b and c)
Three-dimensional display from UV diode array detector;

azathioprine and impurities separated by reversed-phase (RP)

HPL C with HP 1040A detector coupled to an HP 85 microcomputer:
(b) isometric projection of data showing components 1-5;
(c) reversed projection of data showing components 1-3, 5
and 6. Key: (1) 1-methyl-4-nitro-5-hydroxyimidazole;

(2) 1-methyl-4-nitro-5-thioimidazole; (3) 6-mercaptopurine;

(4) 1-methyl-4-nitro-5-chloroimidazole; (5) azathioprine;
(6) process impurity.
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Figure 4.34
(d) Contour plot of data for azathioprine and impuritiesin (b) and
(c), showing the isoabsorbance contours (from 1000 to 5 m AU)
plotted in the wave-length-time plane. Key to the peaks, asin
(b) and (c).

4.34(c)) or viewed from directly above and shown as an absorbance contour map to provide useful
information on peak purity (Figure 4.34(d)). The comparison of spectra selected from any points on the
time axis by overlaying them in various colours is an alternative assessment of peak purity and spectra
can be matched with alibrary of standards for identification purposes. Some software packages also
include the facility for calculating peak purity factors from absorbance ratios at two or more
wavelengths for different time dlices of an eluting peak, values close to unity indicating a high degree of

purity.
Fluorescence Detectors

These are highly selective and among the most sensitive of detectors. They are based on filter
fluorimeters or spectrofluorimeters (p. 377) but are usually purpose-designed for HPLC or capillary
electrophoresis (p. 174). The optical arrangement of atypical detector using filtersis shown in Figure
4.35. Excitation and emission wavelengths are selected by narrow bandpass filters, and the flow cell has
acapacity of 10-25 ul. The optical paths of the excitation and fluorescent emission beams are at 90° to
each other. This provides an extremely low background signal whilst only mobile phaseis flowing
through the cell. Sensitivity can be improved further by focusing the fluorescence onto the
photomultiplier tube with a curved parabolic mirror. Analytes that do not fluoresce naturally can be
derivatized with commercially available fluorescent reagents prior to chromatography or between the
column and the detector (pre- or post-column derivatization). Fluorescence detectors are relatively
insensitive both to pulsations in the mobile phase flow and to temperature fluctuations.
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Figure 4.35
Schematic diagram of asimple dual -filter
fluorimeter. Excitation using a xenon lamp.
Filters used to select the wavelength in both
the excitation and emission beams.

Refractive | ndex (RI) Monitors

There are several types of RI detector, al of which monitor the difference between a reference stream
of mobile phase and the column effluent. Any solute whose presence aters the refractive index of the
pure solvent will be detected, but sensitivity is directly proportional to the difference between the
refractive index of the solute and that of the solvent. At best they are two orders of magnitude less
sensitive than UV /visible detectors. All RI detectors are highly temperature-sensitive, and some designs
incorporate heat exchangers between column and detector to optimize performance. They cannot be
used for gradient elution because of the difficulty in matching the refractive indices of reference and
sample streams.

The most common type of RI monitor is the deflection refractometer (Figure 4.36). A visible light
source is directed through a two-compartment cell divided by a diagonal piece of glass. Thelight is
refracted on the way through the cell, reflected back from amirror behind the cell then refracted again
before being focused on a phototube detector. Whilst only solvent passes through each half of the cell,
the phototube signal is constant, but
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Figure 4.36
Refractive index (RI) detector.
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when a solute passes through the sample compartment, the light beam is deflected and the change in
intensity of radiation falling on the phototube is registered by the recorder. This type of detector has a
wide linear range of response but (like other RI monitors) only moderate sensitivity.

Two other types of RI monitor are based on Fresnel's laws of reflection and the principle of
interferometry respectively. The former utilizes avery small volume (3 ul) sample cell and is therefore
useful for highly efficient columns, but linearity is limited and the cell windows need to be kept
scrupulously clean for optimum performance. The main advantages of the interferometric design are
improved sensitivity and awide linear range.

Electrochemical Detectors

Conductance monitors can be used where the sample components are ionic and providing that the
conductivity of the mobile phaseisvery low. They are used extensively in ion chromatography (p. 147)
for the detection of inorganic anions, some inorganic cations and ionized organic acids.

Amperometric detectors, which are based on the principle of polarography, rely on measuring the
current generated in an electrochemical cell at afixed applied potential by the facile oxidation or
reduction of an eluted compound at the surface of a glassy carbon, gold or platinum micro-electrode.
The cell is completed with acalomel reference electrode (p. 231) and an auxiliary electrode, the
purpose of the latter being to enable the applied potential to be stabilized when the cell resistance alters
by virtue of the currents generated. The mobile phase acts as a supporting el ectrolyte for the redox
reactions and its composition is therefore restricted to predominantly aqueous solvent mixtures. Severa
designs have been produced, some with internal cell volumes aslittle as 1 pl; onetypeisshown in
Figure 4.37. Amperometric detectors are amongst the most sensitive available but they are susceptible
to noise, caused by any residual pulsations from the pump affecting the flow of mobile phase, and to
surface contaminations of the micro-electrode due to the build-up of electrode reaction products which
impairs reproducibility. However, their high sensitivity and selectivity (through variation of the applied
potential) enhances their value for the trace analysis of certain types of compound, e.g. phenols and
arylamines such as catecholamines (by oxidation) and nitro or azo compounds (by reduction) although
in the latter cases air must be purged from the mobile phase with nitrogen to eliminate interference by
the reduction of dissolved oxygen.

Of the remaining types of detector, those based on fluorimetry are both selective and particularly useful
for trace analysis as they can be orders of magnitude more sensitive than UV /visible photometers.

Qualitative and Quantitative Analysis

Methods similar to those used in GC are applicable to HPLC. Thus, comparison of retention datais the
most useful means of qualitative identification, the retention factor, k, generally being used in
preference to



Page 134

waorking electrode
____:—_‘_

e lecking collar

O-pmg seal
refercnce e
clectrode

IR ==

_ glassy carbon
solvent exit =+

et et

b couTier
+ electrode

solvent inlet

Figure 4.37
'Wall -jet' amperometric detector.

retention time, t, (p. 85) — compare gas chromatography (p. 109). Asin GC, members of a homologous
series show alinear relation between log t, and the number of carbon atoms. The trapping of HPLC
peaks for examination by other techniques such as infrared, nuclear magnetic resonance and mass
spectrometry is straightforward, providing that the time taken for the peak to reach asamplevial viaa
transfer line from the detector can be accurately measured. However, direct interfacing is now the
preferred technique. Complete UV /visible spectra are recorded by diode array detectors or the flow can
be stopped with the peak in the cell of aconventional dispersive spectrophotometric detector while the
complete spectrum is scanned.

Quantitative analysis using valve injection, has arelative precision of 0.2% or better. Precision is
highest where 50-200 pl sample loops are used. Isocratic elution is preferable to gradient elution
because conditions are more reproducible. Internal standards are not always required, the concentration
of samples being determined from previously prepared calibration curves or by using a factor if the
curveislinear. For routine analyses, automatic sampling systems are better because they eliminate
operator error. Either peak height or peak area can be measured, the former being suitable for sharp,
early-eluting peaks, where peaks are not fully resolved, and for trace analysis. Peak area measurements
give better precision and are more reliable if peaks are asymmetrical; they are less susceptible to
changes in chromatographic conditions.



Page 135
HPL C-mass Spectrometry

Direct interfacing of HPLC with mass spectrometry is a'coupled' or 'hyphenated' technique similar to
GC-mass spectrometry (p. 114) which provides structural information on separated sample components.
Its devel opment has been slow because of difficulties inherent in removing the liquid mobile phase
whilst allowing only the analytes to pass into the mass spectrometer, particularly as reverse phase
HPL C often employs mobile phases containing aqueous buffers and inorganic salts. Several designs of
interface have been developed, the main differences between them being the means of separating
analytes from the mobile phase and the method of ionization employed.

With the thermospray interface (Figure 4.38(a)), the mobile phase, usually containing an ammonium
ethanoate buffer, is passed through a heated probe (350-400°C) into an evacuated source chamber
where it forms a supersonically expanding mist of electrically charged droplets. The liquid evaporates

to leave charged solid particles which then release molecular ions such as MH* and MM by an
ammonia chemical ionization (Cl) process. The analyte ions are 'skimmed off' into the mass
spectrometer whilst the vaporized solvent is pumped away. An electron beam is a'so employed to
enhance the production of ions by CI.

A particle-beaminterface (Figure 4.38(b)) employs helium to nebulize the mobile phase, producing an
aerosol from which the sample is evaporated at near ambient temperature and pressure. The mixture of
helium, solvent vapour and analyte molecules is accelerated into alow-pressure two-stage 'momentum
separator' where it expands supersonically. The helium and solvent are pumped away whilst the
relatively heavy analyte molecules, having much greater momentum, pass straight through two skimmer
plates and along a narrow probe into a heated ionization chamber where electron impact (EI) ionization
occurs. The thermospray and particle beam interfaces have now been largely superseded by systems
operating at atmospheric pressure.

An atmospheric pressure chemical ionization (APCI) interface uses nitrogen as a nebulizing gas and a
heated nebulizer probe. The gas and mobile phase droplets are heated to about 120°C in a desolvation
chamber where a corona discharge generates electrons that ionize the mobile phase molecules to give
reactant ions (Figure 4.38(c)). These then collide with analyte molecules to yield pseudomolecular ions
(M+H)* or (M—H)- by chemical ionization (Cl, p. 427). The ionization processis very efficient due to
the high collision frequency occurring at atmospheric pressure, and rapid desol vation/vaporization
minimizes thermal degradation of the analyte molecules. The analyte ions are accelerated through
skimmer -cones into the spectrometer whilst the uncharged solvent molecules are removed by
differentia pumping. APCI interfaces can cope with mobile phase flow rates of up to about 2 cm3 min-
1, and as little as 50-100 pg of an analyte can be detected.

An electrospray (ES) interface, which also operates at atmospheric
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(d) Diagram of an electrospray source.

pressure, consists of ametal capillary tube through which column effluent is passed at arelatively low
flow rate of 120 pl min-,

An electric field is generated at the capillary exit by applying a 3-6 kV potential between the tube and a
counter electrode placed a short distance away (Figure 4.38(d)). The field induces an accumulation of
charge on the surface of the liquid emerging from the capillary resulting in the production of highly
charged droplets. The droplets shrink as solvent evaporates from their surface, which increases the
charge density and leads to their explosive rupture and the creation of smaller charged droplets. This
process is repeated many times over to produce a spray of ever smaller droplets, and eventually forming
multiply-charged analyte species. These are passed through skimmers into the mass spectrometer whilst
uncharged solvent molecules are pumped away. The characteristics of the spray, including its stability,
are affected by the nature and flow rate of the mobile phase and the magnitude of the applied potential.
A practical upper limit of around 20 pl min- limits the use of an ES interface to microbore columns or
conventional columns fitted with an outlet stream-splitter. A variant, known as ionspray, involves
pneumatic nebulization to increase the flow rate and an earthed screen to inhibit droplet condensation
that would otherwise destabilize the spray. Flow rates of up to 2 cm3 min-! allow the use of
conventional columns without a stream-splitter.

Only the particle-beam interface produces El spectrafor direct comparisons with computerized library
spectra of fragmentation patterns. The other systems enable the relative molecular mass (RMM) of
analytes up to 105 and above to be established. An example of an HPL C-APCI separation and
identification of some benzodiazepine tranquillizersis shown in Figure 4.39. The most appropriate
choice of LC-MS interface for a particular
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application depends on the RMM range and polarities of the compounds in the mixture, as shown in
Figure 4.40.

The technology and value of HPL C-mass spectrometry hasincreased in parallel with developmentsin
mass spectrometry itself. Tandem mass spectrometry, MS/MS and (MS)", systems to study additional
fragmentation inside the spectrometer and the possibility of analysing mixtures of analytes where
minimal or no HPL C separation is required, are two of the most significant. Very accurate RMM
measurements can now be made using a new generation of compact time-of -flight (TOF) spectrometers
whose performance is comparable to much larger and more expensive magnetic sector instruments.

onic

polar
APCI

thermwospray

neulral

molecular weight (Dap

Figure 4.40
Application range of different
coupling methods.

Optimizing a Separ ation

Adequate resolution of the components of a mixture in the shortest possible timeis nearly aways a
principal goal. Establishing the optimum conditions by trial and error isinefficient and relies heavily on
the expertise of the analyst. The development of computer-controlled HPL C systems has enabled
systematic automated optimization techniques, based on statistical experimental design and
mathematical resolution functions, to be exploited. The basic choices of column (stationary phase) and
detector are made first followed by an investigation of the mobile phase composition and possibly other
parameters. This can be done manually but computer-controlled optimization has the advantage of
releasing the analyst for other
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duties or running overnight. Gradient elution (p. 91) is sometimes used as a preliminary step for
unknown samples to indicate possible isocratic (constant mobile phase composition) conditions.

A simple means of optimizing areverse phase separation isto obtain a series of six chromatograms with
binary mixtures of an organic solvent, such as acetonitrile or methanol, and water ranging from O to
100% water in steps of 20%. Assessment of each chromatogram, followed if necessary by additional
ones with intermediate proportions of the organic solvent and water, then enables the best composition
to be selected. An extension of this procedure is to use ternary mixtures of two organic solvents and
water. An example of the separation of a six-component mixture using five different proportions of
methanol, tetrahydrofuran and water is shown in Figure 4.41.

More sophisticated, computerized and usually automated methods of mobile phase optimization are
commercialy available. Most software packages are designed to use one of two alternative approaches.
In thefirst, a pre-determined series of chromatograms is recorded followed by evaluation to find the
optimum composition. In the second a directed search routine is used whereby the computer evaluates
each chromatogram in turn according to specified criteria before selecting a new composition for the
next run. With the former or 'simultaneous' technique, evaluation of each chromatogram is based on the
computation of a single numerical value called a chromatographic response or optimization function
(CRF or COF). This represents the quality of the chromatogram as a function of the peak overlap
(resolution) for each pair of adjacent peaks in the sample and the total elution time. Contour maps are
then plotted using the individually computed CRF or COF values, and additional values are derived by
interpolation. Directed searches offer greater flexibility and may require a smaller number of
chromatograms, but they may select alocalized optimum composition rather than a global one.
However, they are adaptive and have the ability to cope with unexpected outcomes during the
optimization process. A problem with both approachesis caused by 'peak crossovers, i.e. changesin
elution order. Keeping track of each peak in a chromatogram represents a major challenge for
optimization software.

The simplex lattice design is a straightforward example of the simultaneous technique and is based on a
solvent selectivity triangle originally proposed by Snyder and involving the plotting of an overlapping
resolution map (ORM). Three solvents of differing chromatographic selectivity are mixed with afourth
(solvent strength adjuster) to provide three mobile phases of equal solvent strength (isoel uotropic), e.g.
methanol, acetonitrile, tetrahydrofuran and water would be suitable for a reverse phase separation. The
three mobile phases form the apices of a solvent selectivity triangle. At least four other compositions
are made by blending the initial three in various proportions; these lie along the sides or within the
triangle. The mixture is then chromatographed using each of the seven (or more)
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Optimizing an HPLC separation using five ternary mobile phases. Peaks:
(1) benzyl alcohal, (2) phenal, (3) 3-phenylpropanal, (4) 2,4-dimethylphenoal,
(5) benzene, and (6) diethyl o-phthalate. (After R.D. Conlon, 'The Perkin-Elmer
Solvent Optimization System,' Instrumentation Research, p. 95 (March 1985).

Courtesy of Instrumentation Research)
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compositionsin turn, and aresolution contour map generated from the COF values for each pair of
adjacent components in the mixture for all compositions. The superimposition of the individual contour
maps produces an ORM which is used to identify the optimum mobile phase composition for separating
the mixture with a specified resolution. The provision of a computer system with high-resolution colour
graphics greatly enhances the value of this approach. The solvent composition triangle and set of
resolution maps for a 6-component mixture are shown in Figure 4.42.

Other more mathematical techniques, which rely on appropriate computer software and are examples of
chemometrics (p. 33), include the generation of one-, two- or three-dimensional window diagrams,
computer-directed searches and the use of expert systems (p. 529). A discussion of these is beyond the
scope of thistext.

Applications of High Performance Liquid Chromatography

Theuse of HPLC in all itsformsis growing steadily and may eventually exceed that of GC. Thisis
because all four sorption mechanisms can be exploited and the technique is well suited to a very wide
range of compound types including ionic, polymeric and labile materials. The most appropriate choice
of mode of HPL C for a given separation problem is based on the relative molecular mass, solubility
characteristics and polarity of the compounds to be separated and a guide to thisis given in Figure 4.43.

Adsorption chromatography on silicais well suited to the separation of less polar compounds such as
polyaromatic hydrocarbons, fats and oils, and for the separation of isomers or compounds with differing
functional groups.

Bonded-phase chromatography (BPC) in one form or another is suitable for most HPL C separations
ranging from mixtures of weakly polar to highly polar and ionizable compounds. Reverse phase
chromatography using octa decyl (ODS or C,;) columns and methanol/aqueous buffers or
acetonitrile/water mobile phasesis by far the most widely used. The mechanism of separation is not
clear and may involve adsorption or partition depending on the solutes and particular phases used. For
weakly acidic or basic solutes, pH control is very important as retention times vary considerably with
degree of dissociation or protonation, the non-ionic form of a solute having a greater affinity for anon-
polar stationary phase. Figure 4.44 shows the relation between pH and retention time for five weakly
acidic or basic drugs chromatographed on an ODS stationary phase. lon-pair or paired-ion
chromatography (IPC or PIC) on non-polar bonded-phase columns is often used for the separation of
ionic or ionizable solutes in place of conventional ion-exchange resins or bonded-phase ion-exchangers.
Mobile phases used in IPC are buffered and contain counter-ions of opposite charge to the solute ions,
e.g. tetrabutylammonium ions for the separation of ionized carboxylic acids at pH 7 or 8, or akyl
sulphonates for the separation of protonated weak bases at pH 3 or 4. Under the appropriate conditions,
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Effect of eluent pH on selectivity in reverse-phase BPC.
Column, 30 x 0.4 cm, p-Bondapak-C,g, 10 pm; mobile phase,
0.025 M NaH,PO ,-Na,HPO, with 40% vol methanol;
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(3) phenacetin; (4) nicotine; (5) methylamphetamine.

solute ions form ion-pairs with the counter-ions, which partition into or are adsorbed selectively onto
the stationary phase. |PC offers the advantages of greater efficiency and column stability and more

selectivity in the separation of ionic or ionizable compounds compared to bonded- phase or conventional
ion-exchangers.

Size exclusion (gel filtration or permeation) chromatography (SEC) is suitable for solutes with
molecular weights of 2000 or more and is also useful for the preliminary investigation of unknown
samples. Separated fractions can then be subjected to one of the other modes of HPLC. Exclusion
chromatography is discussed in section 4.3.6.

HPL C has had considerable success in separating compounds as diverse as steroids, carbohydrates,
vitamins, dyestuffs, pesticides and polymers. It is used routinely for the assay of pharmaceutical
products, the monitoring of drugs and metabolitesin body fluids and for other biomedical, biochemical

and forensic applications, such as the detection of drugs of abuse. The determination of additivesin
foodstuffs and beverages including sugars,
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vitamins, flavourings and colourings and the quality control of polymers, plastics and resins are further
examples of the very wide and growing scope of this technique. Figure 4.47 illustrates a number of
separations employing different modes of HPLC.

lon Chromatography

For the separation of inorganic and some organic anions and cations aform of HPLC known as ion
chromatography (IC) has been developed. The technique involves an ion-exchange column and a
means of suppressing (removing) ionized species other than the sample ions in the eluting mobile phase
to facilitate detection of the sample ions by a conductivity monitor (Figure 4.45(a)). Separation of the
analytesis achieved using a pellicular (vide infra) cation- or anion-exchange resin (p. 162) and eluting
with sodium hydroxide or sodium hydrogen carbonate/sodium carbonate (for anionic analytes) or
methane sulphonic acid (for cationic analytes). The eluent from the column passes through a suppressor
where the eluting or 'background' electrolyte is effectively removed by converting it into water or water
and carbon dioxide, i.e. sodium ions are replaced with hydronium ions or methylsulphonate ions with
hydroxyl ions. Thisis anecessary step which leaves the analytes (all now in the same ionic form) asthe
only ionized species and thereby easily detected down to very low (sub ppm) levels by a conductivity
monitor.

To separate anionic analytes the analytical column is packed with a pellicular strong-base anion-
exchange resin in the hydrogen carbonate (HCO,-) form. The particles have an inert non-porous central
core surrounded by a surface layer of anionic resin micro-beads. Mass transfer in pellicular materialsis
very fast and, although the columns are of limited capacity, they have very high efficiencies. The
suppressor is a cartridge containing a porous polymeric cation-exchange membrane in the H* form,
which enables hydronium ions to replace sodium ionsin the eluent and to form water by combination
with hydroxyl ions (Figure 4.45(b)). As the membrane becomes depleted of H* ionsit is continually
replenished from an external acidic solution whilst the Na" ions passing into the external solution are
removed. For cationic analytes, apellicular cationic resin in the H* form is used, the suppressor
utilizing an anionic membrane.

A miniaturized 'self-regenerating' suppressor cartridge incorporating an electrolysis cell isalso
available. Hydronium ions and oxygen are continually formed by the electrolysis of a stream of
deionized water passing through an anode compartment whilst hydroxyl ions and hydrogen are
similarly formed in a cathode compartment. Both compartments are separated from the eluent by either
cation- or anion-exchange membranes depending on whether anionic or cationic analytes are to be
separated. The process is shown diagrammatically in Figure 4.46. The oxygen and hydrogen generated
by the electrolysis are vented to the atmosphere while the hydronium or hydroxyl ions pass through the
membrane into the eluent in
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the central compartment to form water by replacing Na* ions or methyl sulphonate anions (MSA),
respectively. These pass outwards into the cathode or anode compartment where they are removed,
along with the oxygen and hydrogen, in the regenerant stream of deionized water. The deviceis
essentially maintenance free and provides superior sensitivity and operational stability compared to
earlier designs.

lon chromatography has been used mainly for the separation of inorganic anions such as chloride,
bromide, fluoride, sulphate, nitrate, nitrite and phosphate at ppm levelsin surface waters, industrial
effluents, food products, pharmaceuticals and clinical samples. However, separations of organic acids
and bases, akali, alkaline earth and transition metal cations are becoming more widespread. Organic
solvents such as methanol or acetonitrile can be added to the mobile phase when organic species, e.g.
low molecular weight amines or acids, are to be separated. 1on-exchange resins which have a proportion
of the ionic sites replaced with hydrophobic reversed phase groups commonly used in HPLC columns,
typically octadecylsilane (ODS), enable mixtures of both non-ionic and ionic species to be separated.
Some examples of 1C separations are included in Figure 4.47. Like HPLC, IC has become micro-
computer controlled and fully automated.

An aternative means of detection involves UV spectrophotometry, the mobile phase containing the
strongly absorbing phthalate ion which gives a constant high absorbance baseline signal that displays
negative peaks as the sample components elute from the separator column. No suppressor column is
therefore needed and the sensitivity is comparable to conductometric detection.

4.3.3—
Supercritical Fluid Chromatography

Supercritical fluid chromatography (SFC) is arecently developed technique that is a hybrid between gas
and liquid chromatography employing a supercritical fluid as the mobile phase. Supercritical fluids are
produced when agas or liquid is subjected to a temperature and pressure that both exceed critical
values. Under these conditions the properties of the fluid, including density, viscosity and solute
diffusion coefficients are intermediate between those of a gas and aliquid and vary with pressure.
Increasing the pressure further makes a supercritical fluid more like aliquid, i.e. higher density and
viscosity, smaller solute diffusion coefficients, whilst reducing the pressure causes it to become more
like agas, i.e. lower density and viscosity and larger solute diffusion coefficients. The only substance to
be extensively used for SFC so far is carbon dioxide, for which the critical temperature is 31.1°C and
the critical pressureis 72.9 bar. Xenon, with values of 16.5°C and 57.6 bar respectively, may prove
useful, if expensive, for SFC-FT-IR (cf. GC-FT-IR, p. 117) asit is completely transparent to IR
radiation. Other substances such as ammonia, hexane and nitrous oxide have critical values that could
easily be exceeded in practice but are hazardous, toxic and/or corrosive.
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The instrumentation developed for SFC is based on both gas and liquid chromatographs. The
supercritical fluid is delivered to the column by a modified HPLC pump. Columns are either very
narrow bore capillaries of the type used in GC with a chemically bonded stationary phase (p. 99) or
packed reverse phase HPL C columns (p. 123). They are enclosed in a constant temperature oven and,
although temperature programming is not used, pressure programming is often employed as aform of
gradient elution. Increasing the pressure throughout a separation speeds up the elution process by
increasing the density and hence the solubilizing power of the supercritical fluid. Carbon dioxideisa
non-polar mobile phase so small amounts of more polar compounds such as methanol or glycol ethers
can be added if polar mixtures are to be separated as thisimproves peak shapes.

The nature of a supercritical fluid enables both gas and liquid chromatographic detectors to be used in
SFC. Flame ionization (FID), nitrogen phosphorus (NPD), flame photometric (FPD) GC detectors (p.
100 et seg.) and UV and fluorescence HPLC monitors are all compatible with a supercritical fluid
mobile phase and can be adapted to operate at the required pressures (up to several hundred bar). A very
wide range of solute types can therefore be detected in SFC. In addition the coupled or hyphenated
techniques of SFC-M S and SFC-FT-IR are attractive possibilities (cf. GC-MSand GC-IR, p. 114 &t
seq.).

The applications of SFC include the analysis of mixtures of hydrocarbons, triglycerides, high relative
molecular mass and thermally labile compounds. Its advantage over GC liesin its ability to separate
mixtures at much lower temperatures and over HPLC in improved efficiency due to more rapid mass
transfer (larger solute diffusion coefficients) and ease of coupling to a mass spectrometer. The wide
choice of detector and ease of controlling retention times by pressure programming are also features
that make SFC attractive but the instrumentation is currently much more expensive than either GC or
HPLC. Its future growth is therefore uncertain.

4.3.4—
Thin-layer Chromatography

Summary
Principles

Separation of mixtures in microgram quantities by movement of a solvent across aflat surface;
components migrate at different rates due to differences in solubility, adsorption, size or charge; elution
is halted when or before the solvent front reaches the opposite side of the surface and the components
examined in situ or removed for further analysis.

Apparatus and | nstrumentation

Thin layers of powdered cellulose, silica gel, alumina, ion-exchange or gel -
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permeation material supported on glass plates, plastic sheets or aluminium foil; development tanks,
components sometimes examined by reflectance or transmittance densitometry or removed for
spectrometric analysis.

Applications

Very widespread use, largely for qualitative purposes and for both organic and inorganic materials,
especially useful for checks on purity, to monitor reactions and production processes and to characterize

complex materials.
Disadvantages

Migration characteristics very sensitive to conditions; thin layers easily damaged; quantitative precision
only moderate: 5-10%.

The difference between this technique and GC or HPLC is that the separation process occurs on a flat
essentialy two-dimensional surface. The separated components are not usually eluted from the surface
but are examined in situ. Alternatively, they can be removed mechanically for further analysis. In thin-
layer chromatography (TLC), the stationary phase is usually a polar solid such as silicagel or dumina
which is coated onto a sheet of glass, plastic, or aluminium. Although some moisture is retained by the
stationary phase, the separation process is predominantly one of surface adsorption. Thin layers are
sometimes made from ion-exchange or gel permeation materials. In these cases the sorption process
would be ion-exchange or exclusion.

Samples are applied as spots or streaks close to one edge of the plate and the mobile phaseis alowed to
travel from that edge over the samples and towards the opposite edge. In so doing, the components of
the sample move across the surface at rates governed by their distribution ratios and therefore separate
into individual spots or bands. This procedure is called development. After development, coloured
substances are immediately visible on the surface. Those which are colourless can be visualized by
treatment with a chromogenic reagent, detected by fluorescence under a UV lamp or by using
radioactive tracers. A typical thin-layer chromatogram is shown in Figure 4.48.

Diffusion and mass transfer effects cause the dimensions of the separated spots to increase in all
directions as elution proceeds, in much the same way as concentration profiles become Gaussian in
column separations (p. 86). Multiple path, molecular diffusion and mass transfer effects all contribute to
spreading along the direction of flow but only the first two cause lateral spreading. Consequently, the
initially circular spots become progressively elliptical in the direction of flow. Efficiency and resolution
are thus impaired. Elution must be halted before the solvent front reaches the opposite edge of the plate
as the distance it has moved must be measured in order to calculate the retardation factors (R, values) of

separated components (p. 86).
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Thin-layer chromatogram.

Factors Affecting R, Values and Resolution

Basically, the R value of asoluteis determined by its distribution ratio which in turn is dependent on
relative solubilities for partition systems or relative polarities for adsorption systems. For example, if
adsorption TLC is used to separate a mixture of squalene (a hydrocarbon), methyl oleate, cholesterol
and a-tocopherol (vitamin E), then squalene, being the least polar, will move furthest and the
cholesterol, being the most polar, will remain close to the origin. Methyl oleate isless polar than a-
tocopherol and will therefore be found between it and the squalene. The role of polarity is discussed
more fully on p. 82.

The effect of temperature on distribution ratios has aready been mentioned on page 91. Although the
separation proceeds more quickly at elevated temperatures, resolution suffers because of increased rates
of diffusion. However, in adsorption TLC only small increasesin R, values are observed even with a
20°C rise. Strict temperature control is not necessary if samples and standards are run at the same time,
although large fluctuations should be avoided. The quality of the thin-layer materials, and in particular
the presence of impurities in them, determine the extent to which partition, adsorption, ion-exchange
and exclusion participate in the sorption process. These factors affect R valuesin an unpredictable
manner. Thin layers should be of uniform thickness, between 0.2 and 0.3 mm; with thinner layers, local
variations in thickness can result in appreciable variationsin R values.

A stable atmosphere saturated with the vapour of the mobile phase is required to ensure reproducible R,
values. Unless saturation conditions prevail, solvent will evaporate from the surface of the thin layer
causing an increased solvent flow but slower movement of the solvent front; R, values consequently
increase. In practice, chromatograms are best developed in a sealed glass tank in which a saturated
atmosphere has been produced by
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lining the walls with filter-paper soaked in the appropriate solvent or solvent mixture. The tank should
be prepared about 15 minutes before the chromatogram is to be developed.

The optimum amount of sample required to produce detectable spots with a minimum of spreading due
to overloading is about 0.01 pg to 50 pg. With samples much larger than this, isotherms become non-
linear, the R, values alter significantly with sample size and resolution suffers because of increased

tailing or fronting.
Sample Application

The process of placing a sample on the thin layer is called spotting. The sample should be dissolved in
up to 10 ul of a solvent which should be volatile so as to prevent undue spreading of the spot.
Accurately measured amounts of sample can be spotted using a micropipette or microsyringe but for
gualitative purposes a melting-point tube drawn out to afine tip will suffice. A faint pencil line can be
drawn about 1-2cm from one edge of the plate and the sample spots placed along this line 1 cm apart
and not closer than 1.5 cm to the sides. A ruler or raised Perspex template can be used to aid spotting
the samples on to the plate accurately.

Development Procedures

For convenience, the ascending method is used mostly although there is no reason why descending or
horizontal development cannot be used for special purposes. An alternative method consists of forming
a sandwich with a glass plate the same size as the chromatographic plate. The two are clamped together
with athin spacer to protect the surface of the thin layer and the bottom side isimmersed in a narrow
trough containing the solvent. The small volume of air trapped between the two platesis rapidly
saturated with the developing solution.

Two-dimensional Development

More effective separation of complex mixtures and those consisting of components with similar R,
values can be achieved by successive developments at 90° to each other. The sampleis spotted at one
corner and developed with the first solvent. After thorough drying, the plate is turned through 90° and
developed with the second solvent. The two-way chromatogram (Figure 4.49) can be compared with a
'standard map' obtained from chromatographing known mixtures.

Detection of Separated Components

Coloured substances can be observed visually in situ after development of the chromatogram, but those
which are colourless must be visualized by physical or chemical means. For many samples, and
especially for
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unknowns, the chromatogram should first be examined under a UV lamp. Many organic compounds
show up as fluorescent spots when irradiated at 370 or 254 nm. An alternative method is to incorporate
afluorescent indicator into the thin layer when non-fluorescing materials show as dark spots on a
fluorescent background. Radioactive counting techniques can be used for the detection of |abelled
compounds.

The most widely used detection methods are those in which spots are visualized chemically by spraying
with a chromogenic reagent or by dipping into a reagent solution. Dipping provides a more even cover
with the reagent, but may dissolve some of the separated components or cause spreading of the spots by
diffusion. Solvents used in both methods should be reasonably volatile to facilitate drying after
treatment. Acetone, ethanol and chloroform are commonly used. Reagents may be general in that they
produce coloured spots with awide range of compounds or they may be selective in reacting only with
compounds containing certain functional groups. Metals can be visualized by using areagent with
which they form coloured insoluble salts or complexes. Some examples of chromogenic reagents and
their applications are given in Table 4.15(a). A general and very sensitive method for detecting organic
substances separated by TLC isto spray the chromatogram with concentrated sul phuric acid and heat
the plate to about 200°C for several minutes. The charred organic matter shows up as brown or black
spots.

Chromatograms can be stored easily for future reference unless, as sometimes happens, the spots fade.
More permanent less bulky records can be made by photographing the chromatogram, spraying it with a
lacquer or photocopying it.
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Table 4.15(a) Chromogenic reagents for visualizing thin-layer chromatograms

Reagent

iodine vapour
phosphomolybdic acid
fluorescein/bromine
sulphuric acid

ninhydrin or isotin
2,4-dinitrophenylhydrazine
H,S water, diphenylcarbazide or
rubeanic acid

aniline phthalate

antimony trichloride
chloroplatinic acid

bromothymol blue

Table 4.15(b) Stationary phases for thin-layer chromatography

Stationary phase
silicagel adsorption or partition

modified silicagels adsorption or partition

alumina adsorption or partition
cellulose powder partition

kieselguhr partition

modified cellulosese.g. DEAE ion-exchange

and CM

Sephadex gels exclusion

Stationary Phase

Nature and Function of Thin-layer Materials

Applications

general organic, unsaturated compounds
general organic

general organic

general organic (TLC only)

amino acids

ketones and aldehydes

metals

metals

sugars

steroids, essential oils
alkaloids

lipids

Predominant sorption process Use

general
similar to bonded phase HPLC
general

inorganic, amino acids, nucleotides, food -
dyes

sugars

nucleotides, phospholipids

macromolecules

Any of the materials used in column, ion-exchange and exclusion chromatography can be used for TLC
provided that they can be obtained in the form of a homogeneous powder of fine particle size (1-50
pum). Coarse materials will not easily form a uniform thin layer which adheres to a glass plate or other
supporting sheet. A list of some of the more important stationary phases and their usesisgivenin Table
4.15(b). Pre-coated thin-layer plates are available commercially but are relatively expensive. Plates with
awide variety of stationary phases can be prepared in the laboratory using a mechanical spreading
apparatus. This consists of atrough to hold a slurry of the stationary phase and a flat bed to support a
number of plates. By moving the trough across the plates, an even coating of slurry is deposited from

which the solvent can be evaporated by oven-drying.

Silicagel or silicic acid, has found the most widespread use in TLC. It
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functions primarily as a surface adsorbent if dried above 100°C, otherwise the adsorbed water acts as
the stationary phase for a partition system. Plates coated with silicagel often contain about 10% w/w
calcium sulphate (plaster of Paris) as abinder to improve adherence to the plate, although thisis not
essential if avery finely powdered material is used. Indicators which fluoresce under aUV lamp can be
incorporated into the layer when it is prepared, e.g. the sodium salt of fluorescein. Alumina and
kieselguhr (diatomaceous earth) are sometimes used as alternatives to silicagel but offer no particular
advantages. Chemically modified silica gels similar to the modified micro-particulate silicas used in
HPLC (p. 151) have become available. For relatively polar compounds, octadecyl (C,, or ODS)
modified plates are particularly useful. The production of plates with layers of very small and uniform
particles, which result in more compact sample spots and improved resolution, has given rise to the
term 'high performance’ TLC or HPTLC. Cellulose powder is used for partition TLC where it acts
largely as a solid support asin paper chromatography. More compact spots are obtained than with paper
chromatography and devel opment times are faster because of the fine particle size. A number of ion-
exchange cellulose powders are available for separations of ionic species (p. 158).

Reagents which selectively retard certain chemical species can be incorporated into athin-layer plate.

Thus, silver nitrate, which forms weak p-complexes with unsaturated compounds, aids their separation
from saturated compounds.

The mobile phase is drawn through the thin layer by capillary action, but the rate of movement is
relatively fast because of the uniform and small particle size. TLC separations on a20 x 20 cm plate
take only 20—40 min compared with two hours or more for a comparable-sized paper chromatogram.

M obile Phase

The choice of mobile phaseislargely empirical but general rules can be formulated. A mixture of an
organic solvent and water with the addition of acid, base or complexing agent to optimize the solubility
of the components of a mixture can be used. For example, good separations of polar or ionic solutes can
be achieved with a mixture of water and n-butanol. Addition of acetic acid to the mixture allows more
water to be incorporated and increases the solubility of basic materials, whilst the addition of anmonia
increases the solubility of acidic materials. If the stationary phase is hydrophobic, various mixtures of
benzene, cyclohexane and chloroform provide satisfactory mobile phases. It should be emphasized that
alarge degree of trial and error isinvolved in their selection. For TLC on silica gel, a mobile phase with
aslow apolarity as possible should be used consistent with achieving a satisfactory separation. Polar
solvents can themselves become strongly adsorbed thereby producing a partition system, a situation
which may not be as desirable. An eluotropic series (Table 4.9) can be used
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to aid the selection of the best solvent or solvent mixture for a particular sample.
Qualitative Analysis

Components are identified by comparison of their R, values with those of standards run under identical
conditions, or by removing the materials from the chromatogram and subjecting them to further
qualitative tests, e.g. spot-tests, mass spectrometry, infrared spectrometry. Factors affecting R values
were discussed on p. 155. Chromatographic materials and conditions are usually so variable that it is
advisable to run standards with samples to ensure that comparisons are valid.

Quantitative Analysis

Thin-layer chromatography does not provide quantitative information of the highest precision and
accuracy. Linear relationships between the mass of a substance and the logarithm or square-root of the
spot area can sometimes be established under very closely controlled conditions. The optical
absorbance of a spot determined by reflectance measurements can be similarly related to mass, or the
substances can be scraped from the plate and dissolved in a suitable solvent for a spectrometric
determination. The main difficulties with area and density measurements lie in defining the boundaries
of spots and controlling chromogenic reactions in areproducible manner. Relative precision can be as
good as 1-2% but is more usually 5-10%.

Applications of Thin-layer Chromatography

Thin-layer chromatography is very widely used, mainly for qualitative purposes; almost any mixture
can be at |least partially resolved. Inorganic applications, such as the separation of metalsin alloys, soil
and geological samples, and polar organic systems, such as mixtures of amino acids or sugarsin urine,
are particularly suited to cellulose TLC. The versatility of TLC hasresulted in arapid spread in its use
in al fields especialy for the separation of organic materials. It isideally suited to following the course
of complex reactions, quality control, purity checks, clinical diagnosis and forensic tests. Some typical
separations by thin-layer chromatography are given in Table 4.16.

4.3.5—
| on-exchange Chromatography

Summary
Principles

Separation of ionic materials in microgram to gram quantities by passage of a solution through a
column or across a surface consisting of a porous polymeric resin incorporating exchangeable ions.
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Table 4.16 Typical applications of thin-layer chromatography
Separation Stationary phase Mobile phase

amino acids and peptides cellulose 2-dimensional
1. n-butanol/acetic acid/water
2. phenol/water

hydrocarbon oils, ester oils silicagel light petroleum/ether

simple sugars cellulose n-propanol/ethyl acetate/water
steroids, e.g. bile acids, estrogens, sterols silicagel chloroform/acetone

Co, Cu, Fe, Mn, Zn, Ni cellulose acetone/conc. HCI

akaloids, e.g. belladonna, morphine, opium, purine silicagel chloroform/ethanol
chlorinated insecticides, e.g. Aldrin, DDT, silicagel hexane

Heptachlor, Endrin

vitamins, e.g. A, D, E silicagel hexane/acetone

B,C silicagel water

Apparatus and I nstrumentation

Glass columns for separation by gravity flow; glass, metal or nylon tubing for pressurized systems;
fraction collector, detector and recorder.

Applications

Mainly inorganic, especially mixtures of metals with similar chemical characteristics, e.g. lanthanides;
separation of amino acids.

Disadvantages

Gravity flow separations slow; separated components accompanied by alarge excess of eluting
electrolyte.

lon-exchange separations are limited to samples containing ionized or partially ionized solutes. The
stationary phase consists of an insoluble but porous resinous material which contains fixed charge-
carrying groups and mobile counter ions of opposite charge. The counter ions can be reversibly
exchanged for those of a solute which carry alike charge as the mobile phase travel s through the system.
Variation in the affinity of the stationary phase for different ionic speciesis responsible for differential
rates of migration. Separations are often enhanced by eluting with a mobile phase containing a
complexing agent.
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Structure of lon-exchange Resins

The most widely used type of resin is a copolymer of styrene and divinyl benzene produced in bead
form by suspension polymerization in an agueous medium.

CH=CH, CH=CH, —CH—CH,—CH—CH,—
0 - 0-000
CH=CH, —CH—CH,—CH—CH,—

The proportion of divinyl benzene (DVB) is 2—20%, which resultsin athree-dimensional cross-linked
structure that is both rigid, porous and highly insoluble. The degree of cross-linking, expressed as the
weight percent of DVB, affects the rigidity of the structure and the size of the pores. A low degree of
cross-linking produces beads which swell appreciably when in contact with a polar solvent and have
large pores enabling ions to diffuse into the structure and exchange rapidly. Resins with a high degree
of cross-linking have smaller pores and are more rigid. Swelling is less, the exchange processis slower,
and large ions may not be able to diffuse into the interior of the bead at all. By control of the
polymerization process, the resin produced can be made gel -like (micro-reticular) having only pores of
sizes comparable to the dimensions of inorganic and small organic ions. Alternatively, a more open
structure can be produced (macro-reticular) in which the pores are tens of nanometres in diameter and
through which bulky organic ions can diffuse readily.

Cation or anion-exchanging properties are introduced into the resin by chemical modification after
polymerization. Cation-exchangers can be subdivided into strong-acid types containing —SO,H groups

and weak-acid types containing —COOH groups. The former are produced by reacting the resin with
chlorosulphonic acid which results in mainly para substitution of the benzene rings. The sulphonic acid
groups are dissociated over awide pH range and these resins will exchange their protons for other
cations under both acid and alkaline conditions. The weak-acid type differsin that it is prepared by
direct polymerization of DVB and methacrylic acid, CH.,C(— CH,)COOH. Protons are exchanged for
other cations only above pH 5 as below this value the carboxylate groups are not dissociated.

Anion-exchangers comprise strong-base types incorporating quaternary ammonium groups (—N*R,)
and weak-base types incorporating primary, secondary or tertiary amines. They are prepared by
chloromethylating the resin followed by treatment with the appropriate amine.
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The chloromethylation reaction can result in cross-linking additional to that produced by the DV B.
Thus for anionic resins, the DV B content is not areliable guide to pore size.

Resins can also be prepared with chelating functional groups which show selective affinities for certain
metals. Iminodiacetic acid, vinylacetylacetone, glyoxal -thiophenol and 8-hydroxyquinoline have all
been used to produce these so-called 'chelating resins. Their selectivities are similar to those of the free
reagent.

Non-resinous | on-exchange Materials

Cellulose, modified by the introduction of ionic groups, is available in paper form or as a powder for
usein TLC and is particularly useful for the separation of macromolecules and biological materials.
Cation exchangers are produced by introducing acidic groups, e.g. —OCH,SO_H (sulphomethyl,
SM), —OCH,COOH (carboxymethyl, CM), which are bonded to the cellulose structure via ether or
ester linkages. Anion exchangers are formed by reacting the cellulose with epichlorhydrin and an
amine, e.g. —OCH,CH,N*(CH ,), (triethylaminoethyl, TEAE).

Liquid ion-exchangers have been discussed in the section on solvent extraction (p. 65). They can be
used in column form by coating them on to a solid support such as cellulose powder or Kel -F
(polytrifluorochloroethylene). Tris-n-octylamine (TNOA) and bis(2-ethylhexyl)phosphoric acid
(HDEHP) behave as strong-base and strong-acid exchangers for anions and cations respectively.

Inorganic ion-exchange materials with similar properties to resins are sometimes used to separate
mixtures at high temperatures or under conditions of high-energy radiation. These include micro-
crystalline heteropolyacid salts (e.g. ammonium molybdophosphate), hydrated zirconium oxide and
zirconium phosphate. Some of the materials are highly selective but tend to react with acids, bases and
complexing agents. For HPLC,
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chemically modified microparticulate silicas (p. 124) incorporating cationic or anionic ion-exchange
groups are available. Being rigid and incompressible they are more suited to pressurized systems than
ion-exchange resins although their capacity is lower. Often, however, ion-pair chromatography (p. 147)
on non-polar bonded-phases proves to be superior to the use of ion-exchangers.

Properties of | on-exchange Resins

The capacity of an ion-exchangeresin, i.e. the number of exchangeable ions, is determined by the
degree of cross-linking and is expressed as milli-equivalents per gram of dry resin. Values range
between 2 and 10, depending on the resin, and are generally quoted for the hydrogen or chloride form.
In practice, the full capacity is never available due to non-ideal operating conditions. For column
separation, the practical or 'break-through' capacity is reached when an exchanging ion continuously
introduced at the top of the column leaks through with the column effluent.

Swelling is a phenomenon which accompanies the use of most ion-exchange resins, and is especially
important in column operation. It results from the osmotic pressure set up when aresin bead, which can
be considered to be a concentrated electrolyte solution, is surrounded by a more dilute polar solution.
Solvent flows into the bead and distends the structure in an attempt to reduce the osmotic pressure by
dilution. The change in bed-volume, that is the size of the resin column, can be considerable and may
well ater as different sample or eluting solutions are passed through. This affects pore size and thus the
ease with which exchanging ions can penetrate the beads. In non-polar solvents, microreticular resins
remain amost unswollen so their exchange capacity is small and the rate of exchange slow.
Macroreticular resins, however, till retain an open structure and are therefore particularly useful for
separationsin relatively non-polar solvents or for the separation of large organic ions. The effect of the
degree of cross-linking on swelling has already been mentioned.

Selectivity

The affinity between aresin and an exchangeable ion is afunction both of the resin and theion. lon-
exchange is an equilibrium process which for a cationic resin can be represented by the equation

nR™H' + M*™ = (R™),M"" + nH' (4.51)
where R represents the resin matrix.
The equilibrium constant, also known as the selectivity coefficient, is given by

K = MR ET

=B __ - 52
|M"+][H+]?i {4 }'

where[M™] . and [H']g are the concentrations (strictly activities) of the
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exchanging ion and the hydrogen ion within the resin structure. Thus, the greater the affinity for a
particular ion, relative to hydrogen, the greater the value of K. Selectivity coefficients are functions of
the proportions of the exchanging ions, the total concentration of the solution and the degree of cross-
linking. In dilute solutions (<0.1 M) values of K increase with increasing formal valency, i.e. M4+ > M3+
> M?* > M*. There is afurther variation within each charge group as shown by the examples givenin
Table4.17.

Table4.17 Selectivity coefficients for some common cations and anions

Cations 4% DVB 8% DVB
Li+ 0.76 0.79
H* 1.00 1.00
Na* 120 1.56
NH} 144 201
K+ 172 2.28
Ag* 358 6.70
Mg2+ 0.99 1.15
Zn2* 105 121
cuzt 110 135
Ni2* 1.16 1.37
Ca2t 1.39 1.80
o2+ 157 2.27
Po2+ 2.20 3.46
Ba2* 250 4.02
Anions 6—10% Cross-linking
OH- 0.09
- 0.09
CH ,COO~ 0.17
c- 1.0
CN~- 16
Br- 2.8
NO3 3.8
- 8.7

Vaues are quoted relative to the hydrogen ion for cations and to the chloride ion for anions. As shown,
selectivity also increases with increasing degree of cross-linking. At concentrations greater than 0.1 M



selectivity for monovalent over polyvalent ions increases. lonic properties which determine resin

affinity are complex involving hydration energy, polarizability and hydrated ionic radius. The last
shows an approximately inverse relationship to the selectivity coefficient.

| on-exchange Separ ations

Most separations are performed using columns of resin and an elution procedure. The sampleis

introduced as a small band at the top of the column from where the various components are moved
down the column at
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arate depending on their selectivity coefficients. Sorption isotherms are approximately linear in dilute
solutions so that elution peaks are symmetrical. Tailing can be expected at high concentrations as the
isotherms curve towards the mobile phase concentration axis (p. 82).

The mobile phase contains an ion of low resin affinity, and the separated components collected at the
bottom of the column are thus accompanied by arelatively high concentration of thision. Procedures
often adopted in ion-exchange chromatography are gradient elution, involving continuous variation of
the composition of the eluting agent, stepwise elution, in which the composition is altered at specific
points during the separation, and complexing elution where a reagent which forms complexes of varying
stability with the sample components isincluded in the solution. Acids, bases and buffers are the most
widely used eluting agents.

Separated components emerging in the column effluent can be monitored by means of a physical
measurement, e.g. UV or visible absorbance, refractive index, conductivity or radioactivity.
Alternatively, separate fractions can be collected automatically and subjected to further analysis.

Applications of lon-exchange Chromatography

The applications of ion-exchange chromatography are exemplified by the selection shown in Table 4.18.
Among the most notable are the separation of lanthanides and actinides using a citrate, lactate or EDTA
eluting agent;

Table 4.18 Some applications of ion-exchange chromatography

Separations Resin used Elution method

transition metals, e.g. Ni2*, Co?*, Mn2+, Cu2*, anion stepwise elution 12 M to 0.005 M HCI

Fe3*, Zn?*

lanthanides cation stepwise or gradient elution with citrate buffers

Zr, Hf anion 3.5% H,S0,

phosphate mixtures, e.g. ortho-, pyro-, tri -, anion 1M to0.005 M KClI

tetra-, etc.

trace metalsin industria effluents chelating reins concentrated acids

amino acids cation stepwise or gradient elution with citrate buffers

aldehydes, ketones, alcohols anion ketones and aldehydes held as bisul phate addition
compounds. Eluted with hot water and NaCl
respectively

sugars anion as borate association complexes. Eluted by gradient
pH

carboxylic acids anion gradient pH elution

pharmaceuticals cation/anion acid or alkali buffer
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the separation of many metals as halide complexes on anionic resins and the separation of amino-acids
with citrate buffers. The use of pressurized systems for complex mixturesis likely to become more
widespread in the future.

4.3.6—
Size Exclusion Chromatography

Summary
Principles

Separation of materials according to molecular size and shape by passage of a solution through a
column or across a surface consisting of a polymeric gel.

Apparatus and I nstrumentation

Glass columns for separations by gravity flow; glass, metal or nylon tubing for pressurized systems;
fraction collector, detector and recorder.

Applications

Separation and desalting of high-molecular weight materials, determination of molecular weights.
Disadvantages

Gravity flow separations slow; resolution of low molecular weight compounds poor or non-existent.

Molecules that differ in size can be separated by passing the sample solution through a stationary phase
consisting of a porous cross-linked polymeric gel. The pores of the gel exclude molecules greater than a
certain critical size whilst smaller molecules can permeate the gel structure by diffusion. The processis
described as gel-permeation, gel-filtration or size exclusion chromatography. Excluded molecul es pass
through the system more rapidly than smaller ones which can diffuse into the gel. Diffusion within the
gel also varies with molecular size and shape because pores of different dimensions are distributed
throughout the gl structure in arandom manner. These smaller molecules are eluted at rates dependent
upon their degree of permeation into the gel, and components of a mixture therefore elute in order of
decreasing size or molecular weight.

Structure and Properties of Gels
Gels used for the stationary phase can be hydrophilic, for separations in aqueous and other polar

solvents, or hydrophobic, for use in non-polar or weakly-polar solvents. Agar, starch, polyacrylamide
and cross-linked dextrans possess hydroxyl or amide groups and are thus hydrophilic. They swell
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in agueous media and in such solvents as ethylene glycol and dimethylformamide. Bio-Gel (a
copolymer of acrylamide and N,N'-methylenebisacryl amide) and Sephadex (dextran cross-linked with
epichlorhydrin) are two commercially available gels made in bead form. Cross-linking produces a
three-dimensional network which renders them insoluble. By varying the degree of cross-linking, the
range of pore sizes can be controlled so as to produce beads that will fractionate samples over different
molecular weight ranges (Table 4.19). The gels are chemically stable over a pH range of 2-11 but are
attacked by strong acids, bases and oxidizing agents. Sephadex may contain a small number of carboxyl
groups which act as ion-exchange or adsorption sites, but the effect on retention volumesis only dlight.
Gels based on agarose have exceptionally large pores which facilitate separations in molecular weight
ranges up to 2 x 108. They are not cross-linked and are more chemically and thermally unstable than
other hydrophilic gels.

Table4.19 Fractionation ranges of some commercial gels

Hydrophilic gels Fractionation range
Sephadex G-10 Upto 700
G-50 500-10 000
G-100 4000-150 000
G-200 5000-800 000
Mean pore size in Angstroms Fractionation range
_ 100 Upto 700
E}/sdt;?gggrl(;gs/;yrenemv B) 500 0.05 x104—  1x104
104 1 x10%~  20x 104
106 5 x106— 10 x 106
Rigid gels
p-Bondagel (silica) 125 0.2 x 104- 5x 104
500 0.2 x 105 — 5 x 105
1000 5 x 105 — 20 x 10°
Zorbax PSM -60 60 0.01 x 104~ 4 x 10%
PSM -500 350 0.1 x 105 — 5 x 105
PSM -1000 750 0.03 x 10% — 2 x 106

Hydrophobic gels are made by cross linking polystyrene with divinyl benzene and thus resemble ion-
exchange resins but without the ionic groups. As aresult they can absorb relatively non-polar solvents
such as tetrahydrofuran, benzene, chloroform and cyclohexanone with ease but not aqueous or other
highly polar liquids. Dextran-based gels can be made hydrophobic by acylation or alkylation of the
hydroxyl groups. The fractionation ranges of some commercially available hydrophaobic gels are aso
givenin Table 4.19.

Porous glasses and silica gels with controlled pore sizes which are rigid
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and non-compressible are particularly useful in separations where the mobile phase is pressurized asin
HPLC (p. 118 et seq).

The Separation Process

Columns of gel beads are more often used than thin layers. The process can be considered analogous to
a partition system wherein molecules which are completely excluded from the gel have a distribution
ratio of 0 whilst those small enough to penetrate all parts of the structure have a value of 1. Adsorption
or ion-exchange effects can cause the distribution ratios of polar molecules to exceed 1. Components of
amixture are characterized by their retention volume, V,, which is determined by the distribution ratio.

A solute always has the same retention volume for a given gel. It is virtually independent of
temperature and flow rate because separation occurs by selective diffusion within asingle liquid phase.
True partition is an equilibrium process involving the transfer of a solute between two immiscible
phases. For solutes whose molecular size or mass falls within the fractionation range of the gel, i.e. for
which distribution ratios lie between 0 and 1, retention volume is approximately alinear function of the
logarithm of the relative molecular mass, RMM (molecular weight) (Figure 4.50). Molecules that are
completely excluded from the gel are eluted with a retention volume equal to the void or dead volume
of the column (p. 85); molecules which freely permeate all parts of the gel network are eluted by a
volume equal to the dead volume + the volume of liquid within the gel particles. A columnis calibrated
by eluting substances of known RMM or molecular mass range. Elution profiles are Gaussian because
of diffusion effects; peak broadening can be minimized by eluting with a solvent of low viscosity, e.g.
tetrahydrofuran. Efficiency is determined only by peak width, as retention volumes are constant (cf.
other column techniques, p. 86). Eluted components are detected by monitoring a physical property of
the column effluent such as refractive index or UV absorption or by collecting and analysing separate
fractions.
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Figure 4.50
Relation between molecular weight and retention volume
for proteins at pH = 7.5 (Sephadex G-200 column).
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Applications of Size Exclusion Chromatography

Relative molecular mass distributions for components of biochemical and polymer systems can be
determined with a 10% accuracy using standards. With biochemical materials, where both simple and
macro-molecules may be present in an electrolyte solution, desalting is commonly employed to isolate
the macromol ecules. Inorganic salts and small molecules are eluted well after such materials as
peptides, proteins, enzymes and viruses. Desalting is most efficient if gels with relatively small pores
are used, the process being more rapid than dialysis. Dilute solutions of macro-molecules can be
concentrated and isolated by adding dry gel beads to absorb the solvent and low RMM solutes.

44—
Electrophoresis

Summary
Principles

Separation mainly of charged materials by differential migration across a surface or through a column
in an applied potential gradient; migration rates dependent upon size, shape and charge of species.

Apparatus and | nstrumentation

Traditiona electrophoresis. paper, cellulose acetate or polymeric gels used as a supporting medium for
the electrolyte solution; enclosed tank with electrodes and buffer reservoirs; dc power supply.

Capillary electrophoresis: narrow-bore fused-silica capillary tube; injection system; detector; recorder
or VDU.

Applications

Qualitative and quantitative characterization of biologically active materials; especialy useful for
clinical and forensic work where small amounts of complex samples may be involved. Nanogram to 3
femtogram scale separations by capillary electrophoresis.

Disadvantages

Mohilities very sensitive to supporting medium and precision poor for quantitative work by traditional
methods (5—20%); 0.5-3% for capillary methods.

Traditional electrophoresisinvolvesthe differential migration of charged speciesin an electrolyte
solution under the influence of an applied potential gradient. The rate of migration of each speciesisa
function of its charge, shape and size. In traditional zone electrophoresis, the electrolyte solution is
retained by an inert porous supporting medium, usually paper or gel, in the form of a sheet or column.
Application of adc potential across the solution for a period of time results in the components of a
mixture, originally placed
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at the centre, separating into individual bands or spots. Detection techniques such as spraying with a
chromogenic reagent or staining with a dyestuff are then used to visualize the developed
electropherogram. A schematic diagram of a paper electrophoresis apparatus is shown in Figure 4.51
and atypical electropherogram in Figure 4.52. The technique differs from chromatography in that only
asingle phaseisinvolved, i.e. the electrolyte solution which essentially remains stationary on the
supporting medium. High-performance capillary electrophoresis (HPCE) is a comparatively recent
development that is proving to be a very powerful separation technique of growing importance (vide
infra).

porous diffusion
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Figure 4.51
Apparatus for paper electrophoresis.

Factors Affecting lonic Migration

If charged species, dissolved or suspended in an electrolyte solution, are subjected to a uniform
potential gradient, they rapidly assume a constant rate of migration. Asin conventional electrolysis
cations migrate towards the cathode (negative electrode) and anions to the anode (positive electrode).
The rate of migration reaches a constant value when the attractive force exerted by the electrode is
balanced by the frictional force due to movement of the species through the electrolyte solution. Each
species is characterized by its electrophoretic mobility, p, which is determined by itstotal charge, its
overall size and shape and the viscosity of the electrolyte solution. The distance d travelled by agiven
speciesisrelated to its mobility p and to the time of application and size of the potential gradient by the
equation

d = w(E/S) @35

where t denotestime, E is the applied potential and Sis the distance between the electrodes. Typically,
50-150V is applied across a distance of 10-20 cm. For two species of differing mobility, g, and p,, the

separation after time tisgiven by:
dy — dy = (P — P Jt(E/S) (4.54)

Separation is hindered by diffusion which increases in proportion to the square root of the time taken.
Resolution is therefore maximized by applying alarge potential gradient E/Sfor a short time.
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Figure 4.52
Electropherogram of blood serum on cellulose
acetate. (Buffer: 0.50 M barbitone, pH = 8.6)

Effect of Temperature, pH and lonic Strength

As mobility and rate of diffusion both increase with increasing temperature, close control is necessary
to ensure that valid comparisons can be made and that component bands are sharply resolved. The net
charge and hence the mobility of many species, especially organic compounds, is pH dependent. To
ensure that the migration characteristics of the components of a mixture remain constant during a
separation, the electrolyte solution employed is usually a buffer. In an unbuffered medium, pH changes
could lead to gross changes in the ionic concentrations of partially dissociated compounds such as weak
acids and bases. Ampholytes, e.g. amino-acids, and proteins, might even reverse their direction of
migration as aresult of achangein pH

CHH - OH-
H sNT™—CH—COOH = H.N—CH—COOH = H;N—CH—CO~
| i | B |

R R R

Large reservoirs of buffer solution are maintained in the electrode compartments to minimize the effect
of electrolysiswhich isto produce hydrogen ions at the anode and hydroxyl ions at the cathode. The
choice of buffer is critical in its effect on the degree of separation of a mixture, and is dictated largely
by the values of the various dissociation constants.

The total ionic strength should be kept fairly low (0.01-0.1 M) as mobilities decrease with increasing
salt concentration. Furthermore, at high electrolyte concentrations, more current flows through the
solution causing increasing difficulty in the dissipation of the evolved heat. Macromolecules are
frequently insoluble in solutions containing a high level of salts.

Electr o-osmosis

During the migration of cations and anions towards their respective el ectrodes, each ion tends to carry
solvated water along with it. As cations are usually more solvated than anions, a net flow of water
towards the cathode occurs during the separation process. This effect, known as electro-osmosis, results
in amovement of neutral species which would normally be expected to remain at the point of
application of the sample. If required, a correction can be applied to the distances migrated by ionic
species by measuring them
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relative to the position reached by a neutral molecule. Propanone, urea or glucose is sometimes added to
asample for this purpose. Electro-osmotic flow (EOF) is particularly important in high performance
capillary electrophoresis, vide infra.

Supporting Medium

The function of the supporting medium isto provide an inert porous structure for the electrolyte
solution. Filter paper, cellulose acetate and various gels are used for this purpose. Although paper is
cheap and convenient to use, its fibrous structure and the presence of ionic groups result in poor
resolution of migrating species due to tailing. Polymerized cellulose acetate is avail able in sheets and
has a small uniform pore size. Thisfact coupled with the absence of ion-exchange or adsorption sites
results in separations showing better resolution than those on paper. However, electro-osmosisis
pronounced and the maximum sample loading is only about a quarter that of paper. Agar and
polyacrylamide gels have found the most widespread use. Both are used in the form of thin flat beds or
in columns. Agar is particularly useful for column work because its high mechanical strength enablesiit
to be readily extruded for visualizing or further analysis after the separation process is compl ete.
Polyacrylamide gels are used in gel filtration procedures where varying the degree of cross-linking
produces materials fractionating over different molecular size ranges. In electrophoresis separations,
fractionation according to size is therefore superimposed on the migration process. Thisresultsin
enhanced degrees of separation for complex mixtures of macromolecules.

Detection of Separated Components

For separations on paper, after a preliminary drying, spraying or dipping with any of the chromogenic
reagents used in paper and thin-layer chromatography servesto visualize the individual components.
Cellul ose acetate has the added advantage that it can be made water-clear by treatment with an oil or
with amixture of acetic acid and ethanol. This facilitates subsequent measurements of spot densities.
Proteins and other macromolecules are visualized by treating the electropherogram with astain or dye
that becomes adsorbed onto the solute molecules but which is easily washed off the solute-free areas.
Gel electropherograms cannot be dried before spraying or dipping, and a precipitant is incorporated into
the visualizing reagent to prevent materials dissolving during treatment.

Applications of Traditional Zone Electrophoresis

Thisis considered to be largely a qualitative technique. Difficulties that arise in obtaining reproducible
guantitative data are similar to those encountered in thin-layer chromatography. In addition, adsorption
characteristics of dyes on macromolecules are so variable that only semiquantitative comparisons can
be made. These are, however, still very useful
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in detecting an abnormal distribution of componentsin a series of routine samples. It is used widely for
the analysis of biologically active materials. Proteins, nucleic acids, enzymes, viruses and drugs are
among the many classes of compound amenable to separation by this technique. A significant
proportion of the applications of electrophoresisliesin thefields of clinical diagnosis and forensic tests.
It is particularly useful for the characterization of body fluids such as serum, urine, gastric juices, etc.

Two variations of the basic technique are isoelectric focusing and immuno-electrophoresis. The former
offers improved resolution and sharper bands in the separation of weak acids, weak bases and
ampholytes through the use of pH and density gradients superimposed along the potential gradient. The
latter employs specific antigen—antibody interactions (Chapter 10) to visualize the separated
components of serum samples.

High-performance Capillary Electrophoresis

The technique of HPCE, or CE, involves high-voltage electrophoresis in narrow-bore fused-silica
capillary tubes or columns and on-line detectors similar to those used in HPLC (p. 127). Components of
amixture injected into one end of the tube migrate along it under the influence of the electric field
(potential gradient) at rates determined by their electrophoretic mobilities. On passing through the
detector, they produce response profiles that are similar to, but generally sharper than, chromatographic
peaks. Recorded as a function of time, the peaks of acapillary electropherogramresemble avery high-
efficiency HPLC chromatogram. Efficiencies measured in plate numbers (equation (4.42) or (4.43))
approach or exceed 10°. Thisisfirstly because the peaks are not broadened by mass transfer or
multiple-path effects, molecular or longitudinal diffusion being the only significant band-spreading
mechanism (p. 88), and secondly because flat flow-profiles are generated by a very pronounced el ectro-
osmotic effect (videinfra). The factors affecting efficiency, N, are given by the equation

_uEd

N_ED

(4.55)

where D isthe diffusion coefficient of the migrating species, d the distance travelled and L its
electrophoretic mobility, E being the applied potential gradient (field). Hence, a high field, short
migration time and distance, and small diffusion coefficients result in the highest efficiencies. In
general, diffusion coefficients are inversely related to the size of the migrating species, some examples
aregivenin Table 4.20. A particular advantage of capillary tubes over traditional electrophoresis
systems istheir high electrical resistance. Thisfacilitates the use of very high fields which generate only
amodest amount of heat that is readily dissipated through the wall of the capillary. High fields result in
fast rates of migration and hence short analysis times.
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Table 4.20 Diffusion coefficients of species of different sizes

Species RMM (MW) D (cm?s1)[10°
HCl 36 3.05
NaCl 58 1.48
b-alanine 89 0.93
-1,2-aminobenzoic acid 137 0.84
glucose 180 0.67
citrate 192 0.66
cytochrome C 13370 011
b-lactoglobulin 37 100 0.075
catalase 247 500 0.041
myaocin 480 000 0.011
tobacco mosaic virus 40 590 000 0.0046

Electro-osmosis (p. 172) plays avery significant role in HPCE because the interior surface of a quartz
capillary devel ops a negative charge when in contact with agueous solutions due to the ionization of
surface silanol groups (S—OH) above pH 4 and the adsorption of anions. As aresult, alayer of cations
from the bulk solution builds up close to the wall to maintain a charge balance by forming an electrical
‘double-layer'. The high fields employed cause a pronounced el ectro-osmotic flow (EOF) as the highly
solvated cations are drawn towards the cathode (Figure 4.53). All analyte species, whether cationic,
anionic or neutral, are carried towards the cathode by the EOF and hence through a detector cell
positioned close to the cathodic end of the tube. Asthe EOF originates at the wall of the capillary, an
essentialy flat flow-profile is produced across the tube thereby minimizing band-spreading and
resulting in very high efficiencies.

A schematic diagram of an HPCE system is shown in Figure 4.54. The fused-quartz capillary is
generally 50-75 cm long with ani.d. of 25-100 um

Figure 4.53
Differential solute migration superimposed on electro-osmotic flow in capillary
zone electrophoresis.
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Figure 4.54
Schematic diagram of a capillary electrophoresis system.

and an o.d. of about 400 um. Like capillary GC columns, it is protected with an outer layer of a
polyimide. Potentials of between 10 and 30 kV are applied across the capillary during electrophoresis
creating fields of 100-500 V cm~L. The on-line detector positioned close to the cathodic end of the
capillary is most commonly a UV absorbance or fluorescence monitor or adiode array spectrometer
providing absorbance data at multiple wavelengths. The detector cell is simply a small section of the
capillary tube from which the polyimide protective coating around the outside has been removed to
allow radiation from the detector lamp to pass through. The walls of the tube therefore serve as the
optical windows of the cell. The optical path through the tubeis only 25-75 um, but it can be extended
by creating an enlarged region known as a'bubble cell' thereby increasing sensitivity by afactor of
about three without any loss of efficiency. It should be noted that, although the absolute detection limits
in HPCE are extremely low, generally 1073 to 10-%° g, the concentration limits are comparable to and
sometimes poorer than those in HPL C due to the very short optical path length through the capillary.

Fluorescence detection can be up to four orders of magnitude more sensitive than UV absorbance,
especially where laser induced excitation is used, mass detection limits being as low as 10-°-102*
mole. Pre- and post-column derivatization methods are being developed to extend the applicability of
fluorescence detection to non-fluorescent substances. Several types of e ectrochemical and mass
spectrometric detector have also been designed. Detector characteristics are summarized in Table 4.21.

Samples are injected into the capillary tube at the opposite end from the detector using one of two
methods, i.e. hydrodynamic or electrokinetic. These areillustrated in Figure 4.55. The end of thetubeis
dipped into the
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Table 4.21 Detectorsfor capillary electrophoresis

Method Mass detection limit Concentration detection  Advantages/disadvantages
(moles) limit (molar)2
UV -vis absorption 10-13_10-16 10-5-10-8  universal
« diode array offers spectral information
fluorescence 10-15-10-17 10-7-10-° * sensitive
« usualy requires sample derivatization
laser-induced 10-18-10-20 10-14-10-16 * extremely sensitive
fluorescence « usualy requires sample derivatization
* expensive
amperometry 10-18_10-19 10-10_10-11 * sensitive
« selective but useful only for electroactive
analytes
* requires special electronics and capillary
modification
conductivity 10-15_10-16 10-7—10-8 e universal
* requires special electronics and capillary
modification
mass spectrometry 10-16-10-17 10-8-10-° « sensitive and offers structural
information
« interface between CE and MS
complicated
indirect UV, 10-100timeslessthan  — e universal
fluorescence, direct method « lower sensitivity than direct methods
amperometry
others:

Radioactivity, thermal lens, refractive index, circular dichroism, Raman

@ Assume 10 nl injection volume.

sample solution and a very small volume (1-50 nl) introduced into the capillary either using gravity,
positive pressure or a vacuum (hydrodynamic method) or by applying a voltage across the capillary
whilst the other end isimmersed in the buffer solution causing electrophoretic migration into the tube
(electrokinetic method). Reproducible injections can be difficult to achieve, especialy with
electrokinetic injection, because of the number of parametersinvolved, e.g. time, pressure drop, solution
viscosity and capillary dimensions. Typically, the relative precision of injection is 2—-3%, although some
systems now available are capable of better than 1%. With the electrokinetic method, differencesin

el ectrophoretic mobility between sample components can result in discrimination effects whereby the
composition of the injected sample may not be identical to that of the bulk sample.
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Methods of sample injection for
capillary electrophoresis.

Modes of HPCE

Different separation mechanisms, which determine selectivity, can be exploited in HPCE by appropriate
choice of operating conditions. There are four principal modes of operation (Table 4.22) and it should
be noted that in only one, micellar electrokinetic capillary chromatography (MEKC), isit possibleto
separate neutral species from one another.

Capillary zone electrophoresis (CZE), sometimes known as free-solution capillary electrophoresis
(FSCE), isthe simplest and currently the most widely used mode. The capillary isfilled with a
homogeneous buffer solution through which the various species migrate in discrete zones and at
different velocities according to their electrophoretic mobilities. However, although species with either
the same charge or opposite charges can be separated from one another, all neutral species have zero
mobility and move as a single zone at the same velocity as the EOF (Figure 4.53). Selectivity is
controlled and separations optimized mainly through the choice of buffer composition, pH and ionic
strength. Generally, low ionic strength and high pH favour fast migration and therefore the highest
efficiencies and shortest analysis times. Effective buffering is essential because the EOF is a function of
pH asis solute charge. Some commonly used
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Table 4.22 Principal modes of HPCE

Mode Separation mechanism Separation medium Typica sample types
capillary zone electrophoresis differencesin electrophoretic  electrolyte solution relatively small charged
(CZE) or free-solution mobilities species
capillary electrophoresis
(FSCE)
micellar electrokinetic differences in hydrophobic micellar electrolyte relatively small neutral and
capillary chromatography interactions with micelles charged species
(MEKC or MECC) (partitioning)
capillary gel electrophoresis  molecular sieving and polyacrylamide or agarose gel biopolymers
(CGE) differences in electrophoretic

mobilities
capillary isoelectric focusing differencesin isoelectric electrolyte/fampholyte pH proteins
(CIEF) points gradient

buffers are listed in Table 4.23. Each one should be used only over apH range of pK, + 1 (p. 47),
polybasic acids such as phosphoric and citric being particularly versatile because each has three pK
values. Buffers having large ions or which are zwitterionic, such as Tris, borate, histidine and CAPS,
can be used at high concentrations because they generate relatively low currents, but the high UV
absorbance of someis a disadvantage.

Additional substances (buffer additives) are often added to the buffer solution to alter selectivity and/or
to improve efficiency, and the wall of the capillary may be treated to reduce adsorptive interactions with
solute species. Organic solvents, surfactants, urea and chiral selectors are among the many additives that
have been recommended (Table 4.24). Many ater or even reverse the EOF by affecting the surface
charge on the capillary wall, whilst some help to solubilize hydrophobic solutes, form ion-pairs, or
minimize solute adsorption on the capillary wall. Chiral selectors enable racemic mixtures to be
separated by differential interactions with the two enantiomers which affects their electrophoretic
mobilities. Deactivation of the capillary wall to improve efficiency by minimizing interactions with
solute species can be achieved by permanent chemical modification such as silylation or the adsorption
of apolymeric coating. Alternatively, dynamic deactivation by buffer additives has the advantage of the
modification being constantly renewed during electrophoresis so providing a more stable surface. Both
approaches can eliminate or even reverse the EOF.
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Table 4.23 Buffers commonly used in capillary electrophoresis

Name pKa
phosphate 212 (pK,)
citrate 3.06 (pKal)
formate 3.75
succinate 4.19 (pK,)
citrate 4.74 (pK )
acetate 475
citrate 5.40 (pK ;)
succinate 5.57 (pK,,)
MES 6.15
ADA 6.60
BIS-TRIS propane 6.80
PIPES 6.80
ACES 6.90
MOPSO 6.90
imidazole 7.00
MOPS 7.20
phosphate 7.21 (pK,,)
TES 7.50
HEPES 7.55
HEPPS 8.00
TRICINE 8.15
glycine amide, 8.20
hydrochloride glycylglycine 8.25
TRIS 8.30
BICINE 8.35
morpholine 8.49
borate 9.24
CHES 9.50

CHAPSO 9.60



CAPS 10.40

phosphate 12.32 (pK)

CZE isfinding awide range of applications, mostly in the biochemical, clinical and pharmaceutical
fields where it is becoming arival to HPL C as the technique of choice. Amino acids, peptides and
proteins, including glycoproteins have all been successfully separated, generally with higher
efficiencies, better resolution, and more quickly than by HPLC and at nanogram to picogram levels.
Peptide mapping, or protein fingerprinting, where the identity of a protein is established from the
peptide sequence after chemical or enzymatic cleavage into peptide fragments, the detection of drugs
and their metabolitesin biological fluids such as blood, plasma and urine, and the determination of
inorganic cations and anions in agueous samples are examples of the increasing use of this technique.

Micellar electrokinetic capillary chromatography (MEKC or MECC) is amore versatile technique than
CZE dueto its ability to separate neutral as well asionic species. The term chromatography is used
because a surfactant added to the buffer solution forms spherical aggregates of molecules



Table 4.24 Some additives used in capillary electrophoresis

Additive

surfactants (anionic, cationic, or
neutral)

Zwitterionic substances

linear hydrophilic polymers

organic modifiers

chiral selectors

metal ions

hydrogen bonding/solubilizing

agents

complexing buffers

quaternary amines

Example
SDS, CTAB, BRIJ, TWEEN

MES, TRIS, CHAPS, CHAPSO

methyl cellulose, polyacrylamide,
PEG, PVA

methanol, acetonitrile, TFA
cyclodextrins, crown ethers, bile
sats

K* Na*, Cu2* Li*

urea

borate

diaminopropane
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Use

» EOF modification

« solubilize hydrophobic solutes

e jon pairing

* MEKC above CMC

« increase ionic strength without increasing
conductivity

« affect selectivity of proteins

* reduce EOF

* minimize sample adsorption at low
concentrations

* CGE at high concentrations

« alter EOF (generally reduce)
« change selectivity in MEKC and chiral analyses

« chiral separations
« solubilization of hydrophobic solutes

« alter selectivity in MEKC and CGE

» melt double stranded DNA in CGE
* solubilize proteins
* alter selectivity in MEKC

« carbohydrate and catechol separations

e jon pairing
* EOF reversal

or micelles that act as a second or pseudo-stationary phase with which solute species can interact. The
interaction is hydrophobic and/or electrostatic and is anal ogous to a sorption mechanism in
chromatography. The hydrophobic ends of the surfactant molecules are oriented inwards towards the
centres of the micelles and the polar or ionic hydrophilic ends point outwards forming a charged surface
which isin contact with the buffer solution (Figure 4.56). As the micelles are usually either cationic or
anionic they migrate during electrophoresis, but if the buffer solution is neutral or basic the EOF carries
all speciestowards the cathode and past the detector, asin CZE. Neutral solutes interact with the
micelles to varying degrees, not unlike partitioning in chromatography, and thus have different
electrophoretic mobilities. The more hydrophobic a solute speciesis the more strongly it interacts with
or partitions into the micelles. Consequently, for an anionic surfactant such as SDS (sodium dodecyl
sulphate), which iswidely used and which migrates against the EOF, the most hydrophobic neutral
solutes have the longest 'retention times migrating
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Figure 4.56
Separation in MEKC. S = solute.

or 'eluting' with the same vel ocity as the micelles. Hydrophilic neutral solutes that do not interact with
the micelles have the shortest retention times, eluting with the EOF. Selectivity can be varied widely in
MEKC by changing the surfactant and its concentration provided a minimum molar concentration
known as the critical micelle concentration (CMC) is dways exceeded. Examples of commonly used
surfactants and their CMC values are given in Table 4.25. Micelle formation and micelle-solute
interactions can be dramatically affected by adding electrolytes and organic solvents such as methanol
or acetonitrile, and changing the buffer composition, pH and temperature. Asin CZE these factors also
influence the EOF by affecting the charge on the capillary wall.

MEKC is being applied in many areas where neutral solutes are to be separated. These include
compounds of environmental interest, pharmaceuticals, drugs of abuse and nucleic acids. The high
efficiency coupled with chromatographic partitioning afforded by the micellar pseudo-stationary phase
givesit great versatility including chiral recognition through the use of chiral surfactants and chiral
additives.

Table 4.25 Surfactants used in micellar electrokinetic capillary chromatography

Surfactant? Type CMC inwater (M) Aggregation no.
SDS anionic 8.1 x 103 62
CTAB cationic 92 x 104 61
Brij-35 nonionic 1.0 x 104 40
sulphobetaine Zwitterionic 3.3 x 10-3 55

238DS, sodium dodecyl sulphate; CTAB, cetyltrimethylammonium bromide; Brij -35,
polyoxyethylene-23-lauryl ether; sulphobetaine, N-dodecyl-N, N-dimethyl -ammonium-
3-propane- 1-sulphonic acid.
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Capillary gel electrophoresis (CGE) is avariation where selectivity based on molecular size and shape
Isintroduced by filling the capillary tube with a polymeric material, usually a cross linked
polyacrylamide or agarose gel. A molecular sieving mechanism is therefore superimposed onto the
basic electrophoretic process as is done in traditional gel slab or column separations (Figure 4.57). The
larger the solute species, the slower its rate of migration, hence elution isin order of increasing relative
molecular mass. A polymer-gel filled capillary provides additional advantages by minimizing band-
spreading through solute-diffusion, preventing solute adsorption onto the capillary wall and eliminating
electro-osmosis. The latter results in the maximum resolution in the shortest possible distance. More
recently, linear polymers capable of forming entangled polymer networks inside the capillary have been
used. Very careful control of conditions both in gel formation and during electrophoresis is necessary to
achieve acceptable reproducibility. The formation of bubbles or voidsin the filled capillary can

interrupt current flow, whilst excessive temperature fluctuations can degrade performance by causing
movement of the polymer filling.

polymer matrix

Figure 4.57
Size-separation in CGE.

The main applications of CGE are in separating protein fractions and oligonucleotides, and for DNA
sequencing. Cyclodextrins have been incorporated into some polymers to introduce chiral selectivity.

Capillary isoelectric focusing (CIEF) separates amphoteric substances such as peptides and proteins on
the basis of differencesin their isoelectric points (pl values) defined as the pH at which the molecule is
uncharged. A pH gradient isformed along the capillary using a mixture of carrier ampholyteshaving pl
values spanning the desired pH range, typically 3 to 10. Thisis achieved by filling the capillary with a
solution of the sample and ampholytes and applying a potential field (Figure 4.58). All charged species
migrate along the capillary, cations and anions in opposite directions, until they become 'focused' at a
point where they are uncharged, i.e. pl = pH. The zone occupied by each sample speciesis self-
sharpening because diffusion away from the focal point causes them to acquire a charge which results
inareversal in the direction of movement. The current flow virtually ceases when all species have
become ‘focused' at their respective isoelectric
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IEF Capillary filled with mixture of sample and ampholytes

TR

kigh pH

L=0

Figure 4.58
Separation by CIEF.

points after which they are passed sequentially through the detector by applying pressure at one end of
the capillary or by adding a salt to one of the buffer reservoirs. Minimizing the EOF and adsorption
effects by coating the walls of the capillary with a polymer is necessary to avoid disturbance of the
separating species until focusing is complete. Larger samples can be analysed than in other modes of
HPCE, but thisis limited as some proteins may precipitate at their isoelectric points.

Figure 4.59 illustrates some typical separations employing different modes of HPCE.
Capillary Electrochromatography

CEC isardlatively new technique and is hybrid of capillary electrophoresis and high-performance
liquid chromatography, combining elements of both. A fused silica CE column is packed with an HPLC
stationary phase, usually a bonded-phase silica, and filled with a buffer solution (> pH 4). Under the
influence of an applied voltage, an electro-osmotic flow (EOF) of buffer towards the cathodic end of the
capillary is generated. Unlike CE however, the electrical double-layer formed is predominantly at the
surface of the individual particles of packing rather than the capillary wall. The flow of mobile phase
has aflat profile, asin CE, but unlike in HPLC there is no pressure drop because the driving forceis
generated throughout the length of the column. Even higher efficiencies are observed than in CZE
because the column packing limits molecular diffusion in the mobile phase (p. 89). Very small particles
of stationary phase, currently 1.5-3 pum nominal diameter, can be used and columns of 25-50 cmin
length are typical. Internal diameters are generally 50-100 um, but narrower columns are advantageous
because the EOF is faster thus speeding up the separations. Column packings can be porous, non-
porous, spherical or irregular in shape and of controlled pore size if required. In some cases, mixed-
mode separations can be achieved by using both non-polar and polar or ionic-bonded phasesin the
same column. Separations are based on both electrophoretic migration for charged analytes and
chromatographic sorption for neutral species, hence the name capillary el ectrochromatography.
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CEC has a number of advantages over both CE and HPLC. The flat flow profile arising from the EOF
gives plate heights of about half the particle diameter, and thisis several times the efficiency attainable
with microbore HPLC columns. In addition, compared to HPL C, solvent consumption is greatly
reduced which facilitates coupling CEC to mass spectrometry. The stationary phase provides an
additional source of selectivity over and above differences in el ectrophoretic mobility. Furthermore,
there is no need to use a micelle-forming surfactant additive asin the MEKC mode of CE when
separating neutral solutes. Thisis also an advantage for CEC-M S because solvents containing high
concentrations of surfactants such as sodium dodecy! sulphate (SDS) can cause difficulties with some
ioni zation sources.

CEC Columns

CEC capillaries are packed by first creating a porous frit at one end of the tube by sintering a thin plug
of powdered silica, then pumping in aslurry of the stationary phase using an HPLC pump, and finally
creating a second silicafrit at the other end of the tube to retain the packing. The columns are then filled
with abuffer solution in which they should always be stored to avoid damaging the packed bed by
drying out. Their operational stability is often not particularly good because of atendency for gas
bubbles to form in the buffer due to the heating effect of the current flow (Joule heating). Thisisturn
leads to the development of dry zones that destroy the EOF and ultimately to complete failure of the
separation. Possible remedies to these problems include pressurizing one or both ends of the capillary to
inhibit bubble formation, thorough de-gassing and filtering of the buffer solution and providing avery
efficient cooling system to counteract Joule heating. Unfortunately, the limited availability of
commercialy packed capillaries, their cost and fragile nature, especially of the silicafrits, poor
reproducibility and high failure rates have all hindered the development of CEC.

Mobile Phase and Sample I njection

Mixtures of methanol or acetonitrile with either phosphate, TRIS or MES (Table 4.23) buffer solutions
are the most frequently used, but many others are being investigated. The higher above 4 the buffer pH
IS, the greater the EOF generated and the faster the separation. The composition of the mobile phase can
have dramatic effects on both the EOF and the selectivity of the separation via the sorption processes
with the stationary phase.

Samples of 1-20 nl are usually introduced by electrokinetic rather than hydrodynamic injection (p.
176), but precision, asfor CE, is only about 2%.
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Figure 4.59
Some examples of separations by HPCE. (a) CZE BSA peptide
map. Conditions: 20 mM phosphate, pH 7, V = 25kV, i = 16 YA,
1=50cm, L =57 cm, id = 50 um with 3X extended pathlength
detection cell, | = 200 nm. (b) MECC separation of cold-relief
medicine constituents. Conditions. 20 mM phosphate-borate,
100 mM SDS, pH 9,V =20kV, L =65cm, i.d. =50um, | =210 nm.
(c) CGE of 1 kbp ladder using minimally cross linked
polyacrylamide. Conditions: Bis-cross-linked polyacrylamide
(3% T, 0.5% C), 100 mM Tris-borate, pH 8.3, E =250 V/cm,
i=125pA,1=30cm, L =40cm, i.d. = 75um, | =260 nm,
polyacrylamide coated capillary. (d) CIEF of standard protein
mixture. Polyacrylamide coated capillary.

Applications of Capillary Electrochromatography

Asyet, the number of applicationsis limited but is likely to grow as instrumentation, mostly based on
existing CE systems, and columns are improved and the theory of CEC develops. Current examples
include mixtures of polyaromatic hydrocarbons, peptides, proteins, DNA fragments, pharmaceuticals
and dyes. Chiral separations are possible using chiral stationary phases or by the addition of
cyclodextrins to the buffer (p. 179). In theory, the very high efficiencies attainable in CEC mean high
peak capacities and therefore the possibility of separating complex mixtures of hundreds of



components.
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Problems

(1) Compound X has adistribution ratio of 2.7 for benzene/water. For an aqueous sample containing 4.5
mg of X per 50 cm3, calculate:

(a) the volume of benzene required to remove 99.0% of X with a single extraction, and
(b) the number of extractions with 50 cm? of benzene required to remove 99.0% of X.

(2) A 100 cms3 volume of 6 M HCI contains 0.200 g of SbCl, for which the distribution ratio into diethyl

ether is4.25. If 25 cm3 of ether is used for each extraction, how many are required to remove (a) 99.0%
and (b) 99.9% of the ShCl, from the acid solution?

(3) Acetylacetone (AcAc) isachelating agent for many metals. 50 cms of an aqueous solution of M2+ (5
x 102 M) isequilibrated with 20 cm? of ether containing an excess of AcAc. If 94% of M is extracted
into the ether, calculate the value of the distribution ratio given that M2+ + 2AcAc ® M (AcAc), isthe
only reaction.

(4) Use the following data to estimate the distribution coefficient, K,, and the acid dissociation constant,
K,, for trifluoroacetylacetone distributed between water and chloroform:
log,D 0.3010 0.3010 0.3010 0.1461 -0.0458 -0.3979 -0.6989

pH 116 2.09 325 6.29 6.68 7.40 8.00

(5) The following data relate to the distribution of 8-hydroxyquinoline (HOx) between chloroform and
water:

Ko, +=8x 100" Klioy= 1.4% 10710 Kp,,, =720

Calculate the distribution ratios and the concentrations of HOx remaining in the agueous phase after
equilibration of 0.1% agueous solutions at pH values of 1, 6 and 10 with equal volumes of chloroform.

(6) Indium, cadmium and silver can be extracted into chloroform as their 8-hydroxyquinoline
complexes, and the pH,,, values for these metals are 2.1, 6.3 and 8.8 respectively. Plot a graph of
theoretical percent extraction against pH over the range 0 to 9 for each metal. Deduce the pH of
incipient extraction (0.01%) and complete extraction (99.99%) for each metal, and comment on the
feasibility of separating each from the other assuming that all the distribution coefficients are
sufficiently high.

(7) A GC column packed with a non-polar stationary phase gave the following retention times for a
series of hydrocarbons:

Compound t', (min)

methane and air 1.8

ethane 2.4



n-propane 3.6

propylene 4.3
isobutane 55
n-butane 7.5
isobutylene 8.6
trans-2-butene 10.6
cis-2-butene 123
isopentane 13.6
n-pentane 182

What conclusions can be drawn from aplot of log t' ; versus carbon number?

(8) Calculate the number of theoretical plates required to achieve baseline separation (R, = 1.5) for an a
(=k,/k,) valueof 1.10in

(8) apacked column where k, = 50
(b) a packed column wherek, =5

(c) acapillary column where k, = 2
(d) acapillary column where k, = 0.5
(e) as(b) but for a =1.2.

(9) Thefollowing values for plate height and gas velocity were obtained for n-hexane on a 2-metre
Apiezon-L column:
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H (cm) 0.635 0.510 0.423 0.465 0.552 0.632 0.692 0.749

I oms 0.91 151 3.0 4.2 555 7.0 8.0 9.0

Plot agraph of H versus # and calculate the optimum gas vel ocity, the corresponding minimum plate
height and the maximum plate number.

(10) The separation of two compounds on a packed and a capillary column gave the following data:

dead volume, cm3 Packed column Capillary column
adjusted retention volume, cm3 15 3.0
component A 160 11
component B 170 1.2
number of theoretical plates 6400 25 600

Which column is giving the better resolution and why?

(11) A mixture of methyl esters of fatty acids was chromatographed on a Carbowax 20 M column
giving the following peak areas and detector response factors:

Ester Peak area, cm?2 Response factor
methyl-n-butyrate 205 0.81
methyl-iso-valerate 0.86 0.88
methyl-n-octanoate 1.66 0.98
methyl-n-decanoate 452 1.00

Calculate the percentage composition of the mixture by internal normalization.

(12) An HPL C separation of a two-component pharmaceutical product yielded the following data:

Compound Retention time Peak width at base  Peak width at 1/2-

(chart distance) mm mm height mm
solvent 30 — —
aspirin 75 6.5 3.0
caffeine 86 8.1 325
Calculate:

(a) the capacity factor, k, for each compound:;

(b) the plate number for each compound using base widths;



(c) the plate number for each compound using widths at 1/2 -height;

(d) the resolution of the two compounds, R.

(13) Two compounds were separated by HPL C with an R, value of 0.75, the plate number for the

second compound being 4500. Cal culate the number of plates required to obtain resolutions of (a) 1.0
and (b) 1.5.

(14) The distances travelled by five compounds and the solvent front after a TL C separation on silica
gel were asfollows:

Compound Distancetravelled, cm

solvent 125
methyl| stearate 9.1
cholesterol 15
a-tocopherol (vitamin E) 5.6
methyl oleate 9.1
squalene (hydrocarbon) 10.3

Calculate the R, values of each compound and comment on the relative values.
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5
Titrimetry and Gravimetry

Titrimetric and gravimetric analyses, which are largely derived from the application of the principles of
solution chemistry, represent some of the traditional aspects of chemical analysis. The methods remain
widely used however because of their simple means of operation which enable comparatively unskilled
operators to achieve precise results. The most significant latter devel opment has been the use of
multidentate organic chelating agents which has resulted in a substantial widening of the scope of these
types of analysis. In this chapter, emphasis will be given to these more recent applications.

51—
Titrimetry

Summary
Principles

Fast solution reactions between analyte and a reagent; titration to stoichiometric point by volumetric or
coulometric methods; end-point detection by visual indicators, precipitation indicators or
electrochemical means.

Apparatus

Burettes, pipettes, volumetric flasks, analytical quality chemical balance, indicator electrodes and
coulometric generating electrodes.

Applications

Very widespread for precise routine and non-routine analysisin industrial and research laboratories.
Typical uses: determination of acidic and basic impuritiesin finished products, control of reaction
conditions in industrial processes, mineral and metallurgical analysis. Relative precision 0.1-1%.

Disadvantages

Storage of large volumes of solutions, instability of some reagent solutions, need for scrupulously clean
glassware.



Page 192

A titrimetric method involves the controlled reaction of a standard reagent in known amounts with a
solution of the analyte, in order that the stoichiometric or equivalence point for the reaction between the
reagent and the analyte may be located. If the details of the reaction are known and the stoichiometric
point is located accurately and precisely, the amount of analyte present may be calculated from the
known quantity of standard reagent consumed in the reaction. In most cases a standard reagent solution
Is prepared and added manually or automatically from a burette; an alternative procedure is coulometric
generation of the reagent in situ. The stoichiometric point may be detected by use of avisual indicator
or by an electrochemical method (Chapter 6).

Definitions

Titration

The overall procedure for the determination of the stoichiometric or equivalence point.
Titrant

The solution added or reagent generated in aftitration.

Titrand

The solution to which the titrant is added.

End Point

A point in the progress of the reaction which may be precisely located and which can be related to the
stoichiometric or equivalence point of the reaction; ideally, the two should be coincident.

I ndicator
A reagent or device used to indicate when the end point has been reached.
Titrimetric Reactions

It is clear that reactions suitable for use in titrimetric procedures must be stoichiometric and must be fast
if atitration isto be carried out smoothly and quickly. Generally speaking, ionic reactions do proceed
rapidly and present few problems. On the other hand, reactions involving covalent bond formation or
rupture are frequently much slower and avariety of practica procedures are used to overcome this
difficulty. The most obvious ways of driving areaction to completion quickly are to heat the solution,
to use a catalyst, or to add an excess of the reagent. In the last case, a back titration of the excess
reagent will be used to locate the stoichiometric point for the primary reaction. Reactions employed in
titrimetry may be classified as acid-base; oxidation-reduction; complexation; substitution; precipitation.
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End-point Detection

A prerequisite for a precise and accurate titration is the reproducible identification of an end point
which either coincides with the stoichiometric point of the reaction or bears afixed and measurable
relation to it. An end point may be located either by monitoring a property of the titrand which is
removed when the stoichiometric point is passed, or a property which can be readily observed when a
small excess of thetitrant has been added. The most common processes observed in end-point detection
are change of colour; change of electrical cell potential; change of electrical conductivity; precipitation
or flocculation. (Electrochemical methods are discussed in Chapter 6; precipitation indicators find only
limited use.)

Visual Indicators

The use of a colour change to indicate the end point is common to awide variety of titrimetric methods.
Visual detection of end pointsisamajor factor in maintaining the smplicity of titrimetry, hence the
capability of the human eye to detect colour change plays an important role in these techniques.

In general terms a visual indicator is a compound which changes from one colour to another asits
chemical form changes with its chemical environment

Ins = Ing 4 nX (3.1

oalour | oolour 2

where X may be H*, M or e, and the colour of the indicator is sensitive to the presence of H*, M™,
oxidants or reductants. An indicator constant is defined as

_ [g][X]"

K=" 7~ (5.2)
whence
(X]"= Km([Ina]/[Ins]) (5.3)
and
npX = pKi + logo([Ing]/[Ina]) (5.4)

If the indicator is present in an environment where a titration reaction generates or consumes the X
species, the indicator will change with the concentration of X in the solution and the colour of the
solution will be
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determined by theratio [Ing]/[In,]. Asageneral guide, the eye will register a complete change from one

colour to the other when this ratio changes from 10:1 to 1:10. Substitution in equation (5.4) enables the
concentration range of X over which the indicator will change colour to be calculated, i.e.

npX =pKp £ 1 (5.5)

For example, the acid-base indicator methyl orange has a pK, of 3.7 and will thus change colour over
the pH range 2.7—4.7. The ultimate sharpness of the end point will further depend upon the rate at
which pX is changing at the end point of the titration. The additional factors involved in determining
this rate of change are examined later in the discussions of specific titration methods. Because the
indicator competes with the analyte and reagent for X it is obvious that the indicator concentration must
be kept as low as possible in order to minimize interference with the analyte-reagent equilibrium. It
follows that the colours exhibited by an indicator must be of a high intensity.

Apparatus for Titrimetric Analysis

In general, the apparatus for titrimetric analysis is simple in construction and operation. A typical
analysis procedure would involve measurement of the amount of sample either by mass or volume, and
then addition of the titrant from a burette or micro-syringe. Apart from visual indication, the course of a
titration may be followed by electrochemical or photometric means; in neither is the equipment required
complex. A ssmple valve voltmeter or conductivity bridge will suffice on the one hand, and asimple
spectrophotometer or filter photometer with minor modifications on the other. Varying degrees of
automation may be incorporated.

Acid-base Titrations

Neutralization reactions between Lowry-Bransted acids and bases are frequently employed in chemical
analysis. Methods based on them are sometimes termed acidimetric or alkalimetric.

Visual Indicators for Acid-base Titrations

Table 5.1 summarizes the details of some useful acid-base indicators. Exact agreement with the pH
range expressed by equation (5.5) is by no means always observed. Thisis because some colour
changes are easier to see than others and so the general approximation made in deriving equation (5.5)
is not uniformly close. Structurally, the indicators form three groups: phthaleins (e.g. phenol phthalein);
sulphonephthaleins (e.g. phenol red); and azo compounds (e.g. methyl orange).



Table5.1 A range of visual indicators for acid-base titrations

Indicator

cresol red

thymol blue
bromo-phenol blue
methy! orange
methyl red
bromo-thymol blue
phenol red
phenolphthalein
alizarin yellow R

nitramine

K,
ca.l
1.7
4.0
3.7
51
7.0
7.9
9.6
ca. 11

ca. 12

Low pH colour

red
red
yellow
red
red
yellow
yellow
colourless
yellow
colourless
OH™
ﬂ. et
ecraccas
H;o*
&
ceduurless
OH
—
i
a0
t—or
il ouThess

High pH
colour
yellow
yellow
blue
yellow
yellow

blue

=

s
@F

catlowiless

(@) phenolphthalein

Experimental
colour change
range/pH

0.2-1.8
1228
2.84.6
3144
4.2-6.3
6.0-7.6
6.8-8.4
8.3-10.0
10.1-120

10.8-13.0

+ 110"

—

PR =96
pii range 8.3 lo 100
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OH ot
éjrsui
red

PR =15
pH range 0.5-2.5

yedlw

Phig = T8
pH range 6.8 -84

OH~

Ha0*

X0

+H;0°
505

yellow

0
C
@—ws
red

a]

+Ha0"
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(b) phenol red (phenol sulphonephthalein) Of the two colour changes undergone by this

indicator only the one at pH 6.8—8.4 is commonly employed.

wt
'm;@N:N@ N{CH3)z
I ll;'ll
H +
"505 H—N N(CHy)

phin = 3.7
pH e =44

OO

yellow

(c) methyl orange

M{CHy ) +H*
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To select an indicator for an acid-base titration it is necessary to know the pH of the end point before
using equation (5.5) or standard indicator tables. The end point pH may be calculated using equations
(3.27), (3.29) or (3.30). Alternatively, an experimentally determined titration curve may be used (see
next section). As an example, consider the titration of acetic acid (0.1 mol dm-3), aweak acid, with

sodium hydroxide (0.1 mol dm=3), a strong base. At the end point, a solution of sodium acetate (0.05
mol dm-3) is obtained. Equation (3.28) then yields

pH=7.0+24 —-10.65 =875

thus phenolphthalein is a suitable indicator (Table 5.1).

Acid-base Titration Curves

If the pH of the titrand is monitored throughout a titration, a graph of pH against amount of titrant
added may be constructed. The characteristics of this curve are important in the selection of suitable
titration conditions and indicators. Of particular importance are the position of the point of inflexion
representing the neutralization point, the slope of the curve in the end point region, and the size of the
end point 'break’. The influences of concentration and the strength of the acid or base are summarized in
Figures 5.1, 5.2 and 5.3. Where both the acid and the base are strong el ectrolytes, the neutralization
point will be at pH = 7 and the end point break will be distinct unless the solutions are very dilute (<10-
3

/-’ thymal phthaleit
10 / I ymol p

phenolphthalein

i phenol red
g bromo thymol blue
6 -
methyl red
— 001 M
# L 0.1 M Imf.-l.h}'l orangs
iM

o I 1 1 1 1
98 99 11 10 102

FiMaOH yem?

Figure 5.1
The effect of concentration on titration curves and indicators
for astrong acid (HCI) and a strong base (NaOH). 100 cm 3 of

HCl is being titrated with NaOH of the same molarity in
each case.
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14 -

W 40 &0 B0 10D
¥(MNaOH)em?*

Figure 5.2
The effect of K, on thetitration
curves for weak acids with a strong

base. 50 cm3 of 0.1 M acid is being
titrated with 0.1 M NaOH in each case.

mol dm~3). The composition of the titrand at any point in the titration may be computed from the total
amount of acid and base present. However, when one of the reactantsis aweak acid or base the picture
isless clear. The incomplete dissociation of the acid or base and the hydrolysis of the salt produced in
the reaction must be taken into account when cal culations of

14

12

i

PH

| Ry NN
M 4 &0 g0 100

FIHC1)em?*

Figure 5.3
The effect of K, on the titration curves
for weak bases with a strong acid.

50 cm3 of 0.1 M base is being titrated
with 0.1 M HCI in each case.
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end points and solution composition are made. These points have been considered in Chapter 3 and are
used in the indicator selection procedure outlined in the preceding section of this chapter.

Acid-base Titrations in Non-agueous Solvents

Non-aqueous ionizing solvents can sometimes be used with advantage in acidimetry and alkalimetry. A
basic solvent can encourage the loss of a proton from avery weak acid making it effectively much
stronger. Similarly an acidic solvent can be used to amplify the basic nature of a solute. Manipulation of
these principles enables the scope of acidimetry and alkalimetry to be extended to compounds that
cannot be titrated in an agueous medium. Standard reagents need to be selected with care as they must
resist attack by the solvent as well as functioning as an acid or base in the appropriate solvent system.
Tables 5.2 and 5.3 summarize data for nonagueous titration media.

Table5.2 Acidic solvents. Reagents: perchloric acid (acid) and potassium hydrogen phthalate (base).

Solvent Analyte Indicator

iso-propy! alcohol/ethylene glycol sodium carboxylates phenol red

acetic acid amines, heterocyclic bases, amides, urea  crystal violet neutral red
nitromethane/acetic anhydride very weak bases methyl violet neutral red

Applications of Acid-base Titrations

The importance of acids and bases in industrial processesis amost impossible to overstate. Correct pH
conditions are often essential to the progress of manufacturing reactions. At the same time, it may be
highly undesirable for the product to contain excessive acid or base. In the food and petroleum
industries, constant monitoring of acids and bases in both reaction mixtures and finished productsis a
common requirement which titrimetric methods frequently fulfil. At the process control stage, automatic
methods are increasingly becoming the rule, and some details of such techniques are given in Chapter
12. It is probable that the acidity or basicity present is derived from a mixture of acids or bases. The
convention of acid or base number is used to overcome any ambiguity that might arise in the expression
of acid or base content. Thus the acid or base content might be expressed as the number of milligrams of
sulphuric acid or potassium hydroxide equivalent to 1 dm3 or 1 kg of the sample, irrespective of the
actual acids present. Acid-base titrations may be used also in analytical methods where the analyte react:
to produce a stoi chiometric amount of an acid or base which can then be titrated. Probably the most
well-known
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Table 5.3 Basic solvents. Reagents. benzoic acid (acid) and tetra-n-butyl ammonium hydroxide (base)

Solvent Analyte Indicator
n-butylamine carboxylic acids, phenols thymol blue
ethylenediamine amine hydrochlorides, phenols azo violet
N,N-dimethyl formamide phenols, salts and sulphonamides azo violet thymol blue

exampleisthe Kjeldahl method for nitrogen determination in organic compounds. Subsequent to the
destruction of carbonaceous material with sulphuric acid, the mixture is made strongly alkaline with
sodium hydroxide. The ammonia produced from the original nitrogenous sample is then distilled off and
absorbed in an excess of hydrochloric or boric acid. Finally the excess acid is back titrated to complete
the analysis.

Redox Titrations

The concept of 'reduction potential’ is introduced in Chapter 6. When the reduction potentials of two
species differ by 0.1V or more, the resulting redox reaction will proceed rapidly and stoichiometrically
so that it may be used as the basis for atitrimetric procedure. The end point of aredox titration may be
observed by following the potential of the titrand with an indicator €l ectrode or with a visual indicator.
In two special cases, the reagent (potassium permanganate and iodine) is self-indicating (vide infra).

The properties and behaviour of some important redox reagents are summarized in Table 5.4. When
assessing these data three main points should be borne in mind.

(1) Thedivision into oxidizing and reducing reagents has been made only on the basis of the common
ways in which the reagents are employed. In principle it is possible to define oxidizing and reducing
agents only for a specified reaction.

(2) Most half reactions involve large numbers of hydrogen ions and are therefore pH dependent.

(3) Reduction potentials are thermodynamic quantities and cannot be used to predict the rate at which a
redox reaction will occur.

Visual Indicators for Redox Titrations
The behaviour of areversible visual indicator in aredox titration may be represented by

Inge + ne” +nH™ = [fg.q

calowr 1 colear 2

(whereIn,, and In,, represent the oxidized and reduced forms of the indicator). Nearly all indicator
reactions involve hydrogen ions and the
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Table 5.4 Some representative redox reagents Oxidizing Agents

Reagent and Half reaction [ Conditions

formal valency valis

manganese [VII) MnO; + 8BH™ + e~ = Mal™ + 4H, 0 L51  strong acid

kAInChy MnOy «4H™ + 3e” = MOy + ZH. O La%  weak acid/

. newiral
MnO; + e = MnOy .30 strong base

ceriumi IV} Calt + ¢~ = Cett L44  sulphuric

Cef50h) acid solution

chromiumi V1) Crp(- 4+ MY +6e =200 + THRO 133 strong acid

KoCra0

indine( % 107 + 2017 +6HY +de” =[Ol +3H:0 123 strong

K10 hyvdrochloric
acid

bromine( V') Br()y + 381~ + 6H" = 3Brx + 3H,0 1415 difute acid

KBr3y (+ KBr) Brajug) + 2 =20 LY dilute acid

Reducing Agenss

Reagem and Half reaction E* Conditions

formal valeney valts

irenf11} Fe't e Fe 3 sulphuric

FeS0y acid

arsenic{IIT} HaAsOy + 2HY + 2e7 = HaAsOs + Ha O 0559 peid

HaAs03,

titaniumillly Ti™ +2H" +¢ =Ti** + H0 LID acid

TilCl,

sulphur{i1} 5077 + 3¢ = 2508 008  neuiral or

M 25,005 dilute acid

carhon{ 117} WOpy + 207 + IHY = H0, AL dilute

Ha{ a0k sulphuric
acid

observed end points are therefore pH dependent. The potential for an indicator solution is given by
substitution into the Nernst equation (Chapter 6).

. 0.059 v I
E=FEt— = IUELU[ (Inyeq]

Ing,|[H*]"

(5.6)

Using the criteriafor indicator colour change applied in developing equation (5.2), the potential range
over which the indicator changes can be computed from an anal ogous equation

0.059V

E=Ep+ (5.7)

— (0.059 V)logsa(1/[H*]")
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If n=1, therange of values of E over which a colour change is observed is 0.118 volt and is shifted by

0.059 volt for each unit change in pH. Efn s often known as thetransition potential for theindicator. A
representative list of redox indicatorsis given in Table 5.5.

Table5.5 Some common redox indicators

Indicator

Oxidized colour

5-nitro-1, 10-phenanthroline iron pale blue

(1) complex

2,3'-diphenylamine dicarboxylic

acid

1,10-phenanthroline iron(I1)

complex

erioglaucin A

diphenylamine sulphonic acid

diphenylamine

p-ethoxychrysodine

methylene blue

indigo tetra-sulphonate

phenosafranine

blue-violet

paleblue

bluish red

red-violet
violet
yellow

blue

blue

red

Reduced colour

red-violet

colourless

red

yellow-green

colourless
colourless
red

colourless

colourless

colourless

Transition potential  Solution conditions

(volts)
+1.25

+1.12

+1.11

+0.98

+0.85
+0.76
+0.76
+0.53

+0.36

+0.28

H2&)4

(1 mol dm-3)
HZSO4

(7-10 mol dm=3)
H,SO,

(2 mol dm3)
H2$4

(0.5 mol dm-3)
dilute acid
dilute acid
dilute acid
acid

(1 mol dm-3)
acid

(1 mol dm3)
acid

(1 mol dm-3)

One important group of colour indicators is derived from 1:10 phenantholine (ortho-phenanthroline)
which forms a 3:1 complex with iron(I1). The complex known as 'ferroin’ undergoes a reversible redox
reaction accompanied by a distinct colour change

O
Q

M
Wy

M 4, =
| Fe e

blue

Ef= 4106 Y

Fel®

(5.8)
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Thisindicator functions well giving a sharp colour change and is also resistant to oxidative
decomposition. The transition potential may be modified by ring substitution with nitro or methyl
groups (Table 5.5).

A second important group includes the diphenylamine indicators. In the presence of a strong oxidizing
agent, diphenylamineisirreversibly converted to diphenylbenzidine. This latter compound undergoes a
reversible redox reaction accompanied by a colour change,

OO - OO -

diphenylamine diphenylbengidine
(olourless) {cn!cur]cssj

E*=+0,78V

OO~ o

diphenylbenzidine violet

{winlet) (5.9)

The use of a sulphonic acid derivative of diphenylamine overcomes the problem of low indicator
solubility.

Selection of a Visual I ndicator for a Redox Titration

Because of therelatively small number of indicators available and their pH dependence, selection is not
as straightforward as in the case of acid-base titrations. For example, iron(l1) may be titrated with
cerium(1V) or chromium(V1) (Table 5.4), whilst equation (5.6) in conjunction with Table 5.5 will
suggest suitable indicators. p-Ethoxychrysodine, diphenylamine and diphenylamine sulphonic acid will
al sufficein dilute acid whilst both erioglaucin A and 1,10-phenanthroline-iron(l1) have been used in
stronger acid. A further problem arises, however, as aresult of the complexing action of many anions.
Where one oxidation state in aredox equilibrium is preferentially complexed the reaction will be
displaced and the potential shifted accordingly. Notable in this complexing action is phosphoric acid, a
reagent which can be used to advantage in some instances. The titration of iron(I1) in a phosphoric acid
medium is discussed in alater section. Asaresult of the uncertainties outlined above, selecting an
indicator which will change at exactly the right point can be difficult, and large indicator blanks may
have to be tolerated. Experimentally determined titration curves will generally be of considerable help
in the selection of an indicator.
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Self-indicating Reagents and Specific I ndicators

Potassium permanganate and iodine, which are important redox reagents, are both self-indicating, i.e.
the colour of the reagent in each case isintense and will impart a perceptible colour to a solution when
present in very small excess. One drop of a solution of potassium permanganate (0.02 mol dm-3) can be
detected in atitrand solution of 100 cm?3, and a similar amount of iodine by shaking the titrand with 5
cm3 of chloroform or carbon tetrachloride to produce an intense purple colour. Specific indicators react
In a specific manner with one participant in the reaction. The best examples are starch, which produces
an intense blue colour with iodine and potassium thiocyanate, which forms an intense red compound
with iron(I11).

Applications of Redox Titrations

Titrimetric methods based on the direct use of redox reactions are widely used. Their application to the
determination of metals which have two well-defined oxidation statesis well known. Analysisis often
carried out either by first converting all the analyte metal ions to a higher oxidation state with oxidizing
agents such as sodium peroxide and sodium bismuthate, or by reduction to alower state using sulphur
dioxide or sodium bisulphite. In all cases an excess of reagent is required which is then destroyed or
removed before the sampleistitrated. A more elegant means of quantitative reductionisto allow an
acidified analyte solution to percolate through a column containing a metal reductor. The silver
reductor contains powdered or granulated silver metal whilst the Jones reductor uses a zinc-mercury
amalgam. The former is the milder reducing agent and is hence the more selective. An effluent from a
column reductor, which is free from excess reducing agent, may be titrated directly with a suitable
oxidizing agent. Table 5.6 compares the behaviour of these two reductors.

Table5.6 A comparison of silver and Jones reductors

Reduction effected by silver reductor Reduction effected by Jones reductor
Fe3* + e =Fe?* Fe3t + e = Fe2*

CuZt+c =Cut Cu?* + 2e~ = Cu (metal)

H:MoQ, +2HT + ¢~ = MoO] +ZH:0 H,M00, + 6H* + 3e-= Mo3* + 4H ,0
TiO2* not reduced TiO?* +2H* + e =Ti%* + H,0

Cr3* not reduced Cr3* + e =Cr2*

Where the reduction potentials of two analytes are sufficiently different a mixture may be analysed.
Titanium(l11), £* =010V may be titrated with cerium(lV) in the presence of iron(l1), % =077V yging
methylene blue as indicator. Subsequently the total, iron plus titanium, may be determined using
‘ferroin’ asindicator. The determination of iron isillustrative of some practical problemswhich are
encountered in direct titration procedures.
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Dissolution of metallurgical or ore samples containing iron often requires the use of hydrochloric acid.
Iron(Il) isreadily titrated with potassium permanganate (B® =151V) strong acid solution.

Unfortunately, oxidation of chloride ions (E® =136V} will also occur. This problem is overcome by
using the 'Zimmerman—Rheinhardt' reagent which contains manganese(l1) ions and phosphoric acid.
The former displace the Mn(VI1-Mn(11) equilibrium and lower its reduction potential whilst the
phosphoric acid preferentially complexes Fe(l11), lowering the reduction potential for Fe(l11)—Fe(11).
Hence, the potassium permanganate, having its reduction potential lowered, stoichiometrically oxidizes
Fe(11) without interacting with the chloride ions.

Among the most important indirect methods of analysis which employ redox reactions are the
bromination procedures for the determination of aromatic amines, phenols, and other compounds which
undergo stoichiometric bromine substitution or addition. Bromine may be liberated quantitatively by
the acidification of a bromate-bromide solution mixed with the sample. The excess, unreacted bromine
can then be determined by reaction with iodide ions to liberate iodine, followed by titration of the
iodine with sodium thiosul phate. An interesting extension of the bromination method employs 8-
hydroxyquinoline (oxine) to effect a separation of a metal by solvent extraction or precipitation. The
metal-oxine complex can then be determined by bromine substitution.

Complexometric Titrations

Complex-forming reactions find awide utility in chemical analysis and have been used in titrimetric
procedures for many years. Recently most attention has been concentrated on the use of
ethylenediaminetetraacetic acid (EDTA) and consideration of this reagent in some detail isimportant.
This study will also be useful in that it illustrates nearly all aspects of the use of inorganic and organic
complexing agents in titrimetry.

Ethylenediaminetetraacetic Acid (EDTA)

Initsunreacted form EDTA is atetrabasic acid represented by

HOOCCH CH,COOH pk, = 2.00
N e pK; = 2.47
N—CH,—CH,—N pk; = 6.16

HOOCCH, CH,COOH

A useful abbreviationisH,Y with H,Y-, H,Y %, etc. referring to the various ions derived from the
successive stages of dissociation. For practical purposes, the disodium salt Na,H,Y is preferred asa
reagent. This salt has a distinctly higher solubility than the parent acid and avoids the high alkali -
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nity produced by extensive hydrolysisin solutions of the tetrasodium salt. The four electron-rich acetate
groups together with the two nitrogen lone pairs constitute a sexadentate ligand which will form
complexes with octahedral geometry (Figure 5.4).

Figure5.4
A proposed structure for a
metal -EDTA chelate showing its
octahedral geometry.

Although it is probable that only four bonds are formed in many complexes, the cage-like structures
effectively prevent the formation of complexes other than those with 1:1 stoichiometry (Chapter 3).
Thisfeature is of considerable analytical importance.

The Composition of Aqueous EDTA Solutions

Being atetrabasic acid, EDTA dissociates in solution to give four different ionic species, H,Y -, H,Y =,
HY 3+, Y 4, the relative amounts of which will depend upon the pH of the solution. The proportion of
any species present is represented by itsa value, an ideaintroduced in Chapter 3.

R 1 o
o , 3= c , Oig = -, &tC, (5.10)

0y =
where C,_ isthe total amount of uncomplexed EDTA, given by
Co = [Y*] + [HY] + [Ha¥*"] + [Ha Y] + [HaY] (5.11)

It is convenient to evaluate a ,, which may be done by substituting into equation (5.11) from expressions
for the dissociation constants K, K, K, K,

_ H:YT][HY]

K="y

. ete. {5.12)

whence (5.10) becomes
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_ _ K KRR, -
[HA Ky [HAT + K K [H P+ K Ko K5 [H] + K KKKy

o (5.13)

and a, is seen to depend on the K, values and the pH only.

The overall variations of solution composition are summarized in Figure 5.5 and Table 5.7, from which
it will be seen that the major species present in the operating pH range of 2—10 are H,Y2 and HY 3-.

g HyY 2, HoY? 2y, HY?" w2, Y4

Figure 5.5
The variation of a values with pH for EDTA species.

The Formation and Stability of Metal-EDTA Chelates

EDTA forms stable complexes with a wide range of metal ions. The exceptional stability is conferred
by the large number of donor groups and the subsequent isolation of the metal ion in the cage-like
structure. It is clear from the foregoing section that complex formation will be pH dependent and may
be represented by different equations depending on the pH and the ionic form of the EDTA. However,
for purposes of comparison it is best to use the equilibrium

Table5.7 Valuesof a, for EDTA as afunction of pH

pH a, pH a,

2.0 3.7 x 104 7.0 48 x 1074
3.0 25x 1011 8.0 54 x 1073
4.0 3.6 x 10-9 9.0 52 x 1072
5.0 35 x 10-7 10.0 35x 101
6.0 22 x 105 11.0 85x 1071

12.0 9.8 x 101
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M + Y4 = MY+ (5.14)

and its associated formation constant

[MY!n-al+]

Y] (1)

Kyy =

A representative list of formation constants defined on this basisis given in Table 5.8.

Table5.8 Some selected metal-EDTA formation constants

Cation Ky 10g,,Kyyy Cation Ky log,, Kyy
Ag* 2 x 107 7.3 Cu?* 6.3 x1018  18.80
Mg?2+ 4.9 x 108 8.69 Zn2+ 3.2 x 1016 16.50
Ca2* 5.0 x 1010 10.70 Cd2* 29x1016  16.46
Sr2+ 43 x 108 863  Hg2 63x102L  21.80
Ba2* 5.8 x 107 7.76 Ph2+ 1.1 x 1018 18.04
Mn2+ 6.2 x 1013 1379  Al3+ 13x1016  16.13
Fe2t 2.1 x 1014 14.33 Fe3t 1x102 251
Co2* 2.0 x 1016 16.31 V3* 8x1025 259

Ni 2+ 4.2 x 1018 18.62  Th4* 2x10%2 232

These data may be used for the practical comparison of formation constants by use of the conditional
constant principle (Chapter 3, p. 40), i.e. Kuy s given by

[MY—4+]

which has been obtained by the combination of equations (5.10) and (5.15).

From datain Tables 5.7 and 5.8, the conditional constant may be calculated, e.g. for Mg?* — EDTA at
pH=5

Khggy = (4.9 x 10%)(3.5 x 1077) = 1.73 x 10°
andat pH =10
Kpggy = (49 x 10%)(3.5 x 107") = 1.73 x 10°

Hence, pH = 10 could be used for the titration of magnesium but not pH = 5 (stoichiometric reaction
! ]
requires Ky = 107y



Secondary Complexing Agents

EDTA titration solutions frequently need to be buffered to a high pH to ensure stoichiometric formation
of the complex. Unfortunately many metals will precipitate as hydroxides or hydrated oxides under
these conditions. Use can be made of secondary or auxiliary complexing agents to retain the metal ion
in solution. Typical reagents for this purpose are
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ammonium chloride, triethylamine and triethanolamine. Conveniently, the same reagents can provide
the basis for a buffer system as well. These selected reagents will retain arange of metal ionsin
solution without seriously competing with the metal -EDTA equilibrium. The conditional constant
concept again proves valuable in the assessment of practical situations. For example, when zinc is held
in solution by an ammonia-ammonium chloride buffer at pH = 10, the fraction of zinc unreacted with
EDTA which remains as Zn2+ ions can be expressed by

B=[Zn?+]/Cx (5.17)
where C,, isthe total zinc uncomplexed with EDTA, and is given by

Cu = [20*] + [Z0(NH3)*™| + [Zn(NHa);* | + [20(NH;)3|

+ [zn(vm7] B3

It is apparent that b will depend in part on the concentration of anmoniaand in part on the formation
constants, K, K,, K, and K, for the various ammonia complexes, where

_ [Zn(NH; ™)
P 2N

2%
KI = [Zn(NHB.}z ] efc.

< Zn®|NH;]

Substitution into (5.20) gives

1
1+ K3 [NHs] + K Ko [NHs >+ K K2 K3 [NHs | +K1 K2 K3 K4 [NH3
(5.19)

B

whence b = 8.0 x 106 if the solution is 0.1 mol dm-3 with respect to ammonia. At pH = 10, the
conditional constant for zinc-EDTA can then be computed (Chapter 3).

[ZnY?"]
CrLCy
= (3.2 % 10"){3.5 % 1071)(8 x 10°%)

=89 % 10" mol~'dm’

It isthus concluded that the zinc-EDTA complex will be formed quantitatively at pH = 10 in a solution
of ammonia (0.1 mol dm-3).

The second reason for employing an auxiliary complexing agent is to mask the effect of an interfering
ion. Both zinc and magnesium form stable EDTA complexes at pH = 10 and may be titrated in
solutions buffered to that pH. If they are present during the titration of magnesium, zinc and many other
heavy metals will interfere. However, heavy metalsin general form stable cyanide complexes (K, »
10%0) and the addition of sodium or potassium cyanide to the titration mixture will reduce the
conditional
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constants for the heavy metal-EDTA complexes so that they do not react to any significant extent.
Meanwhile magnesium forms only a very weak cyanide complex and can be titrated without
interference. For example, in the case of zinc, the stepwise formation constants for its cyanide
complexesare K, = 3 x 105, K, = 1.3 x 105, K, = 4.3 x 104, K, = 3.5 x 103, whence from an expression

similar to equation (5.22) b » 101° when [CN-] = 1 mol dm=3. K2a¥ then becomes 1.1 x 1073, indicating
that the presence of cyanide effectively prevents the formation of the zinc-EDTA complex. Demasking
at a subsequent stage in order that the zinc may be determined is effected by a formaldehyde-acetic acid
mixture, i.e.

Zn{CN)3~ + 4H* + 4HCHO = Zn** + 4HOCH;CN
Chloral hydrate (CI,CCHO) may also be used in demasking reactions.

End-point Detection for EDTA Titrations

The now familiar alternatives of visual and potentiometric detection are available. A number of organic
dyes form coloured chelates with many metal ions. These coloured chelates are often discernible to the
eye at concentrations of 10°—10-" mol dm-2 and can function as visual indicators. Most metal ion
indicators will also undergo parallel reactions with protons bringing about similar colour changes.
Hence, a careful consideration of pH is prudent when selecting an indicator. Some typical indicators
appear in Table 5.9. Of these, eriochrome black T, which forms red complexes with over twenty metal
ions, is amongst the most widely used. Its behaviour will serve as ageneral example of indicator
function.

Firstly, an acid—base equilibrium is established in solution. When ametal cation is added, complexation
equilibria are established concurrently.

K, =6.3 pRe=11.3
Hin & = Hin* = In- (5.21)
red bue CTAngE
et v
MiIn~ MIn~

red ad
(Note: H* ions are omitted for ssimplicity.)

A pH in the range 8-10 conveniently maximizes the indicator form HInz- and enables the associated
complexing reaction to go to effective completion by facilitating the removal of hydrogen ions. Thus,
the pH dependent, conditional constant for the indicator is given by

. _ [M][In"]
II{Mln = [IV"I'I_] [5'22}
for the reaction MInm = M' + In' (see equation (5.1)).

Here[M'] and [INn] represent the unreacted metal ion and indicator respectively. If the midpoint of the
colour change occurs when



Table5.9 Some metal ion indicators for EDTA titrations

Indicator

Metal determined in
direct titration

eriochrome black T

4,,8”;

(used as its sodium salt)

Ba S¢
Cd Sr
Ca Zn
In

Pb

Mn

rare earths

widely used in back
titrations and
replacement
titrations

pyrocatechol violet
o

Al Mg

Bi Mn

Ci M

Co Th
Ti

Cu Zn

Ga

Fe

Pb

xylenaol orange

Bi
Cd
Pb
Sc
Th
Zn

Ch

Cu

In

Sc

Zn

widely used in back
titrations and re-placement

ai titrations
murexide Ca
ﬁJ;' % Cao
HH— c—%H Cu
ﬂ=|:': It"}:=i'l—v.'.'J :cs-:n MNi
HH—, }—NIF mainly of historical
(4] u- interest
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MIn~] = [In’]
then equation (5.25) gives

pM’ = pKigy (5.23)

which isthe criterion for a coincident end point and equivalence point, and an indicator must be
selected to satisfy

pM’ = pK,, .+ 1 (see equation (3.5))

In general, for the observation of a sharp end point the indicator complex must be reasonably strong,
K, > 104 but lessthan K, x 1072,

Potentiometric EDTA titrations are best carried out with amercury pool electrode (Figure 5.6) or agold
amalgam electrode. When this electrode dips into a solution containing the analyte together with a small
amount of added Hg-EDTA complex, three interdependent reactions occur. For example, at pH = 8 the
half cell reaction (a) which determines the electrode potential is related to the solution equilibrium by
(b) and (c).

@  Hg*+2e=Hg(l)

(b)  Hgz*+HY3=Hg(l)

(©) M™ + HY 3 = MY 9+ + H*

Bmm glass tube

mercury contict

mercury pook

platinum wire
sepled into plass

Figure 5.6
A 'Jtype' mercury pool electrode.

Asthe titration proceeds, the analyte ion, M™ isincreasingly complexed and eventually the equilibria
involving Hg2*+ are displaced and the potential of the electrode varies according to
]

E =Efj; +0.0296 V log IDEW + constant {5.24)

In overal form this equation resembles that for the glass electrode (Chapter 6) and apM-EDTA curve
resembles an acid—base titration curve. The mercury electrode is most usefully employed when

coloured or turbid solutions are being titrated, or when dilute solutions and weak complexes lead to
poor colour changes.
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EDTA Titration Procedures

If the analyte metal ion forms a stable EDTA complex rapidly, and an end point can be readily detected,
adirect titration procedure may be employed. More than thirty metal ions may be so determined. Where
the analyteis partially precipitated under the reaction conditions thereby leading to a slow reaction, or
where a suitable indicator cannot be found, back titration procedures are used. A measured excess of
EDTA isadded and the unreacted EDTA titrated with a standard magnesium or calcium solution.
Provided the analyte complex is stronger than the Ca-EDTA or Mg-EDTA complex a satisfactory end
point may be obtained with eriochrome black T asindicator. An aternative procedure, where end points
are difficult to observe, isto use a displacement reaction. In this case, a measured excess of EDTA is
added as its zinc or magnesium complex. Provided the analyte complex is the stronger, the analyte will
displace the zinc or magnesium.

MgY?™ + M** = MY?™ + Mgt (5.25)

The magnesium will be liberated quantitatively and may then be titrated with astandard EDTA
solution. Where mixtures of metal ions are analysed, the masking procedures aready discussed can be
utilized or the pH effect exploited. A mixture containing bismuth, cadmium and calcium might be
analysed by first titrating the bismuth at pH = 1-2 followed by the titration of cadmium at an adjusted
pH =4 and finally calcium at pH = 8. Titrations of this complexity would be most conveniently carried
out potentiometrically using the mercury pool el ectrode.

Applicationsof EDTA Titrations

Table 5.8 gives an indication of the range of elements that may be determined. Most procedures will
require an analyte concentration of 10 mol dm~2 or more, although with special conditions, notably
potentiometric end-point detection, the sensitivity may be extended to 104 mol dm-3. The analysis of
mixtures of metal ions necessitates masking and demasking, pH adjustments and sel ective separation
procedures. Areas of application are spread throughout the chemical field from water treatment and the
analysis of refined food and petroleum products to the assay of minerals and alloys. Table 5.10 gives
some sel ected examples.

Titrationswith Complexing Agents Other Than EDTA

A number of other reagents containing substituted amino and carboxylic acid groupings are used to a
limited extent. Their general behaviour isvery similar to that of EDTA, but the metal ion complexes
formed may be stronger or weaker than parallel ones formed by EDTA. Stronger complexing agents
(DETPA, DCTA) can extend the scope of complexometric titrations to elements not adequately
complexed by EDTA and weaker ones (NTA) may show a better selectivity. Some reagents of these
types are
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Table 5.10 Some examples of EDTA titration methods

Analyte and matrix Outline procedure
Caand Mg in water (water Ca determination
hardness) Add 2 cm3 of NaOH solution (0.1 mol dm-3) to 50 cm3 of sample and titrate with EDTA

using murexide indicator (Table 5.8).

Mg determination
Destroy murexide colour with 1 cm? concentrated HCI, add 3 cm® NH ,—NH ,Cl buffer and
titrate with EDTA using eriochrome black T.

Pb in mineras Dissolve the sample in nitric acid. Separate Pb by extraction with CHCI, solution of sodium
diethyl dithiocarbonate using alkaline cyanide solution to mask interferences. Titrate Pbin
an ammonia—ammonium chloride medium at pH = 10 using eriochrome black T.

Zninlight alloys Dissolve the sample in NaOH solution and precipitate ZnS with NaS solution. Dissolve
ZnSin HCI solution, add ammonium citrate to mask Al and then titrate Zn at pH = 9 using
eriochrome black T as indicator.

Ca, Mgand Zninbiological  Ash the tissue and extract the residue with HCI solution. Separate Ca, Mg and Zn by

tissue retention on a cation exchange column followed by elution with HCI (5 mol dn3). Titrate
Causing murexide, Ca plus Mg using eriochrome black T, then add chloral hydrate to give
afurther end point with Zn.

Auin Au-Pt—-Ag alloys Dissolve sample in ‘aguaregia and filter off AgCl. Extract Au with diethyl ether, evaporate
solvent, and react Au with K Ni(CN),. Buffer with NH,—NH Cl, react liberated Ni with
excess EDTA. Back titrate EDTA excess with Mn(I1) using eriochrome black T.

givenin Table5.11. It is however beyond the scope of this text to discuss such reagentsin detail.
Inorganic ligands which have been used as complexometric titrants include the halide ions and
pseudohalides CN-and SCN-. Chloride ion may be determined by titration with mercury(I1) nitrate
solution, when stoichiometric formation HgCl, isindicated by a consideration of the stepwise formation

constants for HECH™ (K =55 x 108, K, = 3.0 x 105, K, = 7, K, = 10) which reflect the low stability of

HEE and HeCl™ Theend point may be detected by the reaction of excess mercury ions with sodium
nitroprusside or diphenylcarbazone, when awhite precipitate is produced in each case. The titration can
be used to determine chlorides in solution within the range 1-100 pg cnm3 and has been widely
employed for the analysis of water samples. Parallel reactions with Br-, SCN-and CN- may also be used
but iodides are more difficult to handle and quantitative analysis is not easy.

Cyanide reagents have been traditionally used in the metal -finishing industry and the reaction,

Ag* +2CN- = Ag(CN), Ka =7 x 10" (5.26)
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Table5.11 Some additional aminocarboxylic acid ligands

DCTA
1.2 diaminocyclohexane N, N, N, & tetraacetic acid
_~CH,CO0H
“CHyCO0H
~CHCO0H
CHz OO
DETPA
diethylenetriamine N, ¥, N', A", N', pentaacetic acid
HOOCCH; CH2COOH CH,COOH
b
NCHCH:NCHCH N
HOOCCH CH2COOH
NTA

nitrilotriacetic acid

HOOCCH; CH,COOH

N
N
CH-COOH

HMDTA
hexamethylencdiaminetetrascetic acid

HOOQCCH 2 CHCOOH

(CHz) sM
HOOCCH 2 CH2COO0H

provides the basis for their direct titration. Excess silver ions react to produce AgCN
Agt 4+ Ag(CN); = 2AgCN (5.27)

which has alow solubility (K, = 1.2 x 10-6) showing a precipitate at the end point of thetitration. The

cyanide complexes M(CN);" (M =Cu, Zn, Co, Ni) are significantly more stable than Ag(CN)y ang
may be determined in a back titration procedure. Excess cyanide is added to a slightly alkaline solution
of the metal and the excess cyanide titrated with silver nitrate.

Precipitation Titrations

Titrimetric reactions in which the product is of low solubility have been used for very many years.
Titrations employing such reactions are known as precipitation titrations. Although not of widespread
importance, for a
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limited number of purposes, such as the determination of halides, these methods are invaluable. Silver
nitrate is the most widely used reagent giving rise to silver salts which are characteristically sparingly
soluble.

The end points of precipitation titrations can be variously detected. An indicator exhibiting a
pronounced colour change with the first excess of the titrant may be used. The Mohr method, involving
the formation of red silver chromate with the appearance of an excess of silver ions, is an important
example of this procedure, whilst the Volhard method, which uses the ferric thiocyanate colour as an
indication of the presence of excess thiocyanate ions, is another. A series of indicators known as
adsorption indicators have also been utilized. These consist of organic dyes such as fluorescein which
are used in silver nitrate titrations. When the equivalence point is passed the excess silver ions are
adsorbed on the precipitate to give a positively charged surface which attracts and adsorbs
fluoresceinate ions. This adsorption is accompanied by the appearance of ared colour on the precipitate
surface. Finaly, the electroanalytical methods described in Chapter 6 may be used to scan the solution
for metal ions. Table 5.12 includes some examples of substances determined by silver titrations and
Table 5.13 some miscellaneous precipitation methods. Other examples have already been mentioned
under complexometric titrations.

Table 5.12 Substances determined by precipitation titrations with Ag*

AsC¥-, Br-, Bhy—, CNO-, CO§-, CoD3-, CN-, CI7, G207,
cpoxide, [, K+, PO;-, SCN-, 8%, 3e04,
W{OH) ™, fatty acids, mercaplans

Table5.13 Miscellaneous precipitation titrations

Analyte Reagent Precipitate
Cl- Br- Hg,(NO,), Hg,Cl ,, Hg Br,
$O5-, MaDi- Pb(NO,), PbSO,, PbM0O,
Zn2* K,Fe(CN), K,Zn[Fe(CN) /],
PO, C05- Pb(OAC), Pb,(PO,),, PbC,0,
52—
Gravimetry
Summary
Principles

Solution reaction between analytes and reagents to give sparingly soluble products; filtration, drying or
ignition of precipitates; electrolytic deposition of metals; weighing.
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Apparatus

Flasks, beakers, filter funnels, pipettes, filter crucibles, filter papers, oven, muffle furnace, chemical
balance, desiccator.

Applications

Extensive numbers of inorganic ions are determined with excellent precision and accuracy; widely used
in routine assays of metallurgical and mineralogical samples. Relative precision 0.1-1%.

Disadvantages

Requires careful and time-consuming procedures with scrupulously clean apparatus and very accurate
weighings. Coprecipitation cannot always be avoided.

Gravimetry includes any analytical method in which the ultimate measurement is by weight. The
simplest form may merely be the drying or heating of a sample in order to determineits volatile and
non-volatile components, or possibly the sample might be distilled and the residue and fractions of
distillate weighed. Metals may be deposited electrolytically and weighed (Chapter 6). Of far greater
scope and importance is the controlled precipitation of an analyte from solution, followed by the
weighing of the precipitate. Subsequent attention will be restricted to these precipitation methods.

To be of gravimetric value, a precipitation process must fulfil certain conditions. The precipitate must
be formed quantitatively and within a reasonable time. Its solubility should be low enough for a
guantitative separation to be made. It must be readily filterable and, if possible, have a known and
stable stoichiometric composition when dried so that its weight can be related to the amount of analyte
present. Failing this, it must be possible to convert the precipitate to a stoichiometric weighable form
(usualy by ignition). In both cases the weighed form should be non-hygroscopic.

Precipitation Reactions

If it is remembered that a chemical reaction can be displaced by changing the state of the products
(Chapter 3) then, provided the solubility product of a precipitate is small, quantitative reaction can be
obtained. Practically, the precipitate may be formed directly on the addition of a reagent or on the
subsequent adjustment of solution conditions, e.g. pH. Precipitates may be of different chemical types,
e.g. sats, complexes, hydroxides, hydrous oxides, and precipitating agents are conveniently divided
into inorganic (Table 5.14) and organic (Table 5.15). The major areas of applications usually employ
inorganic precipitants for inorganic analytes.
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Table 5.14 Some inorganic precipitants

Reagent Analyte and form precipitated Analyte form weighed
NH,(aq) Be hydrous oxide BeO

Al hydrous oxide AlLO,

Sc hydrous oxide Sc,0,

Fe hydrous oxide Fe,0,

In hydrous oxide In,0,

(NH,),U,0, U,0,
H,S ZnS ZnO

GeS GeO,

As,S, As,O,
(NH,),HPO, MgNH,PO, Mg,P,0,
H,SO, Sr, Cd, Pb and Ba sulphates sulphates
HCI AgCl AgCl

Si (silicic acid) SiO,
AgNO, AgCl AgCl

AgBr AgBr

Agl Agl
BaCl, BaSO, BasSO,

The Solubility of Precipitates

The solubility product as a measure of solubility was introduced in Chapter 3. For the solubility
equilibrium

AB=A+B (5.28)

K = [A]B] = 7aCavsCn (5.29)

where gisthe activity coefficient and C is the concentration of the species. The activity coefficient may
be calculated from the Debye-Hiickel equation for atemperature of 298 K,

—logioy, = 05172t (5.30)

where Z isthe charge on A and p (mol kg-2) istheionic strength of its solution. Thus, g,, K_ and in turn
the solubility of AB will increase with the ionic strength of the solution environment. Figure 5.7 shows



the effect of potassium nitrate on the solubility of barium sulphate.

The common ion effect (Chapter 3) is afurther important factor affecting solubilities. Addition of A or
B to the above system (equation (5.28)) will shift the equilibrium to the left and reduce the solubility of
AB. In practice, this situation would arise when an excess of a precipitating reagent has been added to
an analyte solution. Such an excess leads to the possibility of complexation reactions occurring which
will tend to increase the solubility of AB. For example, when aluminium or zinc is precipitated by
hydroxyl ions, the following reactions with excess reagent can occur



Table 5.15 Some organic precipitating agents

Reapgent

Uses

B-hydrooyquinoline (oxine)

@)

N

A mon-specific reagent complexing with
over twenty metals, pH control can be
cxploited to aid selectivity, Precipitates
may be brominated to provide a
volumetric finish (p. 205)

dimethylglyoxime
CTHyC—LCH;

HNOH

A highly specific reagent complexing with
MNi{Il'} alone in alkaline media and Pd(II)
alone in acid

sodium tetraphenylboron
{CsHs)B~Na*

Forms “salt like" precipitates with K* and
NHj. Hg™*, Rb*, Ca” intefere

benzidens

Forms a salt with 504 in acid solution
{CizHyaMN2 Ho80y). The precipitate can
be weighed, or titrated with NaOH or
KMni(,

cupferron

Precipitates a large aumber of heavy
metals from dilute acid solution and some,
eg Fe, Ti, Zr, V, U, Sn, Nb, Ta, from
solutions as coneentrated as 10% vy HCI
ar stﬂ.q.

g-benzolnoxime
(Cupron)

@L‘H-HH{
o

Used as a specific precipitant for Cu from
ammoniacal solution (tartrate ions keep
Fe, Alin solution), and for Mo from dilute
acid. (MNi, Nb, Ta interfere)

tetraphenylarsonium chloride

Gives ‘salt like' precipitates with a
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(CsHs)eAsCl number of anionic 5gec:ie:s, e.:g. ReQ},
MDU_E. WOy, HegCly™, SnCl; . CdCi-,
ZnCly
Al(OH); + OH™ = Al(OH); (5.31)
Zn(OH), + 20H" = Zn(OH)3~ (5.32)

The net result of the three factors discussed above is that frequently an optimum (minimum) solubility
is obtained when asmall excess of the reagent is added. Figure 5.8 which is a solubility curve for AgCl
illustrates this pattern.

The effect of pH changes on precipitate solubilities merits special consideration. The dependence of
solubility on pH may derive from the common ion effect where OH- or H,O" ions are generated by the
dissolution of the precipitate, e.qg.
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wr

-

107 5/mol dm

1.0 1 1 | |
0 001 002 003 O

c(KMNO; ¥mol dm™?*

Figure 5.7
The effect of ionic strength on the

solubility sof BaSO,.
Al(OH), = AI** +3)H- (5.33)
In other cases where solute ions react with OH- or H,O*, a more complex pattern can arise, as in the
example of calcium oxalate in which the solubility increases as the pH is lowered.

CaCy04 = Ca** 4 0% (5.34)
|| Byt
HC,0;
| Bs0®
H,C,; 04

Rates of Precipitate Formation and Particle Growth

The rate at which a precipitate can be produced in afilterable form varies widely and depends upon the
solution environment. In the case of the

1.0
08
06 =

0.4

105 5/mol dm = *

0.2

i 1 oo
—50 —40 =30 =20 =10 00

log, yle/mol dm =)

Figure 5.8
The solubility sof AgCl asafunction
of concentration ¢ of KCI added to
the solution.
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oxalates of calcium and magnesium for instance, both compounds have fairly low solubility products
(2.3 x 10° mol2 dm-¢ for calcium oxalate and 8.6 x 10-5 mol2 dms for magnesium oxalate). However,
in the case of the calcium salt, precipitation is complete within a few minutes whilst the magnesium salt
takes several hours. This difference in rates may even be used as a basis for the quantitative removal of
calcium from solution without interference from magnesium. In order to expedite precipitate formation
it is necessary first to look more closely at the processes by which precipitates are produced.

When areagent is added to an analyte solution forming a sparingly soluble compound, the solubility
product for that compound isimmediately exceeded and the solution is said to be supersaturated. The
relative supersaturation R, is given by

R, = (0 -S5)/8 (5.35)

where Q isthe actual concentration of the solute and Sis the equilibrium concentration. The rate at
which Q reduces to S determines the rate of precipitation. Precipitate formation takes place first by the
aggregation of small groups of ions or molecules, a process known as nucleation. It may occur either by
the chance aggregation of molecules or ions in a homogeneous nucleation process, or by heterogeneous
nucleation when aggregation isinitiated by particulate impurities within the solution. Whilst the former
process depends exponentially on the relative supersaturation of the solution, the latter is largely
independent of it. After nucleation the precipitation continues by particle growth, with further ions or
molecules adding to the aggregates. The rate of particle growth will also be dependent upon the relative
supersaturation and on the surface area of the particles, but will not vary so dramatically as the rate of
homogeneous nucleation. The relation between these rates and the relative supersaturation is
summarized schematically in Figure 5.9.

In aparticular system, the nature of the precipitated particles will be determined by the relative rates of
nucleation and particle growth. Where nucleation predominates, small particles are produced and a
colloid may

homogeneous
nucleation

particle
growth

rafe —

heterogeneous
nucleation

relative supersaturation —

Figure 5.9
Nucleation and particle growth rates
related to relative supersaturation.
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result, whereas a predominance of particle growth will form a more tractable precipitate. From the
practical standpoint, the difference (Q-S) should be controlled and kept to a minimum. On mixing
reagent and analyte solutions it is difficult to avoid a momentarily high (Q-S) value (in the region
where the two first make contact), especially if Sissmall. Furthermore, alow value of Sis necessary
for quantitative precipitation, so that a situation often arises in which the rate of homogeneous
nucleation vastly exceeds that of particle growth. Consequently, the analyst frequently has to cope with
colloidal precipitates or suspensions. Where Sis larger, crystalline precipitates are more readily
obtained. Colloidal suspensions occur as aresult of electrical repulsions between particles which
prevent agglomeration. These repulsive forces develop from ions adsorbed onto the surface of the
precipitate which cause the formation of an electrical double layer. The adsorbed layer will contain an
excess of the precipitate ion which predominates in solution whilst the diffuse counter ion layer will
contain an excess of oppositely charged ions to maintain the overall electrical neutrality of the solution.
In the familiar example where CI- has been precipitated as AgCl by the addition of an excess of silver

nitrate, the adsorbed layer will contain an excess of Ag*, and the counter ion layer an excess of M°3 and
OH-.

Adsorption can be diminished by heating or by the addition of a highly charged strong electrolyte. This
allows coagulation of the precipitate to proceed, but it must be remembered that if afiltered precipitate
of thistype is being washed the particles can be dispersed again as a colloid and pass through the filter.
This effect, known as peptization, may be prevented by using hot washing solutions containing a
suitable electrolyte. Precipitates formed by colloid agglomeration are amorphous and porous with very
high surface areas. In amost all cases, precipitates are improved by heating them in contact with the
solution before filtration. Thisis known as digestion and will promote the formation of larger particles
with areduced surface area, and more ordered arrangements within crystals. Thus both the surface
adsorption and occlusion of impurities will be reduced.

Purity of Precipitates

Steps are normally taken to prevent the simultaneous precipitation of materials other than the desired
analyte species. Incorporation of impurities into the precipitate may however occur by coprecipitation
or post-precipitation. The former arises during the formation of the precipitate, and the latter after it has
been formed. The various modes of coprecipitation are summarized in Table 5.16.

Post-precipitation involves the deposition of a sparingly soluble impurity of similar propertiesto the
precipitate on the surface of that precipitate after it has been formed. It is particularly a problem where
similar materials are being separated on the basis of their different rates of precipitation, e.g. calcium
and magnesium oxalates or zinc and mercury sulphides. Copreci -
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Table 5.16 The major types of coprecipitation and their relation to the precipitate type

Type of coprecipitation Mode of contamination Precipitate type most affected
isomorphicinclusion substitution of the precipitate lattice with impurity ions  crystalline
of similar crystallinity
non-isomorphic inclusion solid solution of the impurity within the precipitate crystalline
occlusion physical trapping of impurities within precipitate crystalline and colloidal
particles
surface adsorption chemisorption of impurities from the solution ontothe  colloidal

precipitate surface

pitation can be reduced by the normal practical procedures of precipitation from hot dilute analyte
solutions, followed by digestion of the precipitate. Inclusion phenomena when they occur are very
difficult to overcome and it may be necessary to remove the impurity ion before precipitation. At the
same time the degree of post-precipitation will be increased by digestion and where this form of
contamination is paramount rapid filtration is essential. The extent to which coprecipitation may affect
an analysisiswell illustrated by the familiar precipitation of barium sulphate. Substances that may
appear asimpuritiesin this precipitate include sulphuric acid, alkali metal sulphates, ammonium
sulphate, iron(l111) sulphate, barium phosphate, barium carbonate, barium chloride, barium nitrate and
barium chlorate. The excellent precision and accuracy often claimed for analyses based on this
precipitate undoubtedly result from a compensation of errors.

Practical Gravimetric Procedures

A typical gravimetric analysis procedure may be divided into five stages: sample pretreatment;
precipitation; filtration; drying and ignition; weighing. The operations involved in the various stages are
summarized by Table 5.17. Two aspects, however, need slight amplification. Firstly, the possible
generation of the precipitating agent within the solution in a homogeneous precipitation procedure
should be considered. This method, in which the precipitation is generated within the solution, has the
advantage of preventing local high concentrations of reagent and thus promoting particle growth as well
as minimizing the occlusion of impurities. Some homogeneous precipitation reactions are shown in
Table 5.18. Secondly, the filtration method must be selected to fit the treatment of the precipitate. Where
the material is merely to be dried and weighed, a sintered glass crucible is generally the most
satisfactory. If an ignition step is to be used, however, the precipitate may be collected on afilter paper
and transferred to asilica or platinum crucible for ignition or filtered on an asbestos pad in a Gooch
crucible. Sintered silica crucibles are also used for these precipitates.
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Table5.17 Practical gravimetric procedures

Stage Practical manipulations Remarks

sample pre-treatment dissolution of sample, separation or masking of prevents simultaneous precipitation
interfering ions and reduces inclusion of impurities

precipitation from hot dilute solution, careful addition or promotes particle growth and reduces
homogeneous generation of precipitating agent in small occlusion. N.B. digestion can increase
excess, with stirring: digestion post-precipitation

filtration cooled solution filtered, precipitate washed with dilute  decreases solubility, reduces adsorbed
electrolyte solution impurities and prevents peptization

drying and ignition careful drying at 110-140°C access of air during prevents sputtering losses, ensures
ignition complete oxidation to a stoichiometric

product
weighing weighings carried out to nearest 0.1 mg reheating and  special care required for hygroscopic

reweighing until constant weight is obtained; ssmples  solids
stored in a desiccator

Magnesium may be precipitated from solution as MgNH PO, . 6H,0, a compound which has been

widely used as a basis for the gravimetric determination of the element over many years. An
examination of its use will serve to illustrate some of the problems associated with inorganic
precipitations. Theinitial precipitation is made from a solution at pH = 11-12 by the addition of
ammonium phosphate in excess.

Mg®* + NHf + PO3~ + 6H20 = MgNH,PO; - 6H, 0

Some of the problems encountered in the analysis are:

(@—
Precipitate Stoichiometry

The precipitate is not stoichiometric and it is necessary to convert it to the pyrophosphate by ignition
(1200°C) to obtain the most precise results.

EMgNHq_PD.q, = MgzPIG? + ENH1 + Hz 8]

O—
Solubility

For a precipitate used in gravimetric analysis magnesium ammonium phosphate has arather high
solubility (0.1 g dm=2in water at 20°C). Hence solution volumes should be kept as low as possible and
the precipitate must be filtered from cold solution. Furthermore, the solution composition must be
carefully controlled to ensure the maintenance of conditions of
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Table 5.18 Some homogeneous precipitation processes

Precipitating agent Generation reaction

OH- {NH; ), CO 4 3H;0 = COy 4 2NH7 < 20H™ urea

POy (CH3 ), PO + 3H;0 = 3CH;0H + Ha PO,
trimethylphosphate

C;Di {C1H5!J}2C104 + 2H. 0 = 2C:H;0OH + Ha G20y
ethyl oxalate

S0 {CH30),504 + 2H;0 = 2CH:0H + 503~ + 2H*
dimethyl sulphate

CD’%‘ ClLCCO0OH + 20H™ = CHCl; + CD%' +H. O
trichloroacetic acid

g s 0

| [
CH3CNH: + Ha O = CH3yCNH: + HaS
thioacetamide

A-hydroxyquinoline
O + Hph = THyt0H - O
2 2 ! 2
O cH,-—g—n on
H

aH B-acetoxyquinoling

minimum solubility. The presence of ammonium salts and hydrogen ions increases the solubility so that
the precipitant (NH,),PO, must be added in only small excess, and the pH must be maintained high (pH

= 11-12). Supersaturation is an additional problem, and quantitative precipitation is only achieved after
the mixture has been alowed to stand for an extended time, e.g. overnight.

©— .
Precipitate Purity

H,PO,, NH H,PO,, (NH ),HPO,, (NH,),PO,, Mg(H,PQO,),, MgHPO,, Mg,(PO,),, basic Mg phosphates,
Mg(OH),, MgCl, and NH,Cl are all possible contaminants. Of these only NH,Cl which isvolatile and
MgHPO, which ignites to Mg,P,O, are of no consequence. Amongst the rest are a number of
compounds (including the precipitant itself) which have crystallinity similar to the precipitate, and are
coprecipitated by isomorphic inclusion. The magnitude of the coprecipitation problem is such that, to
overcome it, dissolution and reprecipitation of theinitial precipitate isrequired. Thisis done by using
the minimum amount of dilute hydrochloric acid and avery small amount of ammonium phosphate.
Concentrated ammonia solution is then added to complete the reprecipitation.

The use of an organic precipitant may be exemplified by reference to the employment of 8-
hydroxyquinoline (Oxine), to determine aluminium. Aluminium oxinate, Al(C,H,NO),, can be

quantitatively precipitated from
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agueous solutions between pH = 4.2 and pH = 9.8. Due to the non-selective nature of Oxine as a reagent
many other metals are also precipitated within the same range. To achieve a separation of aluminium
from these other elements pH control may be employed. Thus an acetic acid solution, buffered to pH =
5 by sodium acetate, will provide a medium for the separation of aluminium from troublesome
contaminants such as Be, Mg, Ca, Sr and Ba. Ammoniacal solution (pH = 9) will enable a separation
from As, B, F and P to be made, and if used in conjunction with H,O, from Cr, Mo, Nb, Taand V as
well. Selectivity is further enhanced by the use of masking agents such as cyanide, tartrate or EDTA.
By careful control of these parameters aluminium may be separated, and few interferences are observed
if the precipitation is carried out from an ammoniacal -cyanide-EDTA solution. When large amounts of
Caor Mg are present the homogeneous precipitation procedure (Table 5.18) is usefully employed at pH
= 5. The precipitate is readily filtered and may be weighed after drying at 150°C as the anhydrous
compound.

Applications of Gravimetry

Gravimetric methods provide precise and accurate results and have found awide utility in chemical
analysis for many years. They are best suited to the determination of major constituents in samples
because of the practical limitationsin accurately weighing quantities of lessthan 0.1 g. The analysis of
rocks, ores, soils, metallurgical and other inorganic samples for their major components has depended
very much on gravimetric methods. Gravimetric procedures are, however, usually time consuming and
demanding, with the result that there is a steady trend towards the use of quicker, instrumentally based
methods. Notable for itsimpact in recent years on these traditional areas has been X-ray fluorescence
analysis (Chapter 8). Nevertheless gravimetric methods are still very much needed to calibrate these
newer procedures. Table 5.14 and 5.15 give a good indication of the scope of gravimetry.

Problems

(1) Suggest suitable colour change indicators for the titration of (a) acetic acid (0.100 M) with sodium
hydroxide (0.100 M) and (b) nitric acid (0.0100 M) with sodium hydroxide (0.0100 M). Give the
reasons for your choice.

(2) Sketch atitration curve (pH vs volume of titrant) for phosphoric acid titrated with sodium
hydroxide. Comment upon the curve shape and the reasons for it.

(3) On pp. 204-5 the problem of titrating Fe(l1) in the presence of chloride ionsis discussed and the use
of Zimmerman—Rheinhardt reagent suggested. An alternative is to use a different oxidizing agent.
Suggest one, and give the reasons for your choice.

(4) Hydroxylamine (NH, OH) is oxidized by ferric iron in boiling sulphuric acid — an oxide of nitrogen
being amongst the products. 25.00 cm3 of a solution of hydroxylamine (2.00 g dm-3) were boiled with
an excess of ferric chloride in dilute sulphuric acid. 30.30 cm3 of potassium permanganate solution
(0.0200 M) were required to reoxidize the ferrous ions produced. Deduce the identity of the oxide of
nitrogen.

(5) Usethe datain Tables 5.6 and 5.7 to deduce a pH suitable for the quantitative titration of Cu2* in the
presence of asmall amount of Ag+*.
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(6) Calculate the conditional formation constant for the Zn—-EDTA complex at pH 9.0 in asolution
0.100 M with respect to ammonia. Can zinc be titrated quantitatively with EDTA solution at this pH?

(7) 0.150 g of an aloy containing some magnesium was dissolved in a suitable solvent. Magnesium

oxinate was precipitated quantitatively, filtered, dried and weighed. The weight of precipitate was 0.250
0. What was the percentage of magnesium in the original sample?

Further Reading
Cooper, D. & Doran, C., Classical Methods, Vol. I, Wiley, Chichester, 1987.
Mendham, J., Dodd, D. & Cooper, D., Classical Methods, Vol. 11, Wiley, Chichester, 1987.

Skoog, D. A. & West, D. M., Fundamentals of Analytical Chemistry (4th edn), CBS College
Publishing, New Y ork, 1982.

Jefferey, G. H., Bassett, J., Mendham, J. & Denney, R. C. (eds) Vogel's Textbook of Quantitative
Inorganic Analysis (5th edn), Longman, London, 1989.
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6—
Electrochemical Techniques

If asolution forms part of an electrochemical cell, the potential of the cell, the current flowing through
it and itsresistance are al determined by the chemical composition of the solution. Quantitative and
gualitative information can thus be obtained by measuring one or more of these electrical properties
under controlled conditions. Direct measurements can be made in which sample solutions are compared
with standards; aternatively, the changesin an electrical property during the course of atitration can be
followed to enable the equivalence point to be detected. Before considering the individual
electrochemical techniques, some fundamental aspects of electrochemistry will be summarized in this
section.

Definitions

Electrochemical Cell

A pair of electrodes (metallic or otherwise) in contact with an electrolyte solution.
Galvanic or Voltaic Cell

An electrochemical cell which spontaneously produces current (or energy) when the electrodes are
connected externally by a conducting wire.

Electrolysis or Electrolytic Cell

An electrochemical cell through which current isforced by a battery or some other external source of
energy.

Half-cell Reactions

Oxidation or reduction reaction occurring at an electrode (Table 6.1).
Anode

The electrode at which oxidation occurs.

Cathode

The electrode at which reduction occurs.
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Table6.1 Typical half-cell reactions

Reductions Oxidations

deposition of metals dissolution of metals
eg. Agt+e=Ag e.g. Cd = Cd?* + 2e-
formation of hydrogen gas formation of oxygen gas
2H*+2e~=H, 2H,0=0,+4H" + 4e~

oxidation of halogens
eg.2Cl—=d,+2e"

change of oxidation state

e.g. Fe3* + e = Fe2* SN2+ = S+ + 2e-

Reversible Cdll

One in which the half-cell reactions are reversed by reversing the current flow; such acell is said to be
in thermodynamic equilibrium.

Standard Hydrogen Electrode (SHE)

This consists of a platinum electrode coated with platinum black to catalyse the electrode reaction and
over the surface of which hydrogen at 760 mm of mercury is passed. The electrode isin contact with a
solution of hydrogen ions at unit activity (1.228 M HCI at 20°C) and its potential is arbitrarily chosen to
be zero at all temperatures.

Electrode Potential E

The potential of an electrode measured relative to a standard, usually the SHE. It is a measure of the
driving force of the electrode reaction and is temperature and activity dependent (p. 230). By
convention, the half-cell reaction must be written as a reduction and the potential designated positive if
the reduction proceeds spontaneously with respect to the SHE, otherwise it is negative. If the sign of the
potential isreversed, it must be referred to as an oxidation potential.

Standard Electrode Potential, £°
Electrode potential measured in solutions where all reactants and products are at unit activity (p. 231).
Theoretical Cell Potential

The algebraic sum of the individual electrode potentials of an electrochemical cell at zero current, i.e.
E. = E.iwee T E.oeer 1N Practice, when current flowsin acell or aliquid junction is present (vide infra),

and for certain electrode systems or reactions, the cell potential departs from the theoretical value.
Liquid-junction Potential

A potential developed across a boundary between electrolytes differing in
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concentration or chemical composition. It is caused by different rates of migration of cations and anions
across the boundary thereby leading to a charge separation. Its value is often several hundredths of a
volt and variable, but it can be minimized by using a salt bridge connection, e.g. an agar gel saturated
with KCl or NH,NO, for which the potential isonly 1-2 mV.

Ohmic Drop, IR

A potential developed when a current | flows in an electro-chemical cell. It is a consequence of the cell
resistance R and is given by the product IR. It is always subtracted from the theoretical cell potential
and therefore reduces that of a galvanic cell and increases the potential required to operate an
electrolysis cell.

Activation Overpotential (Overvoltage)

The additional potential required to cause some electrode reactions to proceed at an appreciable rate.
The result of an 'energy barrier' to the electrode reaction concerned, it is substantial for gas evolution
and for electrodes made of soft metals, e.g. Hg, Pb, Sn and Zn. It increases with current density and
decreases with increasing temperature, but its magnitude is variable and indeterminate. It is negligible
for the deposition of metals and for changes in oxidation state.

Concentration Overpotential or Concentration Polarization

The additional potential required to maintain a current flowing in a cell when the concentration of the
electroactive species at the electrode surface is less than that in the bulk solution. In extreme cases, the
cell current reaches alimiting value determined by the rate of transport of the electroactive speciesto
the electrode surface from the bulk solution. The current is then independent of cell potential and the
electrode or cell is said to be completely polarized. Concentration overpotential decreases with stirring
and with increasing el ectrode area, temperature and ionic strength.

Activity Dependence of Electrode Potentials — The Nernst Equation

Electrode and therefore cell potentials are very important analytically as their magnitudes are
determined by the activities of the reactants and productsinvolved in the electrode reactions. The
relation between such activities and the electrode potential is given by the Nernst equation. For a

genera half-cell reaction written asareduction, i.e. aA +bB +... ne=xX +yY +...,theequationis
of theform
. XFYP. ..
E=po_ o BT O (6.1)
nF Aa[B]b_ B

where E is the electrode potential, E* the standard potential, [ ] the activities of reactants and products
at the electrode surface, R the gas constant, T the thermodynamic temperature, F the Faraday constant
(96
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487 C mol?), and n the number of electronsinvolved in the electrode reaction. At 298.15 K RT/F In 10
= 0.059 158 V thus

XYY

E = E*—[0.059V {n) logyy [A]"[B]b

(62)

If the activities of all reactants and products are unity, £=£%_ Theoretical cell potentials can be
calculated using tabulated values of E®  For dilute solutions (< 10-1 M) concentrations can be used in
place of activities, the error becoming insignificant below 10-3 M.

Reference Electrodes

Electroanalytical measurements relating potential or current to concentration rely on the response of one
electrode only, the other ideally being independent of solution composition and conditions. The latter is
known as a reference el ectrode; two such el ectrodes having these properties and in common use are
based on calome and silver—silver chloride respectively.

Calomel Electrode

The electrode consists of two concentric glass tubes, the inner one of which contains mercury in contact
with a paste of mercury, mercury(l) chloride (calomel), and potassium chloride. Thisisin contact with a
solution of potassium chloride in the outer tube which itself makes contact with the sample solution via
aporous frit, fibre or ground-glass sleeve (Figure 6.1).

.. filling hole and vent
. contact wire

L paste of Hg, Hg,Cl; (calomel)
and saturated KCl

—— saturated KClsolution

porous plug or Ghre

Figure 6.1
Saturated calomel reference
electrode (SCE).
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The half-cell and its associated el ectrode reaction may be represented as

Hg|KCl, Hg.Cly(saturated)
HgoCly + 2~ =2Hg + 2C17, £ = 0242V

The electrode potential is given by
E=02676V — (0.059/2V)logp[Cl T (6.3)

and therefore depends on the chloride ion activity. The saturated calomel electrode (SCE) isthe easiest
to prepare, although it is more temperature-sensitive than versions employing 1 or 0.1 M potassium
chloride.

Silver -silver Chloride Electrode

This consists of asilver wire, coated with silver chloride and in contact with a solution of potassium
chloride saturated with silver chloride. The solution is contained in a tube, the end of which is sealed
with a porous plug or disc to facilitate contact with the sample solution. The half-cell and associated
electrode reaction is represented by

Ap|KCl, AeCl{saturaied)
ApClee” = Ap + Cl7, E=0222V

The electrode potential is given by

E = 0222V — 0.059 Vlogo[Cl] (6.4)

Like the calomel eectrode, the saturated KCI version of this e ectrode is the most convenient to
prepare.

6.1—
Potentiometry

Summary
Principles

Measurement of the potential of agalvanic cell, usualy at zero current; cell potential governed by the
potential of an indicator electrode which responds to changes in the activity of the species of interest.

| nstrumentation

Indicator and reference electrodes; potentiometer, pH meter or millivoltmeter; electronics and recorder
for automated systems.

Applications
Quantitative determination and monitoring of many species in solution over awide range of

concentrations (10" — 1 M); relative precision 0.1-5%. Titrations are especially useful for coloured or
turbid samples or for mixtures.
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Disadvantages
Titrations are slow and time-consuming unless automated.

Potentiometry is the most widely used electroanalytical technique. It involves the measurement of the
potential of agalvanic cell, usually under conditions of zero current, for which purpose potentiometers
are used. Measurements may be 'direct’ whereby the response of samples and standards are compared,
or the changein cell potential during atitration can be monitored.

Electrode Systems

The cell consists of anindicator and areference electrode, the latter usually being the calomel or silver-
silver chloride type. The potential of the indicator electrode is related to the activities of one or more of
the components of the solution and it therefore determines the overall cell potential. Ideally, its response
to changes of activity should be rapid, reversible and governed by the Nernst equation. There are two
types of indicator electrode which possess the desired characteristics— metallic and membrane.

Metallic I ndicator Electrodes

Metals such as silver, copper, mercury, lead and cadmium respond to variations in the activities of their
own ionsin a Nernstian and reproducible manner, e.g. for silver, the electrode reactionisAg* + e =
Ag, and the electrode potentia is given by

1
E = E*~0.039V logio 1 (6.5)

Iron, nickel, cobalt, tungsten and chromium do not behave reproducibly due to crystal strain or oxide
coatings. Meta electrodes which respond directly to solutions of their own ions are called 'Class I' or
first order'.

Metals which form sparingly soluble salts will aso respond to changes in the activity of the relevant
anion provided the solution is saturated with the salt, e.g. for silver in contact with a saturated solution

of silver chloride and containing solid silver chloride the electrode reaction is AgCl + e = Ag + Cl-,
and the electrode potential is given by:

E = E*—0.059 Vlog[CI] (6.6)

Such electrodes are described as 'Class | I' or 'second order'.

For titrations involving a change in oxidation state (redox systems) an inert electrode material such as
platinum is used. The electrode potential is determined by the proportions of oxidized and reduced
forms present, e.q.

'FE3+ e = FEZ+

and
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a2+

F
E = E*—(.059 Vlogy E}";—L] (6.7)

Membrane or | on-selective Electrodes
These can be subdivided into

() glass electrodes

(b) solid-state electrodes

(c) liquid-membrane electrodes

(d) gas-sensing electrodes

The construction and mechanism for the development of activity-dependent potentialsis similar for all
types, although gas-sensing electrodes are constructed slightly differently from the others and
incorporate an internal pH-sensitive glass electrode. The first three types consist of a tube into one end
of which is sealed an e ectrically-conducting membrane. The tube contains a solution or gel
incorporating the ion to which the electrode is to respond, and another electrolyte, usually potassium or
sodium chloride. The latter, together with a silver wire in contact with the solution or gel, constitutes an
internal silver-silver chloride reference electrode. The cell is completed with a second or ‘external’
reference electrode. On immersion of both electrodes into a solution containing the ion to be monitored,
apotential develops across the membrane the magnitude of which isrelated to the activities of the ion
of interest in the internal and externa (sample) solution. The response of many membranesis highly
selective in that the membrane potential is afunction of the activity of only one ion or a small number
of ions.

In essence, the cell comprises two reference electrodes, whose potentials are constant, separated by the
membrane whose potential governs the overall cell potential. Ideally, the response will be Nernstian,
and at 298.15 K the cell potential is given by

0059V a
Ecen=k- R logun =

o (638)

where k is a constant including the external and internal reference electrode potentials, and a, and a, are
the activities of the ion to be measured in the external and internal solutions respectively. Asa, isaso
constant, then

0.059%
Ece]l = k“ Av -

logip (6.9)

where K includeslog,, a,

Electrode Response and Selectivity

The term 'ion-selective' isto be preferred to 'ion-specific' in discussing membrane electrodes as most if
not all are subject to the influence of ions other than the one to which they nominally respond.
Interference from such
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ions and other species in solution may be either chemical or electrical in origin. As electrode responseis
afunction of the activity of the ion to be monitored rather than concentration, reactions resulting in its
partial or complete complexation, precipitation or other chemical changes will reduce the activity of the
ion and consequently the electrode responsg, i.e. the el ectrode responds only to the "free' ion in solution.
These effects are illustrated for the fluoride ion as follows:

formation of FeF3 " or AIF2~

addition of Fe?*
or APRT
Fﬂfmﬁljﬂ of
protonat : : : inteference
speciea ) decreasing pH F- increasing pH from OH~ ions
eg HF, H,F' {electrical
ete. interference )
addition of Ca**
or La¥* cic.

precipitation of CaF; or LaF, atc,

lons which affect the membrane potential directly will produce an apparent increase in activity of the
ion to which the electrode nominally responds. In these circumstances the cell potential is more
accurately given by the expression

0.05%

o logio (a1 + ki 2a5") (6.10)

Een =k' -

where a, isthe activity of the interfering ion of charge Z, and k, is the selectivity ratio for ion 1 over
ion 2. If k., iszero, the electrode is truly specific for ion 1, whereas values greatly in excess of one
indicate that the electrode would be subject to severe interference from the second ion. As selectivity
ratios are influenced by overall solution composition they should be regarded as approximations only.
Furthermore, confusion can arise because reciprocal values may be quoted, e.g. if k,, = 0.005 then

-1 g
k2 =200 some examples of selectivity ratios are included in Table 6.2.

@—

Glass Electrodes for pH Measurements

The membrane consists of athin envelope of soft glass sealed into the end of a hard-glass tube. The
tubeisfilled with adilute solution of hydrochloric acid in which asilver wire isimmersed thus forming
asilver-silver chloride reference electrode (Figure 6.2). The acid also provides a solution of hydrogen
ions of constant activity a,. The chemical composition and physical characteristics of the glass
membrane are critical in determining the electrode response. Soda-glasses are highly hygroscopic, have
ahigh electrical conductivity and show a good response whereas Pyrex glass or quartz is virtually
insengitive. Typically, the composition of a suitable soda-



Table 6.2 Characteristics of some ion selective electrodes

lon to be
monitored

Na*

Br—

Ca2+

NO3

CO

NH

Type of elctrode

glass

solid-state
sold-state

solid-state single
crystal

PVC-gd

PVC-gd

gas-sensing

gas-sensing

Concentration range, Optimum pH

M

100-10°

1005 x 106
106-5 x 10-°

100-106

100-5 x 107

109-7 x 106

102-104

100-10-6

>7

2-12
2-11

58

68

3-10

cap and connection
o meter

Ag/ApC] reference

electrode

internal solution

plass membrane

Figure 6.2
Glass €electrode.
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Approximate values of selectivity

constants for interfering ions
H* 102
Cs*, Li* 0.002
K* 0.001
S, 1-,CN- ~ 106
I-,CN~ ~ 109
S2- ~ 106
Br- ~10°
OH- ~ 104
Zn2+ 3.2
Pp2* 0.063
Mg?2* 0.014
Cloy; ~ 106
- 20
Br- 0.1
MOy 0.04
cl- 0.004

volatile, weak acids
interfere

volatile amines
interfere

k

12
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glassis 72% SIO,, 22% Na,O, and 6% CaO. The surface of the glass must be hydrated for the

membrane to be pH sensitive. Thisis achieved by soaking the electrode in water or an aqueous buffer
solution for several hours when the following ion-exchange reaction occurs

H'{solution) + Na" {glass) = Na" (solution) + H"(glass)
The equilibrium is driven far to the right by this prolonged treatment, and results in the formation of

hydrated gel layers at the inner and outer surfaces of the membrane. A diagrammatic representation of a
cross-section of the membrane is shown in Figure 6.3.

external hydrated dry glass hydrated internal
solution gel layer gel solution
[H¥] =a; |+~ ~10"4mm == | «~ ~10“1mm == | 4= ~10~4mm - |[H*] = a3
H+ + Na* Na* only Na* + H*
Figure 6.3

Cross-section of a glass membrane.

Although the surfaces of the gel layers contain only hydrogen ions, the ratio [H*]/[Na*] decreases
towards the dry glass layer which contains sodium ions only. Differencesin hydrogen ion activity
between the internal and external solutions result in a potential devel oping across the membrane by
virtue of ion-exchange and a migration of charge. The charge is carried by sodium and hydrogen ions
within the gel layers, by proton-proton exchange across the gel -solution interfaces and by the movement
of sodium ions between vacant lattice sites (defects) in the dry glass layer. The potential developed is
given by an equation similar to equation (6.9)

Epomtrane = k' — 0.039V log pan-+ {6,11}

where a + is the activity of hydrogen ionsin the external solution and k" contains the logarithm of the
activity of the internal solution and an asymmetry potential which is caused by strainsin the curved
membrane structure. The asymmetry potential changes with time primarily because of changesin the
external gel surface with use or because of contamination. The electrode therefore requires frequent
calibration when used for direct measurements.

Errorsin the Use of a Glass Electrode

Because soda-glass membranes contain a high proportion of sodium ions, they exhibit a marked
response to sodium ionsin solution. The effect becomes increasingly significant as the hydrogen ion
activity decreases, i.e. a high pH, and it is sometimes referred to as the alkaline error. At pH 12, the
error isabout 0.3 of apH unit if the solution is 0.1 M with respect to sodium ions, and 0.7 of apH unit
if the solutionis1 M in sodium ions. Other monovalent cations such as lithium and potassium have a
similar but smaller effect. By replacing the sodium in
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the glass with lithium, and the calcium with strontium or barium, the error can be reduced by about one
order of magnitude. So-called 'wide range' glass electrodes which have alkaline errors aslow as 0.1 of a
pH unitina2 M sodium solution are commercially available. Below pH 1, the electrode is unlikely to
have a Nernstian or a reproducible response, the effect being known as the acid error.

Glass Electrodes for the Determination of Cations Other Than Hydrogen

The alkaline error shown by a soda-glass membrane has been exploited in devel oping membranes with
a high selectivity for sodium and other cations. For example, a study of glass composition has shown
that the presence of A1,0, or B,O, can enhance the response to sodium ions relative to hydrogen ions.
The membrane potential is then given by

I
Emembrane = iK' - D.ﬂ59V]Ug1(|([H+] + KT—aI[Nuﬂ) (6.12)
H

where K is the equilibrium constant for the reaction

H*{glass) + Na*(solution) = Na* (glass} + H"(solution)

and is known as the selectivity ratio, |+ and p,,+ being the mobilities of the sodium and hydrogen ions
within the gel layers. For large values of K and at high pH, such an electrode exhibits a Nernstian
response to sodium ions. Sodium and other cation-sensitive glass electrodes are available commercialy;
those with a high selectivity for H*, Na*, Ag* or Li* have proved to be the most satisfactory.

(b)—
Solid-state Electrodes

These incorporate membranes fabricated from insoluble crystalline materials. They can bein the form
of asingle crystal, acompressed disc of micro-crystalline material or an agglomerate of micro-crystals
embedded in a silicone rubber or paraffin matrix which is moulded in the form of athin disc. The
materials used are highly insoluble salts such as lanthanum fluoride, barium sulphate, silver halides and
metal sulphides. These types of membrane show a selective and Nernstian response to solutions
containing either the cation or the anion of the salt used. Factorsto be considered in the fabrication of a
suitable membrane include solubility, mechanical strength, conductivity and resistance to abrasion or
corrosion.

In al cases the mechanism by which the membrane responds to changes in the activity of the
appropriate ion in the external solution is one of ionic conduction. Lattice defectsin the crystals allow
small ions with alow formal charge a degree of mobility within the membrane. It isthis shift in charge
centres which gives rise to the membrane potential, the process resembling the movement of sodium
ionsin the dry glass layer of aglass membrane. A fluoride electrode, in which the membraneisasingle
crystal of lanthanum fluoride doped with europium to increase the conductivity, is one of the
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best ion-selective electrodes avail able. Conduction through the membrane is facilitated by the
movement of F-ions between anionic lattice siteswhich in turnisinfluenced by the F-ion activities on
each side of the membrane. If the electrode is filled with a standard solution of sodium fluoride, the
membrane potential is a function of the fluoride activity in the sample solution only. Thus,

E;.:" = k‘l = D,[]S!?Iugmap- |:ﬁ,13:|

where k incorporates the logarithm of the activity of the internal fluoride solution. The electrode has a
Nernstian response down to 10-> M F-(0.19 ppm) and selectivity ratios of lessthan 0.001 for all other
anions except OH-.

Electrodes responding to other halides, sulphide, cyanide, silver, lead, copper and cadmium are made
using membranes fabricated from pure or doped silver sulphide (Ag,S). The membrane potential is

affected by the movement of Ag* ions between cationic lattice sites which in turn is determined by the
activities of the Ag* ion in theinternal and sample solutions. As the activity of the former isfixed, that
of the latter alone influences the membrane potential. The electrode will also respond to the presence of
S*-ions because of their effect on the Ag* ion activity viathe solubility product expression:

Ag,;S (membrane} = 2Ag* + 55 (solution)

Silver halide and thiocyanate membranes would respond in asimilar way to asilver sulphide
membrane, Ag* ions being the mobile species, but by themsel ves make unsuitable membrane materials.
A Nernstian response is, however, retained when they are incorporated into a Ag,S matrix, the
membrane behaving asif it were a pure halide or thiocyanate conductor, i.e.

AgX (membrane) = Ap® + X7 (solution)
where X~ =Cl~, Br-, I-or SCN~-

As K_ =[Ag*] [X-], the membrane potential is given by

Eean = k' — 0.0591l0g1g jﬁ (6.14)
x-

or

Eon = k" +0.059 ].Elglu- ax [ﬁ]ﬁ]

where K" includes the logarithm of the activity of the internal silver solution and the solubility product
of the silver salt incorporated into the membrane.

Similarly, doping Ag,S with a divalent metal sulphide enables the electrode to respond to the

corresponding metal (e.g. Pb, Cu or Cd). In all cases the electrode responds by virtue of the solubility
product equilibria
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involved, the movement of Ag* ions within the membrane being the potential -governing factor.
Selectivity ratios for some of these electrodes are given in Table 6.2.

(©—

Liquid Membrane Electrodes

Two types have been developed. One utilizes liquid ion-exchangers with a selective response to certain
polyvalent cations or anions. The other involves the selective complexing ability of univalent cations by
neutral macro-cyclic antibiotics and cyclic polyethers. In earlier versions of both types, a water-
immiscible liquid supported on an inert porous plastic disc formed the membrane but gradual |eakage
and dissolution of the membrane liquid necessitated the frequent replenishment of areservoir inside the
electrode body. Later versions employ PV C-gelled membranes incorporating the appropriate liquid and
these behave more like a solid-state membrane, no replenishment of the liquid being required during
use.

Electrodes with liquid ion-exchange membranes are typified by a calcium-sensitive electrode (Figure
6.4). The membrane-liquid consists of the calcium form of adi-alkyl phosphoric acid, [(RO),POO]
,Cazt, which is prepared by repeated treatment of the acid with acalcium salt. The internal solution is

calcium chloride and the membrane potential, which is determined by the extent of ion-exchange
reactions a