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PREFACE ix

Preface

Analytical science impacts on all aspects of life in the twenty-first century. Reliable, high-quality analytical data
are essential prerequisites for monitoring health (and disease), for enhancing the efficiency of industrial
processes, improving product quality and reducing emissions, and for studying complex biogeochemical
interactions in the environment. New analytical techniques and methods are key drivers for advances in drug
discovery, forensic science, and life sciences, for monitoring the quality of foodstuffs, pharmaceuticals, and
other consumer products, for furthering our understanding of environmental processes, and for monitoring
compliance with legislation.

The means by which analyses are achieved varies from simple color tests for the qualitative identification of
anions and cations through to complex and expensive computer-controlled instrumentation for quantitative
determination of trace amounts of a single organic compound or element in a complex matrix. Increasingly,
such instrumentation is a hybrid of techniques for separation and detection that requires extensive data
processing. So wide has the subject of Analytical Science become that complete coverage, providing information
that is comprehensible to an interested scientist, can only be achieved in a multi-volume encyclopedia such as
this. Even then, the length of each of the approximately 550 articles needs to be limited in order to keep the size of
the encyclopedia manageable.

The encyclopedia covers all facets of modern analytical science, with articles from an international authorship
of experts in their specialist fields. The articles cover three broad areas: analytical techniques (e.g., mass
spectrometry, liquid chromatography, atomic spectrometry); areas of application (e.g., forensic, environmental,
clinical); and analytes (e.g., arsenic, nucleic acids, polycyclic aromatic hydrocarbons). The authors and Editorial
Advisory Board members are drawn from all continents and we are grateful to the great majority who met their
deadlines.

The boundaries of Analytical Sciences are constantly pushing into new areas and we have taken a broad view
of what material should be included. Comprehensive indexing and cross-referencing are important features that
should allow rapid access to relevant information for users of the encyclopedia.

The first edition of this encyclopedia, published in 1995, was the inspiration of Robert Macrae. Following the
success of the Encyclopedia of Food Science, Food Technology and Nutrition, of which he was a leading editor,
he realized how valuable a similar Encyclopedia of Analytical Science would be. Dr. Macrae served as managing
editor of the first edition until his unexpected death in November 1993. Without him this encyclopedia would
never even have begun.

Paul Worsfold, Alan Townshend and Colin Poole
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Introduction

It is increasingly appreciated that knowledge of the nature and composition of materials gives a greater control
of their properties. As the range of materials becomes more diverse and valuable, analytical science, which
determines this nature and composition, also achieves greater recognition and attention.

Many attempts have been made to provide a satisfactory definition of analytical science. The most recent is
that proposed by the Working Party on Analytical Chemistry of the Federation of European Chemical Societies
(Analytical Chemistry (1994) 66; 98A—101A); it reads:

Analytical chemistry is a scientific discipline that develops and applies methods, instruments, and strategies to obtain
information on the composition and nature of matter in space and time.

Thus, analytical science includes within its remit not only a considerable amount of chemistry, but also an
increasing proportion of biochemistry, physics and electronics, computer science, mathematics and chemo-
metrics, and even management and economics. But these are combined into a distinct area of science with its own
philosophy, procedures, and objectives.

The increasing scope and the impressive rate of change of analytical science over the 10 years that have elapsed
since the publication of the first edition of this encyclopedia are reflected in the extensive changes that have been
made to the contents in producing this second edition. The majority of the articles are new or have been
extensively rewritten, and all topics have been selected on the basis of their relevance to analytical science at the
beginning of the twenty-first century. New articles include DNA sequencing, endocrine disrupting chemicals,
‘lab-on-a-chip’ technologies, field flow fractionation, nitric oxide, prions, and solid-phase microextraction,
again giving a flavor of the breadth and relevance of modern analytical science. In a similar vein, subjects now
considered to be less appropriate have not been included in this second edition.

The large number of articles in this encyclopedia and the wide variety of the subject matter emphasize the
considerable scope of modern analytical science. The articles fall mainly into three classes:

® Analysis for particular analytes
® Analysis of particular types of samples
® Analytical techniques

Particular analytes that are the subjects of articles in the encyclopedia include a wide range of classes of organic
compounds (e.g., amino acids, dioxins, humic and fulvic compounds, lipids, nucleic acids, polycyclic aromatic
hydrocarbons, proteins) as well as specific compounds (e.g., ethanol, glucose). There is also an extensive selection
of compounds having particular types of function (e.g., antioxidants, neurotoxins, pesticides, vitamins). Inorganic
elements are not assigned individual articles, except for those elements where their speciation provides significant
analytical challenges (e.g., arsenic, carbon, chromium, selenium, sulfur). The concentrations at which such
analytes can be determined range from per cent levels, through trace concentrations (ug ml ~ ') to ultratrace levels
(ngml ', pgml ~ ', and even less). Such is the sensitivity of some modern analytical techniques and procedures that
the detection of individual molecules is now possible in some instances.

The types of sample that must be analyzed are numerous. They include raw materials, intermediates,
products, and effluents of industrial processes. Analysis is essential for controlling the manufacturing process,
the quality of the product, and the hazards of any discharges into the environment. Articles are included,
therefore, on such diverse products as adhesives, building materials, ceramics, glasses, and paints, as well as on
process analysis per se. There is a section on food analysis and on pharmaceutical compounds. Other groups of
materials that are the subject of many articles are clinical samples and forensic specimens. Specific materials that
merit individual articles include blood, coal, fertilizers, and meat. Particular importance is placed on the means
of obtaining representative samples, and the processes to which they may be subjected before the analytical
measurement is made. Equally, the quality of the analytical process is a matter that is dealt with in some depth,
including standards, traceability, accreditation, and interlaboratory studies.

A considerable proportion of the encyclopedia is dedicated to descriptions of techniques and to the wide
range of applications for which they are used. These include the instrumentation available for making the
analytical measurement, for example, atomic absorption and emission spectrometry, chromatography and



xii INTRODUCTION

electrophoresis, fluorimetry, mass spectrometry, nuclear magnetic resonance spectroscopy, X-ray fluorescence
spectrometry, and the various surface analysis techniques. Other techniques of great utility are described, such as
immunoassays, amplification reactions (including the polymerase chain reaction), and radiochemical methods.

With such a diversity of topics, some overlap between articles is inevitable and, indeed, desirable. Each article
is intended to be self-contained, but extensive cross-references are included to enable further information on
particular topics to be found elsewhere in the encyclopedia. Even in articles where there might, at first sight,
scope for duplication, it will be seen that each article has its own distinct perspective. For example, there are
articles on ethanol, on forensic sciences, determination of alcohol in body fluids, and on food and nutritional
analysis, alcoholic beverages, but it can readily be seen that the emphasis in each article is very different.

A glance at the table of contents, in volume 10, will show that some topics merit a large number of articles, a
reflection of their importance in current analytical science. Several techniques, for example, mass spectrometry,
nuclear magnetic resonance spectroscopy, atomic emission spectrometry, microscopy, the various chro-
matographic techniques (e.g., gas, liquid and thin-layer), and electrophoresis, merit a series of articles, as do
areas such as food and nutritional analysis, forensic sciences, archaeometry, pharmaceutical analysis, sensors,
and surface analysis. Each of these collections of articles, written by experts in their fields, provides at least as
much up-to-date information on that particular subject as a complete textbook.

In conclusion, this encyclopedia provides detailed information by acknowledged experts on most aspects of
modern analytical science. It is designed to be easy to access and, if further information is required,
bibliographies are provided. The grouping of subjects and the cross-referencing should emphasize both the
variety and the unity of analytical science; that there is a thread that links what at first sight are very diverse
topics, but which in fact demand a common philosophy. This ‘analytical approach’ is what the encyclopedia
is all about.

Paul Worsfold, Alan Townshend and Colin Poole



Dedication

The original idea for the Encyclopedia of Analytical Science came from Dr. Robert Macrae, who played a
large part in its realization of the first edition, and scientific editor, until his sudden, untimely death in
November 1993. This work is dedicated to him; we hope that it will serve as a lasting memorial to his
enthusiasm for publishing, and commitment to scientific endeavor.



Disclaimer

This encyclopedia is a guide providing general information concerning its subject matter; it is not a
procedural manual. The readers should consult current procedural manuals for state-of-the-art instructions
and applicable government safety regulations. The publisher and the authors do not accept responsibility for
any misuse of this encyclopedia, including its use as a procedural manual or as a source of specific
instructions.
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Introduction

Neutron activation analysis is a powerful nonde-
structive multielement technique that can be applied
to the determination of over 60 elements in a broad
range of matrices. The method involves activation of
the sample in a source of neutrons followed by y-ray
spectrometry to identify and quantify the induced

activity, and there from the concentration of the ele-
ment in the sample. Although access to a reactor is
required for the irradiation, the samples may then be
transferred to another laboratory for analysis, in
contrast to prompt activation where analysis is car-
ried out while the sample is being irradiated. The
advantages of the technique over other multielement
methods for trace elements are that: (1) solids can be
analyzed without any sample dissolution, and con-
sequently the method is particularly useful for the
analysis of insoluble materials like plastics, carbon
fiber, and boron compounds, and in the determina-
tion of volatile elements that may be lost on disso-
lution, such as arsenic, selenium, and mercury; (2)
extremely low detection limits may be attained,
for example, the detection limit for gold in a 10g
sample of silicon is 6 pg perg; and (3) the method is
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nondestructive and therefore the sample may be re-
analyzed by the same, or an alternative, method.

Basic Theory

The method is based on the fact that most ele-
ments have one or more stable isotopes that can
be made radioactive on interaction with a neutron.
For example, reactions that can occur with alumi-
num are
27 Al(n,y)* AL, ¥ Al(n,p)*’ Mg, ?’Al(n,«)**Na

The (n, y) interaction normally occurs in a thermal
neutron flux, while the (n, p) and (n, «) reactions are
induced with fast neutrons. Many of these products
are radioactive and decay with the production of 8
and 7y radiation. Figure 1 is the decay scheme for
198 Au, showing the main y-ray energy at 0.4118 MeV.
y-Rays are readily identified by their characteristic
energies and so the activity of the product radio-
nuclide is measured using 7-ray spectrometry in
multielement neutron activation analysis. Figure 2
shows schematically how the induced activity of
the sample changes as it is irradiated for a time, ¢,
and counted for a time, t;,.s, after a decay period, z4.
The y-ray intensity of the radionuclide, A, measured
over time, fpeas, 1S quantified from the accumulated
spectrum and expressed as counts per second (cps).

Half-life
2.696d
3\ 3\
198
78U ,\®® ¥
« S
B & @
N Q-
) )
¢ ) S
N &
1.3% (0.29 MeV) N &
> 1.0877 MeV
@@4 y
o
V\'
0, .
98.6% (0.96 MeV) N l 0.4118 VeV
Y
0.025% (1.37 MeV)  y
> — 0 MeV
goH9

Figure 1 The decay scheme for '®®Au. (Based on data from
Browne E and Firestone RB (1986) Table of Radioactive Iso-
topes. New York: Wiley; and Hammed MA, Lowles IM, and Mac-
Mahon TD (1992) Decay scheme data for '>*Eu, '®®Au and
289Np. Nuclear Instrumentation and Methods in Physics Re-
search A 312: 308-316.)

This count rate can be corrected for decay since
irradiation ceased (exp(— Atg)), detector efficiency
(E), and branching ratio (P), which is the number
of y-rays emitted per disintegration of the nucleus,
in order to calculate the activity of the radio-
nuclide, A,

A, = Ayexp(—itq)/EP (1]

where 2 is the decay constant (=1n2/T,,, where Ty,
is the half-life) of the product radionuclide and 24 is
as shown in Figure 2.

The probability of an interaction taking place,
called the cross-section, is highest for (n, y) reac-
tions and so these activation products are gene-
rally most useful. The activation rate or activity
generated (A) of the generated radionuclide is
dependent on the cross-section for the reaction (o),
the number of target nuclei (N), and the neutron

flux (¢):

A=0N¢ 2]

The number of target nuclei is dependent on
the amount of element X in the sample and the
abundance of the target isotope. If we take 1g of
element X, we have Nj/Ay, atoms, where N, is
Avogadro’s number, and A,, is the relative atomic
mass of element X. If the isotopic abundance of
the target is 0, and the amount of the element X
in grams is w, the number of target nuclei N is
given by

N = Nabw/A, 3]

Substituting [3] into [2]

A = oNpOpw/A,, [4]

The net rate of production of the radionucl-
ide (dN*/d¢) is dependent on the activation rate

Activity

-~ <y <t

1 meas

Time
Figure 2 Activity, A, as a function of time during irradiation and
decay. The integrated activity measured is indicated by the
shaded area.
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(Egn [2]) and the decay rate of the product (AN*):
dAN*/dt = 6N — IN* 5]
where N* is the number of radioactive nuclei. There-
fore,
N* = 6N(1 — exp(—it))/2 6]
So the disintegration rate, or activity, after irradia-
tion for time # (A;) is given by
Ay, = oNAOPw(1 — exp(—4ti)) /Aw [7]
Equation [7] is the activation equation.

Substituting the activation equation [7] into eqn
[1] gives

_ aNaOPEPw(1 — exp(—1t;))
- Ay exp(—Aty)

A, 8]

The radionuclide will continue to decay during the
measuring time (£peas), as shown in Figure 2, so it is
necessary to correct A, by the factor Atne.s/(1 —exp
(— Atmeas)), unless t,cqs is short compared to the half-
life of the radionuclide (and therefore to z4).

The amount of element X in the sample can be
deduced from

B ApAy exp(—Aty)
W = GNAOGEP(1 — exp(—it)))

9]

This expression is readily simplified when standards
of known composition are irradiated and counted
with the samples. If the irradiation and decay con-
ditions are kept constant and all measurements are
made with a constant neutron flux and detector
geometry, the concentration by weight of element X
becomes the simple ratio:

Ap(standard)

W (standard)

W (sample) Ap(sample)
where 1 (standard) and W (ample) are the amounts of
element X in the standard and the sample,
respectively, and Apstandard) and Apsample) are the
measured count rates in the standard and sample,
respectively.

In most analytical problems this is the most simple
and straightforward procedure.

Instrumentation
Irradiation Devices

There are a number of different neutron sources
available, including the 14 MeV neutron generator

and the smaller °>Cf or Am/Be sources, but the
source most commonly used for activation analysis
is the nuclear reactor. The reactors are based on a
core of uranium enriched in 2*U. The uranium
core is surrounded with moderator of water or grap-
hite to slow the neutrons emitted on fission. The
heat generated during fission is dissipated with a
coolant such as water. The rate of production of
neutrons is controlled by rods made of neutron-ab-
sorbing material such as cadmium. Facilities for
neutron activation range from low-power research
reactors of 100-300kW, to the larger reactors
generating megawatts of power. The thermal neu-
tron fluxes available in these sources range from
10" to 10" m~2?s~'. Neutron fluxes of 10" to
10"*m %5~ !, available in the lower-power research
reactors, provide adequate sensitivity for most
applications and these research reactors often pro-
vide better access and irradiation devices more suited
to the activation of samples for analysis. The Amer-
ican TRIGA and Canadian Slowpoke reactors are
typical pool-type facilities with light-water cooling
and moderation. Most of the neutrons in the pool-
type reactor are thermalized and have the most
suitable energy for the (n, y) reactions used in
activation analysis. They also have a significant epi-
thermal neutron component that may be used in the
absence of thermal neutrons by employing a cadmi-
um filter to remove neutrons with energies below
0.5eV. The Slowpoke reactor in particular was
designed as a low-power device suitable for opera-
tion in a university. The design, in Figure 3, shows
the compact core, the central control rod, and the
irradiation tubes.

Each reactor has its own design of irradiation fa-
cilities, but where activation analysis is carried out
routinely it would be expected that there would be
both manually loaded irradiation tubes for long ir-
radiations, and pneumatic systems for irradiations of
a few minutes. In addition there may be irradiation
tubes with thermal neutron filters for epithermal
neutron activation and a cyclic activation system for
repeated activation of the same sample. The layout of
the irradiation devices in the Imperial College (UK)
research reactor is shown in Figure 4. The degree of
automation can be quite variable and in some facil-
ities hundreds of samples are irradiated totally auto-
matically, in others even short irradiations with a
pneumatic system may be timed manually. The most
important consideration in activation analysis is that
the timings on irradiation are reproducible. It will
not matter if the length of irradiation cannot be
measured very accurately provided it is repeatable
and both standard and sample have the same length
of irradiation.
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Control rod
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shim tray |
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Figure 3 The Slowpoke reactor: a view of the critical assembly and reactor container, lower section. (Reprinted with permission from
Atomic Energy of Canada Limited (AECL) Research, Canada.)
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Figure 4 A schematic diagram of the Imperial College reactor showing the pneumatic and manual irradiation facilities.
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Detection by y-Ray Spectrometry

High-resolution semiconductor germanium detec-
tors, operated at liquid nitrogen temperature, are
used for y-ray spectrometry when neutron activation
analysis is used to determine a number of elements.
Photoelectric absorption in the germanium crystal,
leading to ionization, is used to detect and measure
the energy of the y-ray in the detector. The electric
charge created by the ionization is collected by ap-
plying several thousand volts across the crystal
through the preamplifier. The preamplifier amplifies
the small pulse from the detector (~0.05 pCMeV 1)
with a gain of ~2VpC~'to ~0.1VMeV ~'. These
pulses are shaped and amplified to a maximum of
~ 10V, depending on the gain setting. The analog-to-
digital converter (ADC) changes the amplified pulse
into a digital signal that is deposited as a count in the
appropriate channel number in the analyzer. The
analysis equipment required has been simplified by
modern electronics, and the power supply and high
voltage for the detector, the amplifier, the ADC, and
the analyzer are now combined. This single unit, plus
the detector and a personal computer is all the
equipment required for analyzing the samples.
Several different types of y-ray detectors are used
for activation analysis. The most generally useful one
is about a 40-ml volume crystal of n-type or p-type
germanium, which covers a range of energies from
50keV to several MeV. The resolution of the detectors
is important and for adequate resolution of overlap-
ping peaks it is usually necessary to use a detector that
gives a full-width at half-maximum of 1.8-2.0keV
for the ®°Co peak at 1.33MeV. A thin beryl-
lium window in the casing facilitates the measure-
ment of low-energy y-rays and X-rays down to a few
keV. A planar germanium crystal is used to optimize

10° 3

=

<
IR
T

102

Efficiency

n-Type
103 p-Type
: Planar

1074 L L
10t 102 108 104
Energy (keV)

Figure 5 The efficiency curves for a coaxial p-type, a coaxial
n-type, and a planar germanium detector. (Reprinted with per-
mission from Parry SJ (1991) Activation spectrometry in chemical
analysis.)

the resolution of low-energy y-rays but the efficiency is
poor at higher energies, as demonstrated by the plot
of detector efficiency in Figure 5. Compton scattering
occurs when a y-ray interacts with the detector ma-
terial and transfers some energy by inelastic scattering
to the recoil electron, resulting in lower-energy
background in the spectrum. A detector with a high
peak-to-Compton ratio will give best signal-to-back-
ground ratio and hence detection limits.

Figure 6 shows a typical y-ray spectrum, in this
case for an air particulate sample on filter paper,
Spectra, which are often complex, are processed to
locate, identify, and evaluate the peaks using a per-
sonal computer or workstation running software
purchased from the manufacturer of the electronics
or with programs written in-house. Peak-search
programs work through the spectrum, loading those
channels where the counts are above the background
using a preset value for sensitivity. The spectrometry
system is calibrated prior to use using standard
sources with precisely known energies and the peak
locations are calculated from the centroid channel
number using the energy calibration.

The y-ray spectral lines are identified and assigned
to the appropriate radionuclide using a library of
known y-ray energies. Interferences from radionucl-
ides emitting a y-ray of similar energy can lead to
peaks being wrongly identified. The library of radio-
nuclides can be comprehensive and the relative in-
tensities for lines from a particular radionuclide can
be used as a further check on its identity, provided
that the efficiency of the detector is known. The
same radionuclide can be produced by competing
nuclear reactions from different elements and so it
is also important to check the source of the radio-
activity. The experienced analyst uses standards and
reference materials to check for sources of these
interferences.

N
[&)]
I

Counts x 1072

I._ J: TS R |
750.0 1075.0 1400.0
Energy (keV)

425.0

Figure 6 The y-ray spectrum of air particulate on filter paper,
irradiated for 35h, and counted for 6 h, 25 days after irradiation.
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Methodology
Quantitative Analysis

The total number of counts under the peak is meas-
ured for each y-ray energy, by subtracting the esti-
mated counts in the background from the total peak
area. The background under the peak is estimated by
averaging the counts in the channels on either side
of the peak. Multiplets are separated using Gaussian
fitting routines to estimate the contributions from
each peak. The activity in counts per second is com-
pared to a known standard irradiated and counted
under the same conditions to determine the concen-
tration of the element in the sample.

Use of Standards

Standards are prepared as solids or in solution from
pure elements or compounds. Standard solutions sold
for inductively coupled plasma (ICP) spectrometric
techniques are ideal. These are prepared as multiel-
ement standards for use as liquids or dried on a suit-
able solid substrate. The standard should have a
similar geometry to that of the sample. The compo-
sition is not so critical, however, and standards can be
used over several orders of magnitude. If irradiation
and counting conditions are kept constant during
analysis, the standard data may be stored in a data-
base for use on future occasions, with inclusion of a
monitor to check the irradiation and counting con-
ditions. In variable conditions of irradiation, decay
and y-ray spectrometry standards are included with
the samples during analysis, and this is the common

approach. Reference materials of suitable compo-
sition are used to check the validity of the whole
procedure.

Irradiation

The simplicity of sample preparation is one of the
main advantages of the technique. Solids, liquids,
and even gases are analyzed directly as received with
no prior treatment. The sample is sealed in a suitable
container, usually of polyethylene or quartz glass,
and placed in the irradiation position in the reactor.
When quantitative analysis is carried out with chem-
ical standards, it is necessary to ensure that the sam-
ples have a constant geometry for irradiation and
y-ray spectrometry. Samples are therefore used in
powder form or as chunks of uniform shape and
thickness. In the case of liquids, identical volumes
must be used to provide consistent geometry and
great care is required to ensure that no leaks occur in
the irradiation site. Reactor operators have strict
control over samples allowed in the irradiation devi-
ces and hazardous materials will not be permitted.

Once encapsulated, the samples are usually placed
in an outer irradiation can of polyethylene or alumi-
num. The irradiation can is then placed for the re-
quired time in the irradiation site. When irradiation
is complete the sample is taken out of the reactor,
either manually or through a pneumatic system. At
this stage the samples may be sent directly to a
counting device as part of a totally automated system
on site, or to an analyst who could be working on the
other side of the world (Figure 7).

Figure 7 Nuclear reactor Thetis dedicated to neutron activation analysis. View in the ‘swimming pool’ with nuclear fuel element,
Cerenkov radiation, safety and control plates and pneumatic transport tubes. (Reproduced with permission from Institute of Nuclear

Sciences, Gent, Belgium.)
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L/

Figure 8 A carousel-type sample changer for large samples,
designed for a standard lead castle. (Reprinted with permission
from EG & G Instruments, Wokingham; L.E. Pink Engineering
Ltd, Reading and Fab Cast Engineering Ltd, Dartford.)

Counting

Detector systems have a variety of configurations and
the endcap of the detector casing may be vertical,
horizontal, or even at an angle. The sample is posi-
tioned in a sample holder, which is usually made of
plastic to avoid attenuation of the y-rays. The effi-
ciency of the detector is dependent on the distance
between the radioactive source and the detector
endcap, so the sample holder is designed to give
reproducible geometry, at a fixed distance. Sample
changers are used for automated counting and they
can be purchased commercially or manufactured in
house. The designs vary from carousel-like devices,
shown in Figure 8, which move the samples over a
vertical dipstick detector on a circular turntable, to
pneumatic systems that blow the samples sequenti-
ally through a tube to the counting position, usually
with a detector in a horizontal configuration.

Choice of Irradiation and Counting Conditions

The choice of the analytical procedure is dependent
on the elements to be determined and the sample

matrix. Neutron activation analysis is a multielement
method of analysis that is usually applied to the
determination of more than one element. However,
because of the minimal sample preparation required,
it is also sometimes useful for just one element in
the analysis of difficult materials. If there is one par-
ticular element to be determined, the conditions can
be optimized for that element. The choice of irradi-
ation time will depend on the half-life of the radio-
nuclide of interest, but as a general rule an
irradiation of one to two half-lives will be sufficient.
In the case of radionuclides such as °Co, which has a
half-life of over 5 years, it is not possible to irradiate
for so long. The decay period before analyzing the
samples will depend on many unavoidable factors,
including accessibility and transportation, but ideally
they should be counted before the radionuclide of
interest has decayed significantly. The sample is
counted for sufficient time to allow good statistics
on the peak of interest, and there is little point in
counting after the radionuclide has gone through two
half-lives.

Normally the sample is analyzed for more than
one radionuclide, so the choice of irradiation, decay,
and counting times is a compromise. However, there
are a small number of procedures that are typically
used for the determination of the whole suite of ele-
ments, and these are shown in Table 1 for a variety
of sample types. In general, sodium, magnesium, alu-
minum, silicon, sulfur, chlorine, potassium, tita-
nium, vanadium, manganese, copper, iodine, and
dysprosium are measured after a short irradiation of
between 10s and 10 min and a thermal neutron flux
of between §x 10" and 5x 10" m~?s~'. Decay
periods of 10s to 2.5 h are allowed, before counting
for 20-1000s. The remaining elements are deter-
mined with a long irradiation for 1-72 h, with decay
periods of 20h to 30days, and counting times of
2000s to 12 h.

Sources of Error

The major interferences in the y-ray spectrum result
from high backgrounds due to elements in the sample
matrix. Detection limits are restricted by the back-
ground continuum of energy produced from other
y-emitters due to the Compton effect. For example,
sodium in blood, scandium in rocks, and manganese
in steel will all activate well and cause background
activities, thus giving poorer detection limits for
other elements. This background effect is limited by
using specialized equipment such as a Compton sup-
pression detector or by activation with epithermal
neutrons to reduce the thermal neutron activation of
the matrix.
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Table 1 Typical conditions for multielement neutron activation analysis

Type of sample Neutron flux Irradiation Decay Count Elements determined
(m=2s77) time period time
Hair? 5x10'® 30s 10s 20s Ag, Cl, F, Se
10min 5min 5min Al, Ba, Ca, Cu, |, K, Mn, Na, S, Zn
16h 2d 3000s As, Au, Sb
21d 3000s Co, Hg, Ag, Ba, Se, Zn
Air particulates® 2x10'® 5min 3min 400s Al V,Ti, S, Ca, Cu
15min 15min Mg, Br, Cl, I, Mn, Na, In
1.5x 10" 2-5h 20-30h 2000s K, Zn, Br, As, Ga, Sb, La, Sm, Eu,
W, Au
20-30d 4000s Sc, Cr, Fe, Co, Ni, Zn, Se, Ag, Sb,
Ce, Hg, Th
Marine biological 5x10'® 10s 150s 10min Ca, Cu, Cl, Mg, Na, V
sample®
25h 1000 s K, Mn
7 x10'® 1h 7d 1h Sb, As, La, Sm
14d 1h Ag, Ce, Cr, Co, Eu, Fe, Hf, Rb, Sc,
Se, Zn
Leafy vegetables® 4.9x10" 15s 2min 10min Ca, Cl, Cu, K, Mg, Mn, Na, V
4h 5-28d 6-8h Ag, As, Br, Cd, Co, Cr, Cs, Eu, Fe,
Rb, Sb, Sc, Se, Zn
Deep sea 5x 10" 4 min 7 min 10 min Al, Ca, Cl, I, Mg, Mn, Na, Si, Ti,
sediment® u,Vv
7h 3-4d 30 min As, Br, K, La, Sb, Sm, Yb
25d 12h Ba, Ce, Co, Cr, Cs, Eu, Fe, Gd, Hf,

In, Lu, Nd, Rb, Sc, Se, Sr, Ta, Tb,
Th, Tm, Zn, Zr

&Chatt A, Sayjad M, De Silva KN, and Secord CA (1985) Human scalp hair as an epidemiologic monitor of environmental exposure to
elemental pollutants. IAEA, Health-related Monitoring of Trace Element Pollutants using Nuclear Techniques, pp. 33—49. |IAEA
TECDOC-330. Vienna: IAEA.

®Dams R, De Corte F, Hertogen J, et al. (1976) Activation analysis—Part 1. In: West TS (ed.), Physical Chemistry Series Two, pp.
24-38. International Review of Science. London: Butterworths.

°Simsons A and Landsberger S (1987) Analysis of marine biological certified reference material by various nondestructive neutron
activation methods. Journal of Radioanalytical and Nuclear Chemistry 110(2): 555-564.

dCunningham WC and Stroube WB Jr (1987) Application of an instrumental neutron activation analysis procedure to analysis of food.
The Science of the Total Environment 63: 29-43.

®Fong BB and Chatt A (1987) Characterization of deep sea sediments by INAA for radioactive waste management purposes. Journal
of Radioanalytical and Nuclear Chemistry 110(1): 135-145.

Interferences that can lead to erroneous results in-
clude overlapping peaks from radionuclides with
similar y-ray energies and the production of the same
radionuclide from two different isotopes as the result
of different nuclear reactions, for example, the pro-
duction of *®Al from the 2”Al(n, y) reaction and the
28Gi(n, p) reaction. There is also the possibility of
neutron self-shielding, where the activation of the
isotope is diminished by the absorption of neutrons
within the matrix of the sample; in the case of very
high concentrations of the element, self-shielding by
the element of interest itself may occur.

Based on counting statistics, the 3¢ detection limit
is given by 3B%?, where B is the background area.
The error associated with a net signal area A on
a background B is (A+2B)°?, and the error for
the sample is combined with the error for the
standard to give total counting error. In addition,
errors associated with counting geometry and neutron

flux variation on irradiation have to be taken into
account.

Safety

In common with all techniques involving radio-
activity, particular care is taken to ensure that the
hazard from the irradiated samples is minimized. The
electronics of the y-ray spectrometry systems used in
this technique cannot work at very high count rates
and so it is not usually necessary or even advisable to
induce high levels of radioactivity in samples for
activation analysis. There is now a greater stress on
the principle of keeping risk as low as possible, and
so use is made of automation to reduce the contact
time for radiation workers. Figure 9 shows a totally
automated system for the irradiation and analysis of
samples, avoiding any exposure to radiation for the
operator.
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Loading station
in sample preparation lab

Loading station for
v-spectrometer only

Twin
loaders| N
LYl LYJ
Dump Dump
G.-M. Delayed y-spectrometer
counter neutron
counter

Reactor core

Figure 9 A totally automated system, based on pneumatic transfer, for neutron activation analysis with y-ray spectrometry and
delayed neutron counting. (Reprinted with the permission from Atomic Energy of Canada Limited (AECL) Research, Canada.)

Table 2 3¢ Detection limits for neutron activation analysis

Table 2 Continued

Element Ideal Air Sediments Element Ideal Air Sediments
conditions®  particulates®  (mgkg~")° conditions®  particulates®  (mgkg~")°
(ngkg) (ngm~?) (ugkg™") (ngm~?)

Aluminum 1 8 130 Palladium 0.05 - -

Antimony 0.05 1 0.18 Phosphorus 1 - -

Arsenic 0.01 4 10 Platinum 0.5 0.5 —

Barium 1 - 90 Potassium 0.2 7.5 907

Bromine 0.01 2.5 - Praseodymium 0.01 - -

Cadmium 0.5 - - Rhenium 0.01 - -

Calcium 100 200 3000 Rhodium 0.1 - -

Cerium 0.1 0.25 0.26 Rubidium 0.1 - 1.1

Cesium 0.1 - 0.24 Ruthenium 1 - -

Chlorine 1 100 280 Samarium 0.005 0.005 0.15

Chromium 3 0.25 1.2 Scandium 0.01 0.004 0.019

Cobalt 0.01 0.025 0.14 Selenium 5 0.1 4.3

Copper 0.01 20 - Silicon 10 - -

Dysprosium 0.001 - - Silver 1 1 -

Erbium 0.1 - - Sodium 0.1 5 360

Europium 0.01 0.01 0.059 Strontium 10 - 100

Gadolinium 0.1 - 2.4 Sulphur 10 5000

Gallium 0.05 1 - Tantalum 0.05 - 0.077

Germanium 10 - - Terbium 0.1 - 0.11

Gold 0.0001 0.1 - Thorium 0.1 0.04 1.6

Hafnium 0.1 - 0.33 Thulium 0.01 - 0.070

Holmium 0.2 - - Tin 1 - —

Indium 0.1 0.04 0.60 Titanium 3 40 430

lodine 0.01 20 3.2 Tungsten 0.01 0.5 -

Iridium 0.001 - - Uranium 0.01 - 0.39

Iron 100 20 105 Vanadium 0.01 2 4.8

Lanthanum 0.01 0.2 0.85 Ytterbium 0.01 - 0.69

Lead 1000 - - Zinc 10 1 220

Lutetium 0.01 - 0.03 Zirconium 100 - 90

Magnesium 10 600 812 : - - )

Manganese 0.01 0.6 16 Revet .G'(1987) Comparison of Nuclear Analytical Methodg with

Mercury 0.1 0.1 _ Competitive Methods, pp. 147-162. IAEA-TECDOC-435. Vienna:

Molybdenum 1 - - LAEA' . .

Neodymium 0.5 _ 24 Dams' R, Robbllns JA, Rahn KA, and Winchester JW (1970)

Nickel 10 20 _ Analytical Chemistry 42(8): 861-868.

Niobium 1 _ _ °Fong BB and Chatt A (1987) Journal of Radioanalytical and

Osmium

Nuclear Chemistry 110(1): 135-145.
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Applications

Activation analysis can be applied to most types
of material, including food products, urine, feces,
air pollution particulates, river water, marine sam-
ples, vegetation, soils, sediments, ores, plastics, pe-
troleum products, pharmaceuticals, coal, metals,
alloys, semiconductor materials, clays, ceramics,
and glasses. Variations in the analytical proce-
dures for multielemental analysis are dictated by
the matrix and so are detection limits. Table 2
compares the detection limits for an air particulate
sample on filter paper and those for a deep-sea sed-
iment to the detection limits in the ideal situation.
Petroleum products, pharmaceuticals, plastics, car-
bon products, and air filters are not activated to
produce y-rays, so the spectrum is free of any inter-
ferences from the matrix. This means that detection
limits are low and over 60 elements can be deter-
mined simultaneously. Soils, sediments, clays, and
glasses have elements such as sodium and scandium
in their matrices that can produce background
activities that result in poorer detection limits for
most elements.

Metals generally activate well, which means that
they are not easily analyzed for trace elements.
However, metals such as vanadium and titanium can
be left after irradiation to allow the short-lived
activity to decay before counting the longer-lived

Charged Particle Activation

K Strijckmans, Ghent University, Ghent, Belgium
© 2005, Elsevier Ltd. All Rights Reserved.

Introduction

Activation analysis (AA) is an analytical method for
determining the (stable isotope) concentration of
trace elements in the bulk of a sample. Speciation
(i.e., discrimination between different oxidation
states of the analyte element or between different
compounds) is not possible with AA. AA is based on
nuclear reactions leading to radionuclides specific for
a given element. After irradiation these radionuclides
are measured. Identification of the radiation emitted
by measuring its energy and/or half-life provides
qualitative analysis, while measuring the number of
particles or photons emitted per second (i.e., (radio)
activity) yields quantitative analysis. Charged parti-
cle activation analysis (CPAA) is based on charged

radionuclides of interest. Semiconductor materials
such as pure silicon are ideal for analysis once the
activity from the matrix has decayed, and this is a
growing area of application. The fact that neutron
activation analysis does not require sample dissolution
is of particular value in all the applications that have
been mentioned here.

See also: Quality Assurance: Spectroscopic Stan-
dards; Reference Materials; Production of Reference
Materials.

Further Reading

Alfassi ZB (ed.) (1989) Activation Analysis. Boca Raton:
CRC Press.

Amiel S (ed.) (1981) Nondestructive Activation Analysis.
Amsterdam: Elsevier.

Das HA, Faanhof A, and van der Sloot HA (1989)
Environmental Radioanalysis. Amsterdam: Elsevier.

Das HA, Faanhof A, and van der Sloot HA (1989) Radio-
analysis in Geochemistry. Amsterdam: Elsevier.

Ehmann WD and Vance DE (1991) Radiochemistry and
Nuclear Methods of Analysis. New York: Wiley.

Heydorn K, (1984) Neutron Activation Analysis for Clin-
ical Trace Elements Research, vols. I and II. Boca Raton:
CRC Press.

Parry SJ (2003) Handbook of Neutron Activation Analysis.
Woking: Viridian Publishing.

Tolgyessy J and Klehr BH (1987) Nuclear Environmental
Chemical Analysis. Chichester: Ellis Horwood.

particle-induced reactions, while neutron activation
analysis (NAA) and photon activation analysis (PAA)
make use of neutron- and photon-induced reactions,
respectively. Although CPAA, NAA, and PAA are all
based on the same principle of AA, charged particle-
induced reactions (and consequently CPAA) are fun-
damentally different from neutron- or photon-
induced reactions.

Stopping Power and Range

When a sample is irradiated with charged particles,
only a small fraction of them induce nuclear reac-
tions. Charged particles passing through matter lose
energy mainly by interaction with electrons, leading
to excitation or ionization of the target atoms or
molecules (at least for the energy interval of interest
for CPAA).

The stopping power of a target for a charged par-
ticle is defined as the energy loss per unit of thickness
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and is commonly expressed in CPAA in terms of
MeVg ™ 'em?:
1dE
-->F 1]

where E is the energy (MeV), p is the mass density
(gcm 2, and [ is the thickness (cm).

For a sufficiently high energy (>1MeV) the stop-
ping power of the elements can be calculated by the
Bethe formula. The stopping power depends on the
charged particle and its energy and the target mate-
rial. The stopping power is roughly proportional to
Z2>m, |E,, where Z, is the atomic number, 1, is the

mass, and E, is the energy of the charged particle.
The stopping power increases with decreasing atomic
number (Z4) of the target material. Tables 1 and 2
summarize some stopping power data, which can be
calculated using the SRIM (stopping and ranges of
ions in matter) program of Ziegler.

For mixtures and compounds the stopping power
can be calculated from stopping power data for
the elemental components by the additivity rule of
Bragg and Kleeman:

S = ZWi . Si [2}

Table 1 Stopping power in (MeV g~ 'cm~2) of 10 elements for proton energies (Ep) between 1 and 20 MeV and deuteron energies

(Eq) between 2 and 40 MeV

Ep Ed 1H 2He 3LI 13A/ 22Ti 3266 42MO 53/ 73Ta 92U
1 2 683 281 229 176 142 116 104 89.3 67.0 60.4
2 4 389 168 138 110 93.2 76.5 68.2 58.0 48.7 43.1
3 6 279 122 101 82.9 711 59.4 53.5 45.9 39.3 34.7
4 8 220 96.6 80.5 67.4 58.2 49.1 44.6 38.6 33.3 29.6
5 10 183 80.6 67.5 57.2 49.7 42.3 38.6 33.6 29.2 26.0
6 12 157 69.5 58.3 50.0 43.5 37.3 34.2 29.9 26.1 23.3
7 14 138 61.3 515 44.5 38.9 33.5 30.8 27.0 23.6 21.1
8 16 123 54.9 46.2 40.2 35.2 30.4 28.1 24.7 21.7 19.4
9 18 112 49.8 42.0 36.7 32.3 28.0 25.9 22.8 20.1 18.0

10 20 102 45.7 38.5 33.9 29.8 25.9 24.2 21.2 18.8 16.9

12 24 87.6 39.3 33.2 29.4 26.0 22.7 21.1 18.7 16.6 15.0

14 28 76.9 34.6 29.2 26.1 23.1 20.3 18.9 16.8 15.0 13.5

16 32 68.7 30.9 26.2 23.5 20.9 18.3 17.2 15.3 13.6 12.3

18 36 62.2 28.0 23.8 21.4 19.1 16.8 15.8 14.1 12.6 11.4

20 40 56.9 25.7 21.8 19.7 17.6 15.5 14.6 13.1 11.7 10.6

Table 2 Stopping power (MeVg~'

(Ea4,,) between 1.3 and 40 MeV

cm?) of 10 elements for helium-3 energies (Es,, ) between 1 and 30 MeV and helium-4 energies

E3He E4He 1H 2He 3LI 13A/ 22Ti 3266 42MO 53/ 73Ta 92U

1 1.3 4482 1729 1707 1140 975 652 679 535 389 417

2 2.7 2996 1285 1159 863 721 547 505 417 310 311

3 4.0 2337 987 889 692 579 460 405 349 263 255

4 5.3 1957 817 731 580 488 395 346 302 232 220

5 6.7 1700 711 625 502 423 347 306 268 210 195

6 8.0 1511 639 548 443 375 309 275 241 192 176

7 9.3 1366 586 489 398 337 280 252 220 178 161

8 10.7 1249 544 443 362 307 255 233 202 166 148

9 12.0 1152 511 405 332 282 235 216 187 156 138
10 13.3 1071 483 374 308 261 218 203 175 147 129
12 16.0 885 388 322 271 233 197 180 159 133 119
14 18.7 779 343 286 242 209 178 163 144 121 109
16 21.3 696 307 257 219 190 162 149 132 112 101
18 24.0 631 279 234 201 174 150 138 122 104 93.7
20 26.7 577 256 214 186 161 139 128 114 97.5 87.8
22 29.3 532 237 199 172 150 130 120 107 91.7 82.6
24 32.0 494 220 185 161 141 122 113 101 86.7 78.2
26 34.7 462 206 173 152 133 115 107 95.3 82.3 74.2
28 37.3 434 194 163 143 126 109 101 90.5 78.4 70.7
30 40.0 409 183 154 136 119 104 96.6 86.3 74.9 67.6
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where w; is the mass fraction of component ¢, and S;
is the stopping power of component i.

A charged particle loses only a very small fraction
of its energy in a single interaction with an electron.
As it is barely deflected from its original direction,
charged particle paths are straight lines. Charged
particles with the same incident energy will be
stopped at a given depth in the target, the range.
The relation between the range (R) of a charged
particle with incident energy E; in a particular target
and the stopping power (S) of that target for that
particular charged particle is given by

[ [

The range is commonly expressed in CPAA as mass
thickness (g cm ~2). Ranges of protons or deuterons
are larger than ranges of helium-3 or helium-4 par-
ticles and ranges in the very low atomic number
targets (e.g., hydrogen) are smaller than for high
atomic number targets.

Nuclear Reactions

CPAA is based on a nuclear reaction A(a,b)B where
a stable target nuclide (at rest) A is irradiated by
accelerated charged particles a to form a radionuc-
lide B with emission of one (or several or a cluster of)
particle(s) b. Important characteristics are the min-
imum particle energy required to induce a nuclear
reaction and the probability that this reaction will
take place. As a charged particle is slowed down
when traversing matter, this probability (cross-
section, see below) should be known as a function
of the energy.

A nuclear reaction A+a—-B+b+ Q or A(a,b)B
that releases energy is called an exoergic reaction:
O>0. A nuclear reaction where energy must be
provided (as kinetic energy of the charged particle)
is called an endoergic reaction: Q<0. In an exoer-
gic (endoergic) reaction, mass-energy is thus lost
(created). Considering the equivalence between mass
and energy,

E = mc? [4]

where E is energy in joules, 7 is mass in kilograms,
and c¢ is the velocity of light (2.997 92 x 108 ms 1),
the O-value in joules is given by

O = (ma +m, —mp —mb)C2 [5]

where m1; are the masses of the nuclides A, a, B, and b
in kilograms.

More practically, the Q-value in MeV is given by
O = 931.5(mp + m, — mp — my) [6]

where m; are the masses of the nuclides A, a, B, and
b in unified atomic mass units (u) because, according
to eqn [4], m=1u corresponds to E=931.5 MeV.
Mass in unified atomic mass units 1u~ 1.66054 x
10 ~?”kg. Energy in electronvolts: 1eV~ 1.602 18
x 10~ "J. O-values (in MeV) have been compiled
by Nuclear Data Centers.

Endoergic reactions (Q <0) are only energetically
possible for charged particles with a minimum ki-
netic energy, the threshold energy E.. The threshold
energy is slightly higher than — Q. The compound
nuclide, formed by collision of the charged particle
a and the target nuclide A, retains a fraction of the
kinetic energy of the charged particle as kinetic
energy. This fraction is approximately

A,
Apr + A,

7]

where A; are the nucleon numbers of the nuclides A
and a, and is thus ‘lost’ to compensate the shortage of
mass-energy for an endoergic reaction. Nucleon (or
mass) number A =Z + N, where Z is the proton (or
atomic) number and N is the neutron number. Thus,
for endoergic reactions (Q <0) the threshold energy
is given by
E. ~ _Q(AA + Aa)
B 9
A

For exoergic reactions (Q > 0) the threshold energy is
zero by definition.

The Coulomb barrier also determines the mini-
mum energy of the charged particle needed to induce
a nuclear reaction. The Coulomb repulsive force bet-
ween the target nucleus and the charged particle
dominates at ‘large’ distances and increases with
decreasing distance of separation between charged
particle and target nucleus, until the charged particle
comes within the range of the attractive nuclear
forces of the target nucleus. At some particular dis-
tance (i.e., the sum of the charged particle and target
nucleus radii) the forces balance each other, and at
shorter distances the attractive nuclear force domi-
nates. The decrease in kinetic energy is given by the
Coulomb barrier

AA+Aa ZAZa
Ec(MeV) =1.02 9
C( € ) AA \3/A—A+\3/A—a [ }

The kinetic energy that the charged particle has
lost through the Coulomb barrier is released again
when a nuclear reaction occurs. Consequently, the
Coulomb barrier does not influence the energetics
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of a nuclear reaction except that a charged particle
must have a kinetic energy higher than the Coulomb
barrier in order that the reaction can occur. Table 3
gives approximate values of the Coulomb barrier
for protons, deuterons, helium-3, and helium-4 par-
ticles as a function of the atomic number of the
target. Quantum mechanical treatment of the prob-
lem indicated that the reaction probability for par-
ticles with kinetic energies lower than the Coulomb
barrier is not exactly zero but is very low and
drops rapidly as the energy of the charged particle
decreases.

The probability of a nuclear reaction occurring is
expressed as the (nuclear reaction) cross-section; it
has the dimensions of area. This originates from the
simple picture that the probability for a reaction bet-
ween the target nucleus and the incident charged
particles is proportional to the geometric cross-
section that the target nucleus presents to a beam
of charged particles. The geometric cross-section is
of the order of magnitude of 10~ **m?. The barn
(1b=10"**m?) is used as a unit for reaction proba-
bility. The cross-section for a particular reaction (also
called partial reaction cross-section) depends on the
energy of the charged particle. It is zero for charged
particles below the threshold energy of that reaction
and very low below the Coulomb barrier. At higher
energies the cross-section increases up to a maximum
(typically 1b) and decreases as more complex reac-
tions become competitive. Experimental or calcula-
ted cross-section data (i.e., excitation functions) have
been compiled by Nuclear Data Centers.

Interferences

For the determination of an analyte element A, based
on the reaction A(a,b)B where B is a radionuclide,
three different types of interferences can be distingui-
shed: nuclear, spectral, and matrix interference.

If the radionuclide B is formed out of another ele-
ment C than the analyte element A, the determina-
tion of A by reaction A(a,b)B can be subject to
nuclear interference from C by the reaction C(c,d)B.
Generally, particles a and c are identical. However,
nuclear interference by secondary particles (e.g., fast
or thermalized neutrons produced by (x,n) reactions
where x is the charged particle) should also be con-
sidered. Only if the threshold energy of the inter-
fering reaction is higher than the threshold energy of
the analyte reaction, can nuclear interference be
avoided by a proper choice of the charged particle
energy. To obtain high sensitivity the charged particle
energy is chosen just below the threshold energy of
the interfering reaction.

If a radionuclide D is formed out of another ele-
ment C than the analyte element A, the determina-
tion of A by reaction A(a,b)B can be subject to
spectral interference from C by the reaction C(c,d)D.
Three methods can be applied to avoid spectral in-
terference:

1. Proper choice of the charged particle energy (see
Nuclear Interference).

2. Selective measurement of radionuclide B be-
sides radionuclide D by spectrometry or decay

Table 3 Coulomb barrier (MeV) for protons (p), deuterons (d), >He, and “He particles as a function of the atomic number (Z,) of the

target nuclide

Za P d 3He “He Za p d 3He “He
4 1.5 1.5 3.1 3.2 46 8.3 8.0 15.6 15.4
6 2.0 2.0 41 4.2 48 8.5 8.2 16.1 15.8
8 25 2.4 4.9 5.0 50 8.7 8.4 16.5 16.2

10 2.9 2.8 5.6 5.7 52 8.9 8.6 16.8 16.5

12 3.3 3.2 6.3 6.4 54 9.1 8.8 17.3 17.0

14 3.7 3.6 7.1 7.1 56 9.4 9.0 17.7 17.4

16 4.0 3.9 7.7 7.7 58 9.6 9.3 18.2 18.0

18 4.3 4.1 8.1 8.1 60 9.9 9.6 18.7 18.4

20 47 4.6 9.0 9.0 62 10.1 9.8 19.1 18.8

22 5.0 4.8 9.4 9.3 64 10.3 9.9 19.5 19.2

24 5.3 5.1 10.0 9.9 66 10.5 10.2 19.9 19.6

26 5.6 5.4 10.6 10.5 68 10.7 10.4 20.3 20.0

28 6.0 5.7 11.3 11.2 70 10.9 10.6 20.7 20.4

30 6.2 6.0 11.7 11.6 72 11.2 10.8 21.1 20.8

32 6.4 6.2 12.1 12.0 74 11.4 11.0 21.6 21.2

34 6.6 6.4 12.6 12.4 76 11.6 11.2 21.9 21.6

36 6.9 6.7 13.1 12.9 78 11.8 11.4 223 22.0

38 7.2 7.0 13.6 13.5 80 12.0 11.6 22.7 224

40 7.5 7.2 14.2 14.0 82 12.2 11.8 23.1 22.8

42 7.8 7.5 14.7 14.5 90 12.9 12,5 24.5 24.2

44 8.0 7.7 15.2 15.0 92 13.1 12.7 24.9 24.6
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curve analysis. The former is possible if the
energies of the y-lines are more different than
the energy resolution of the y-spectrometer used
(typically 2keV for an HPGe detector). The latter
is possible if the half-lives of the radionuclides
C and D are different. For considerably different
half-lives, a sufficiently short (long) decay time
makes it possible to measure the short- (long-)
lived radionuclide selectively.

3. Chemical separation of B from D. This is only
possible if B and D are not radioisotopes of the
same element.

A special case is spectral interference from the ma-
trix. CPAA being primarily a method for trace element
determinations, the concentration of the analyte el-
ement is much lower (typically 10° times) than the
concentration of the major matrix element(s). If a
major matrix element (C) is activated, it often happens
that the activity of D is much higher (also 10° times)
than that of B. Even for quite different y-energies or
half-lives, selective measurement becomes quite diffi-
cult. The interference can only be avoided by a proper
choice of the incident energy or by chemical separa-
tion of B from D. In the former case an instrumental
analysis (i.e., without chemical separation) is possible.

Standardization

‘Standardization’ matches the concept of ‘calibra-
tion’ generally used in analytical chemistry. The
number of radionuclides produced per unit time by
irradiation of an infinitesimally thin target is deter-
mined by the balance of the increase due to nuclear
reactions and the decrease due to radioactive decay:

dN

E:I~0’-n~dl—2~N

[10]

where N is the number of radionuclides for the nu-
clear reaction considered, ¢ is the time (s), I is the
number of charged particles per unit time, or beam
intensity (s~ '), o is the (partial) nuclear reaction
cross-section for the nuclear reaction considered
(cm?), 7 is the number of target nuclides for the nu-
clear reaction considered per unit volume (cm ~3), [ is
the thickness of the target (cm), and 4 is the decay
constant of the radionuclide formed for the nuclear
reaction considered (s~ 1).

The number of radionuclides formed after an ir-
radiation time ¢; is found by integration of eqn [10].
On condition that the beam intensity I is constant
during irradiation, the activity is then

A=A-N=1-0-n-dl-(1—exp(—it)) [11]

For a ‘thick’ target, i.e., thicker than the range R of
the charged particles used, the activity is obtained by
integration of eqn [11] between 0 and R. It can be
demonstrated that the beam intensity [ is nearly con-
stant as a function of the depth [. On condition that
the analyte element is homogeneously distributed in
the sample, one obtains

R
A=I.n-p ' . (1- exp(f/ltl-))/ (o-p)dl  [12]

Using the stopping power S (eqn [1]) the integral in
eqn [12] can be expressed as a function of the energy,

/OR(G‘p)dl—/E(Ei (%) de

where E; is the incident energy and the integration
limit E =0 (corresponding to /= R) may be replaced
by the threshold energy E., as the cross-section is
zero for an energy below the threshold energy of the
nuclear reaction.

Although, in principle, the concentration of the
analyte element can be calculated by eqns [12] and
[13], in CPAA a relative method is usually applied
whereby a standard (s) and a sample (x) are irradi-
ated separately but with the same incident energy E;.
From eqns [12] and [13], the concentration of the
analyte element in the sample is then

(13]

“me T e T M
F[ (SZ)dE//: (%)dE [15]

The number of target nuclides per unit volume (7)
can be replaced by the concentration of the analyte
element (c, e.g., in mg per kg), at least if the isotopic
abundance of the target nuclide is equal for sample
and standard (which is mostly the case).

The concentration (‘concentration’ ¢ matches the
SI quantity mass fraction w) of the analyte element in
the sample (c,) can thus be calculated by eqn [14]
from the concentration of the analyte element in the
standard, cg; the ratio of the activity in sample and
standard at the end of irradiation, A,/Ag; the ratio of
the beam intensity for standard and sample, I/I,; the
irradiation time, #; the decay constant, 2 =In2/t;),
where ¢y, is the half-life; and the F-factor (eqn [15])
representing the correction for the difference in stop-
ping power of sample and standard.

The F-factor can be calculated according to eqn
[15] if (1) the stopping power of sample (S,) and
standard (S;) and (2) the nuclear reaction cross-
section (o) are known, both as a function of energy in
the energy interval between the threshold energy (E,)
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and the incident energy (E;). The first condition can
be fulfilled in a large number of cases. If the major
element concentration of the sample is known and if
the matrix does not change during irradiation, the
stopping power of the sample can be calculated. It is
obvious that the stopping power of the standard can
be calculated. If the second condition is also fulfilled,
the most obvious method for calculation of the
F-factor is numerical integration of eqn [15].

As the second condition is not always fulfilled, two
approximative standardization methods have been
proposed that do not require knowledge of the nu-
clear reaction cross-section. The first approximative
method makes use of stopping power data for sample
and standard,

F=~S«(Em)/Ss(Em) [16]
at an energy Epy i.e., the average of incident and
threshold energy,

Em = (Ei +E)/2 (17]
The second approximative method makes use of
range data for sample and standard at both the in-
cident and threshold energies:

R(Ei) — Rs(Ex)

F A~ RE) —Ru(Ey)

(18]

These two approximative methods are equivalent
and vyield accurate results if one or more of the fol-
lowing conditions are fulfilled: (1) the atomic number
of (the elemental components of) sample and stand-
ard are comparable; (2) the threshold energy of
the nuclear reaction used is high; or (3) the incident
energy is high as compared with the threshold energy.

The average stopping power method requires
knowledge of the cross-section and is in principle
also an approximative method, but with a negligible
systematic error compared with the previous two
methods. The F-factor is calculated using stopping
power data for sample and standard,

FaS(Em)/Ss(Em) 19]
at an ‘average energy’ E., calculated as
Em = / (E- o—)dE// o dE 20]
0 0

Up to now, all methods have required knowledge of
the stopping power of the sample, which can be cal-
culated for all elements and for any mixture or com-
pound with known composition. Many samples,
however, have a very complex matrix composition
that is not always accurately known. Irradiation with

charged particles can cause substantial heating in
materials of low thermal conductivity, e.g., silicates,
such as environmental and geological materials. This
can give rise to evaporation of, for example, the
organic fraction present in the sample. The introduc-
tion of systematic positive errors in quantitative anal-
ysis is to be feared from enrichment of the analyte
element during irradiation and the fact that the stop-
ping power calculated for the sample is too high. In-
deed, the stopping power of a material, taking into
account the organic fraction also, is higher than the
stopping power of the inorganic fraction of that
material (the stopping power of hydrogen for protons
is about three times higher than the stopping power
of, for example, silicon dioxide). If the organic frac-
tion (or part of it) evaporates during irradiation, a too
high stopping power is used in the calculations and
consequently a too high concentration is obtained.

Consequently, an internal standard method has
been proposed for materials with unknown or
variable matrix composition. The idea is that by
using the known concentration of one element (i.e.,
the internal standard) and by measuring the induced
activity of the internal standard, a correction can be
calculated for all elements to be determined (i.e., the
analyte elements) without knowledge of the matrix
composition of the sample. Approximative methods
not requiring knowledge of the reaction cross-section
have also been proposed.

The ‘two reactions’ method is derived from the
average stopping power method and also makes use
of an internal standard of known concentration. The
main advantage is that no stopping power data at all
are necessary, so that the accuracy of the analytical
method is not influenced by the accuracy of the
stopping power data.

So far, a relative method has been applied, where-
by a standard and a sample are irradiated separately
but with the same incident energy. In the standard
addition method, however, a sample is irradiated,
and separately the same sample to which an accu-
rately known amount of the analyte element is add-
ed. As both matrices are almost identical (only trace
amounts of analyte are added), the F-factor is unity
and consequently the method does not make use of
any stopping power data.

Experimental
Irradiation

For CPAA charged particles have to be accelerated
up to an energy higher than the Coulomb barrier (to
obtain high reaction cross-section and thus detec-
tion limit) and lower than the threshold energy of
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reactions more complex than (x,n) or (x,x) reactions,
where x is the charged particle (to avoid nuclear in-
terferences). Energies between a few MeV and
20 MeV should be available for protons and deuter-
ons and up to 30 MeV for helium-3 or helium-4 par-
ticles. Accelerators that cover this energy range of
interest for CPAA are the isochronous cyclotron,
the ‘tandem Van de Graaf’ accelerator or the linear
accelerator (linac). An isochronous cyclotron with
variable energy is generally used.

Irradiation with a charged particle beam can cause
substantial heating of the sample. Therefore, efficient
cooling of the target is the major concern in target
design. The simplest target design is possible for solid
samples with good thermal conductivity, not pow-
dered and available as a foil or sheet with a thickness
slightly larger than the range. Irradiation under
vacuum is then possible with the sample mounted
on a water-cooled sample holder. For powdered
samples or samples with poor thermal conductivity,
irradiation in a helium atmosphere has been devel-
oped. Applications of CPAA for the analysis of lig-
uids are less obvious, as many optical (AAS, OES) or
mass spectrometric (ICP-MS) methods of analysis
exist for diluted aqueous solutions.

When a relative method is used in CPAA, the ratio
of the beam intensity for standard and sample has to
be determined experimentally. As knowledge of the
absolute beam intensity is not required, it is common
practice to cover sample and standard with a thin
(much less than the range) I-monitor foil. The in-
duced activity in the I-monitor foil is then a measure
of the beam intensity. Pure metal foils are the obvious
choice: they are good thermal conductors, monoel-
emental, and available in different thicknesses.

To avoid recoil nuclides from the I-monitor foil in
the sample (or the standard) a recoil foil is inserted
between the I-monitor foil and the sample (or the
standard). As the range of the recoil nuclides is much
lower than the range of the charged particles com-
monly used in CPAA, a few micrometers of alumi-
num foil is sufficient to stop the recoil nuclides
completely, while the energy of the charged particles
is reduced by a minor (but not negligible) fraction.

Chemical Etch

Although charged particles have a limited range in
matter, CPAA is considered as an analytical method
for determination of the concentration in the bulk of
a sample rather than at the surface. Accordingly, in-
terference from the analyte element at the surface has
to be avoided. This is possible for solid samples that
are not powdered simply by etching the sample be-
fore irradiation, at least if further contamination of

the surface can be avoided until the end of irradiation
(contamination after irradiation gives no interfer-
ence). For the determination of light elements (bo-
ron, carbon, nitrogen, and oxygen) at low con-
centrations, however, the latter condition cannot
always be fulfilled. This is the case, for example, for
the determination of bulk oxygen concentration in
aluminum. A freshly etched aluminum sample is ex-
posed to air again and has an aluminum oxide layer
that will also be activated. Chemical etch after irra-
diation is then the appropriate method. A few micro-
meters of the activated surface will be removed.

Radiochemical Separation

Instrumental analysis is possible if spectral inter
ference can be avoided by a proper choice of the
incident energy or the measuring conditions (see
Interferences). If not, the radionuclide B, formed
from the analyte element A, has to be separated
radiochemically from interfering radionuclide(s) D,
formed out of interfering element(s) C. The latter
case is called radiochemical analysis, in contrast to
instrumental analysis for the former. This section
deals with some major differences between radio-
chemical separation and common chemical separa-
tion, used for non-nuclear methods of analysis.

For most charged particle-induced reactions the
atomic number of the radionuclide B is different
from that of the analyte element A. This is the case
for (p), (pt), (dn), (dz), (Heyn), (Heyd), (o5n),
and (a,d) reactions, but not for (p,d) and (*He,x)
reactions. The radiochemical separation to be deve-
loped for CPAA is thus different from that for all
non-nuclear analytical methods and for some other
methods based on activation analysis, such as ther-
mal- and fast-NAA (using the (n,y) and (n,2n) reac-
tions, respectively) and PAA (using the (y,n) reac-
tion). Also, in principle, it is not necessary to separate
the matrix, but rather the radionuclide(s) formed out
of the matrix element(s). Again, the atomic number
of the radionuclide(s) is usually different from that of
the matrix element(s). Owing to the chemical sepa-
ration involved, CPAA is considered to be an inde-
pendent analytical method, not subject to the same
systematic errors as other analytical methods.

A radiochemical separation has three important
advantages compared with a common chemical sep-
aration: (1) Inactive carriers can be added for the
elements to be separated (B and D). This avoids the
difficulties of a chemical separation at the trace level.
(2) Reagent impurities (or blanks) do not influence
the detection limit capabilities of the analytical meth-
od. (3) Separations may not be quantitative and even
not reproducible (see below).
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In the choice and development of a radiochemical
separation the following seven points have to be
considered.

1. Selectivity of the separation. As already pointed
out (see Interferences), the induced matrix activity
(D) can be up to 10° times higher than the activity
to be measured (B). It is not possible to resolve
such a low activity in the presence of such a high
activity. In such unfavorable cases the decontam-
ination factor (ratio of D before to after separa-
tion) should be ~10* or better.

2. Quantitativeness of the separation. A separation
that provides quantitative recovery of B is to be
preferred. If the separation is not quantitative and
not even reproducible, determination of the yield
for each individual separation is possible. Two
pathways can be followed: addition before sepa-
ration of an accurately known amount of inactive
(active) carrier and measurement of the mass
(activity) of the carrier after separation.

3. Speed of the separation. To obtain an optimum
detection limit, the time needed to perform the
whole separation procedure should not exceed a
few half-lives of the radionuclide to be measured.

4. Use of inactive carrier. It is not only an advan-
tage but usually also a necessity to add an inactive
carrier of the elements to be separated. Indeed, if
the atomic number of the radionuclide B is dif-
ferent from that of the analyte element A (which
is mostly the case, see above), this radionuclide B
is produced ‘carrier free’. The number of radio-
nuclides (N) can be calculated from the activity

(A) and the half-life (z;,):

N:A~t1/2/ln2 [21}

For A=1kBq and #;/, =1 day, the amount of
substance is 10~ '* mol. It is clear that, if there is
no accidental addition of inactive element B (e.g.,
impurity in the matrix or reagents), it can be very
difficult to separate chemically such a low mass.

5. Detection efficiency of the measurement. To ob-
tain the optimum detection limit, the activity
should be measured with the highest possible de-
tection efficiency. The latter is also determined by
the geometry (size and distance from the detector)
of the source. Separation procedures ending with
large volumes of solution are less favorable than
those ending with a precipitate.

6. Self-absorption of the source. Self-absorption of
the source to be measured is, in principle, not a
problem, as long as the absorption is identical for
all samples and standards. Self-absorption can be
important for low-energy y-rays or sources con-
taining components of high atomic number.

7. Health risk. Health risk is quantified as dose ex-
pressed in the SI unit sievert (1Sv=1]Jkg ). The
dose equals the amount of absorbed radiation
energy per unit mass, multiplied by a weighing fac-
tor for radiation w, to take into account the
biological effects of different radiations (for y-radia-
tion, w,=1). The maximum permissible dose for
occupational workers is 20mSv per year. Natural
sources provide 2—6 mSv per year. The activity level
required for precise y-measurements (kilobecquerels)
provides no health risk for external radiation
(nSvh~! at 30cm). The induced matrix activity,
however, may be much higher. It is good practice
first to separate the main matrix activity, choosing a
procedure that limits manual intervention to the
strict minimum. Ion exchange chromatography, for
example, is a better choice than (manual) solvent
extraction. Ingestion of radioactive material is to be
avoided by appropriate laboratory practice.

The experimental development of a radiochemical
separation can be supported by the use of radiotrac-
ers. The chemical separation is simulated step by step
with addition of radiotracers (and inactive tracers
also) for the element to be separated (B) and for the
interfering element(s) (D), in order to check quanti-
tativeness and selectivity, respectively. The tracer has
to be brought to the same chemical form as the ra-
dionuclide to be separated. This is often not possible
for the dissolution step preceding the actual separa-
tion procedure. Therefore, the dissolution procedure
selected should guarantee quantitative recovery of
the radionuclide to be measured.

There is no need to apply the radiochemical sep-
aration to the standards, at least if monoelemental
standards are used (i.e., the pure analyte element or a
compound of it). However, standards and samples
have to be measured with identical detection effi-
ciency. Therefore, the standards are brought into
exactly the same geometrical form as the samples
after separation. If the last step of a separation is ion
chromatography, the standards are dissolved and the
total volume is brought exactly to the volume of
the eluate. Possible differences in self-absorption
have to be considered (e.g., because the acid used for
the elution differs from the one used to dissolve the
standard).

Measurement of Radioactivity

Charged particle-induced reactions, such as (p,n) and
(p,2) reactions, yield radionuclides that are too rich
in protons and consequently decay by positron (f")
emission or electron capture (EC), mostly followed
by gamma (y) emission. Positrons are emitted with
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energy between zero and a characteristic maximum
energy. Electron capture involves measurement of
X-rays or Auger electrons and is of no importance
for CPAA. y-Rays are monoenergetic. A radionuclide
(and the analyte element the radionuclide is formed
from) can be identified by its characteristic y-photon
energy (qualitative analysis). The (radio)activity
measured (i.e., the number of positrons or y-photons
measured per second) provides quantitative informa-
tion. A limited number of radionuclides are pure
positron emitters. Positron emitters are measured
indirectly by the annihilation radiation: a positron
loses its kinetic energy, it annihilates with an electron
(i.e., both electron masses are converted into energy)
and two y-photons are emitted in opposite directions.
The energy of both y-photons is 511 keV, i.e., the rest
mass of the electron. It is clear that information
about the characteristic maximum energy is lost
during the annihilation process. A positron emitter is
then to be identified by its half-life. It is clear that
y-spectrometry is the method of choice, except for
pure positron emitters.

Applications

The most obvious application of CPAA is the deter-
mination of traces of light elements such as carbon,
nitrogen, and oxygen in the bulk of very pure metals
and semiconductors. The analytical methods rou-
tinely used are combustion in an oxygen stream and
measurement of the carbon dioxide formed (for car-
bon), the Kjeldahl method (for nitrogen), and red-
ucing fusion (for nitrogen and oxygen). The
detection limit is of the order of mg per kg and sys-
tematic errors are to be feared because of the effects
of surface contamination, reagent blanks, and non-
quantitative recovery of the gases. Activation anal-
ysis is not subjected to the same kind of systematic
errors. Surface contamination can be avoided by
chemical etch after irradiation (see Experimental);
reagent blank errors do not occur; if instrumental
analysis is not possible, the yield of a radiochemical

separation can be determined, even if not reproduc-
ible (see Experimental). Because of unfavorable nu-
clear characteristics, thermal neutron activation
cannot be applied for the determination of these
light elements. Activation analysis with fast neutrons
or photons has lower sensitivity (higher detection
limit) than CPAA.

Nuclear data for the determination of boron, car-
bon, nitrogen, and oxygen by CPAA are summarized
in Table 4. For short-lived radionuclides such as
oxygen-14 and oxygen-15, only instrumental ana-
lysis is possible. For longer-lived radionuclides, a
chemical separation can be applied if necessary.
Beryllium can be separated by anion chromatograp-
hy; carbon by combustion in an oxygen stream or
dissolution in an oxidizing acid followed by trapping
of the carbon dioxide formed; and nitrogen and flu-
orine by steam-distillation as ammonia and hexaflu-
oro-silicate, respectively. Beryllium-7 and oxygen-14
are y-emitters and qualitative and quantitative meas-
urement is performed with a y-spectrometer. The
other listed nuclides are pure positron emitters to be
identified by their half-lives. Nuclear interference
cannot always be avoided. As the concentration of
the interfering elements is generally lower than that
of the analyte elements, this interference can usually
be neglected or corrected for. As a monoelemental
standard, either the pure element is used or a pure
compound with well-known stoichiometry and good
stability during irradiation. Correction is necessary
for different stopping powers of sample and standard
(see Standardization).

CPAA for Surface Characterization

Although CPAA has been widely applied for bulk
analysis, it is also applicable for surface characteri-
zation within strict limitations.

CPAA for surface characterization is based on ir-
radiation of a ‘thin’ surface layer, i.e., the thickness of
the surface layer (~nm to um) is much lower than
the range of the charged particles used (~mm).
Moreover, the substrate (i.e., the layer on which the

Table 4 Nuclear data for the determination of boron, carbon, nitrogen, and oxygen by CPAA

Reaction E, (MeV) b2 Radiation (E,, keV) Nuclear interference Standard
Boron °B(p,x) "Be 0 53.4days Bty (478) Li B, HsBOs
19B(d,an) "Be 1.3 Li
98(d,n) ''C 0 20.4min g None B
Carbon 2C(d,n) *N 0.3 9.97 min + None C, polyethene
Nitrogen “N(p,n) ™0 6.3 70.5s B,y (2313) None NaNOs, nylon-6
“N(p, o) ''C 3.1 20.4min gt B
4N(d,n) °0 0 2.05min g None
Oxygen %0(®He,p) '8F 0 109.8 min g F, Na SiO,
80(t,n) 8F 0 None
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surface layer is deposited) should not contain the
analyte element(s). The goal is to determine the
partial mass thickness, i.e., mass of the analyte ele-
ment per surface unit, e.g. mg Ti per cm? for a TiO,
surface layer. The induced activity is proportional to
the mass thickness as it equals ¢, x the denominator
in eqn [18], E, being replaced by E,, i.e., the out-
going energy, slightly lower than E..

The partial mass thickness(es) determined can be
used to calculate (1) the elemental composition of a
surface layer or (2) the total mass thickness knowing
the stoichiometry of the surface layer. Moreover, the
thickness in nm or um can be calculated knowing the
density of the surface layer material.

Examples are the determination of (1) the Cu/Y
and Ba/Y ratios in YBCO (YBa,Cu3O¢ . 5), which
strongly influence the resistivity of this high-temper-
ature super conductor and (2) the mass thickness of
Al, Al O3, or TiO, layers on PET foil, assuming the
stoichiometry mentioned, which improve the water-
and airproof characteristics of this packing material.

Analytical Capability

CPAA is an analytical method for the determination
of trace elements in the bulk of a sample. CPAA can
also be applied at higher concentration levels, but
then other, more common analytical methods can
yield even better results more conveniently. Determi-
nation of a specific compound or the oxidation state
of an element (i.e., speciation) is excluded. CPAA is
considered to analyze the bulk of a sample, as the
activated depth (slightly less than the range) is bet-
ween 0.1 and 1 mm and because surface contamina-
tion can be avoided by chemical etch after irradiation.
The sample mass analyzed depends on the activated
depth and the beam diameter (typically 0.5-2 cm).

No general statement can be made about the ele-
ments that can be determined and the samples that
can be analyzed, because these depend on the nuclear
characteristics of the target nuclide (isotopic abun-
dance), the nuclear reaction (cross-section and related
parameters such as threshold energy and Coulomb
barrier), and the radionuclide induced (half-life, radi-
ation emitted, energy, and its intensity) for the analyte
element, the possible interfering elements and the
major components of the sample. CPAA can solve a
number of important analytical problems in material
science (e.g., determination of boron, carbon, nit-
rogen, and oxygen impurities in very pure materials
such as copper or silicon) and environmental science
(e.g., determination of the toxic elements cadmium,
thallium, and lead in solid environmental samples).
As these problems cannot be solved by NAA, CPAA
and NAA are complementary to each other.

CPAA can easily be applied to solid, massive sam-
ples with good thermal conductivity and available
as foil or sheet slightly thicker than the range (e.g.,
metals). Special precautions have to be taken for
powdered materials and poor thermal conductors.
Analysis of liquids and gases is inconvenient.

If spectral interferences can be avoided (multiele-
mental), instrumental analysis is possible (i.e., with-
out radiochemical separation between irradiation of
the sample and measurement of the induced activity).
In general, an instrumental analysis is possible for
analyte elements with low atomic number in a ma-
trix with high atomic number, because the charged
particle energy can be chosen just below the Cou-
lomb barrier for the matrix element.

Detection limits down to the pg per kg level have
been attained for the most favorable instrumental
analyses (e.g., carbon and nitrogen in molybdenum
and tungsten) and for radiochemical analyses (e.g.,
cadmium and thallium in zinc) at least if no nuclear
interferences occur. This is below the concentration
levels at which these impurities influence the material
characteristics and below the detection limit attain-
able by more common methods of analysis. A pre-
cision (reproducibility) of a few percent is possible at
the mg per kg concentration level in the most favor-
able cases. However, at higher concentration levels
the precision will not improve significantly. Many
systematic errors can be checked experimentally
(e.g., interferences, yield of a radiochemical separa-
tion); others can be avoided experimentally (e.g.,
surface contamination). Systematic errors due to
reagent blanks do not arise.

To apply CPAA one needs access to a cyclotron, a
radiochemical laboratory, and y-spectrometry and
B -counting equipment. The time needed for one
analysis is determined by the half-life of the radio-
nuclide induced and whether a radiochemical sepa-
ration is necessary or not. The inherent complexity
and costs are the major drawbacks of CPAA.

CPAA is an independent analytical method
(with respect even to NAA or PAA) that is not sub-
ject to the same potential systematic errors as optical
(AAS, OES) or mass-spectrometric (ICP-MS) analyt-
ical methods, which often require sample dissolution
prior to measurement (CPAA does not require sam-
ple dissolution prior to irradiation). Therefore,
CPAA can provide a significant contribution to
certification analyses of reference materials (e.g.,
BCR, NIST).

See also: Activation Analysis: Neutron Activation; Pho-
ton Activation. Quality Assurance: Reference Materials;
Production of Reference Materials. Radiochemical
Methods: Radiotracers.



20 ACTIVATION ANALYSIS/Photon Activation

Further Reading

Blondiaux G, Debrun JL, and Maggiore CJ (1995) Charged
particle activation analysis. In: Tesmer JR, Nastasi M,
Barbour JC, Maggiore CJ, and Mayer JW (eds.) Hand-
book of Modern Ion Beam Analysis. Pittsburgh: Material
Research Society.

Casteleyn K, Strijckmans K, and Dams R (1992) Inter-
nal standardization in charged particle activation ana-
lysis. Nuclear Instruments and Methods B 68:
161-165.

De Neve K, Strijckmans K, and Dams R (2000) Feasibility
study on the characterisation of thin layers by charged
particle-activation analysis. Analytical Chemistry 72:
2814-2820.

Photon Activation

D Schulze, Sichsisches Institut flr gebietliche
Umwelt- und Sanierungstechnologieforschung i.G.,
Leipzig, Germany

C Segebade, Bundesanstalt fur Materialforschung und-
Prifung (BAM), Berlin, Germany

© 2005, Elsevier Ltd. All Rights Reserved.

This article is reproduced from the previous edition, pp. 25-32,
© 1995, Elsevier Ltd., with an updated Further Reading list
supplied by the Editor.

Introduction

Photon activation analysis is based upon the reaction
of nuclei with high-energy photons such as y-rays or
X-rays. Analogously to neutron activation analysis
— which is better known and much more frequently
applied than photon activation analysis — the reac-
tion products are normally radioactive. The induced
radioactivity, preferably the emitted gamma radia-
tion and characteristic X-rays, is measured with ap-
propriate spectrometers, in basically the same
procedure as for neutron activation analysis and
activation analysis with charged particles. One dif-
ference between the techniques relates to the differ-
ent natures of the respective product nuclides; after
photon activation it is advantageous to employ, in
addition to classical gamma-ray spectrometry, low-
energy photon spectroscopy using special semicon-
ductor diodes designed for measurement of ‘soft’
photons. This will be explained further in the context
of radiation measurement below.

Another difference is in the yield distribution be-
tween the product activities: during exposure to
thermal neutrons a single reaction type occurs almost
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In: Brune D, Hellborg R, Whitlow HJ, and Hunderi O
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pp- 169-175. Weinheim: Wiley-VCH.
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Vandecasteele C and Strijckmans K (1980) Standardization
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exclusively, namely (n, y). In activation with high-
energy (say 30 MeV) bremsstrahlung photons several
reaction types can occur, the (y,n)-type being favored,
whereas during charged particle bombardment sev-
eral reaction types can be induced with comparable
activity yields.

Data processing is performed in the same way as
for neutron activation analysis, although the spectra
of photon activated samples look slightly different
from those resulting from after neutron or charged-
particle exposure.

Photon activation analysis can be regarded as a
complementary technique to thermal neutron acti-
vation analysis, with some advantages and several
drawbacks. Particularly advantageous features of
photon activation analysis as compared to neutron
activation include:

e The activating radiation source (usually a linear
or circular electron accelerator) is smaller, less
expensive, and easier to operate than a nuclear
reactor normally used for neutron activation.

e Instrumental multielement analyses can be per-
formed, nondestructively in advantageous cases
(i.e., large objects).

e Large objects — up to above the size of the human
body — can be analyzed nondestructively, where
either bulk analyses comprising the entire object or
analyses of selected limited spots can be performed.

e Elements can be analyzed with high detection
power that cannot be detected by neutron activa-
tion, e.g., light elements (deuterium, beryllium,
carbon, nitrogen, oxygen, fluorine, silicon, phos-
phorus) or elements of environmental interest
(nickel, thallium, lead, bismuth).
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e Matrix problems frequently encountered in neu-
tron activation analysis (excessive matrix activity,
inhomogeneous activation due to large absorption
cross-sections, etc.) are significantly reduced.

One disadvantage of photon activation analysis is
the comparatively poor detection power for several ele-
ments, e.g., sodium, vanadium, cobalt, the rare-earth
elements. Thus, ultratrace determinations of these ele-
ments are barely possible using photon activation. As
in other instrumental analytical techniques, photon
activation analysis is a relative quantification method
and hence needs reference materials with known com-
positions. (Reference materials are dealt with below.)

A description of photon activation analysis inclu-
ding historical development can be found in the lit-
erature (see Further Reading section).

History

The first photonuclear activation for analytical purpos-
es was performed with radionuclides as the activating
radiation source. These applications were reported in
the early 1950s, although apparently the first beryllium
determinations by photodisintegration were performed
in the late 1930s in the Soviet Union. The analytical
detection power of photon activation analysis using
radionuclide sources is poor and restricted to the anal-
ysis of deuterium, beryllium, several fissile nuclides, and
a few nuclides that have low-lying isomeric states.
Nonetheless, nuclide excitation is still in use.

Later, small static accelerators were used for the
analysis of these elements. With the advent of high-
energy cyclic electron accelerators (betatron, micro-
tron, linac), the high-energy bremsstrahlung produced
by these machines has been used for photon activat-
ion. As a result, the list of determinable elements has
increased dramatically and, with a few exceptions,
now covers the entire periodic table. Some of the light
elements (carbon, nitrogen, oxygen) were analyzed in
the early 1950s using photonuclear reactions induced
by bremsstrahlung from a betatron. A chemical sep-
aration is normally involved in the analysis of these
elements. A great deal of fundamental work was
devoted to this problem during the 1960s (see later).

Along with the maturity of gamma spectroscopy
equipment, the extension of the method to heavier ele-
ments, as happened in the 1960s, was straightforward.

Photonuclear Reactions

Shortly after the beginning of photonuclear research
in 1934, photoreactions were exploited for analytical
purposes as well as for radionuclide production.

Absorption of Photons by Nuclei

Nuclear reactions induced by electromagnetic radi-
ation can be described — at least for sufficiently low-
photon energies — in terms of a two-stage process.
Absorption of a photon leads to an intermediate
highly excited state of the nucleus. The excitation
energy of this so-called compound nucleus can then
be released by emission of photons, neutrons, or
charged particles.

De-Excitation of the Nucleus after Absorption of a
Photon

The excitation energy may be released by the fol-
lowing processes: (1) Re-emission of a photon with
the same energy as the incident photon. This process
is called elastic scattering or (y,y)-reaction. (2) Emis-
sion of photons with lower energy. This type of
reaction is known as inelastic scattering or (y,)')-
reaction. (3) Emission of neutrons, protons, or com-
posite particles if the excitation energy exceeds the
particle separation threshold.

Photonuclear Reactions Used for Activation
Analysis

According to the processes described above, a photo-
nuclear reaction is described by

T+7-P+b

or symbolically, according to convention,

T(y,b)P [

where T is the target nucleus, P is the activation
product, and b is the promptly emitted particle, usu-
ally y or n-type being the most relevant for analytical
application. At higher incident photon energies,
(y,2n), (y,3n), (y,p), (y,2), and other reactions can
also be induced during photon bombardment. How-
ever, these reactions mostly lead to undesirable in-
terference and thus should be minimized through
proper selection of the activating energy. In daily
laboratory practice, 30 MeV bremsstrahlung has
proved optimal for photon activation analysis.

As mentioned above, the first photoactivations
were performed with radionuclide sources. Conse-
quently, analytical application was then restricted to
nuclides with low neutron binding energies (photo-
disintegration of *H, °Be); nuclides that undergo
low-energy photofission (thorium, uranium), being
detected by prompt neutron counting; and nuclides
that have sufficiently long-lived isomeric states to be
counted with some delay after activation.

With the help of high-energy accelerators, photon
activation was soon extended to the analysis of
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carbon, nitrogen, oxygen, and fluorine, all these
being elements with nuclear properties unfavorable
for neutron activation analysis. These require chem-
ical separation after photon exposure since their
activation products are pure positron emitters.
Activation products of heavier elements mostly emit
characteristic y-ray spectra, hence they can be analy-
zed instrumentally, particularly since high-resolution
semiconductor photon spectrometers are now gene-
rally available. In some cases, however, a radiochem-
ical separation step must also be included in the
analytical procedure for heavier elements, e.g., when
the desired analytical signal is interfered with by
signals of other components, or in the case of ex-
cessive matrix activity background. In this case it can
be of advantage to use scintillation spectrometry.

As mentioned earlier, the use of low-energy photon
spectrometry is frequently advisable. Among the
activation products resulting from photon exposure,
neutron-deficient nuclides predominate via the most
probable reaction types (see eqn [1])—(y,n) in partic-
ular. While most product nuclides with low atomic
numbers decay by positron emission, the electron-
capture decay mode dominates among activation
products of medium to high Z, resulting in emission
of intense characteristic X-ray spectra. These can be
measured conveniently with low-energy photon de-
tectors (see below, Photon spectrometry). In many
cases low-energy photon spectrometry offers several
advantages when compared to classical y-measure-
ment.

Induced Activity and Analytical Sensitivity

The general radioactivation eqn [2] is

m Emax
A= Zlfh ' (/Eth o(E)¢e(E) dE) (1— e*ZT.)—e—ATD 2]

where A is the induced activity, m the target mass,
Na Avogadro’s constant, b the isotopic abundance,
A, the relative atomic mass, E,, the threshold energy,
Eax the maximum energy of the bremsstrahlung
continuum (equals incident electron energy), o(E) the
energy-differential activation cross-section, ¢g(E) the
energy-differential photon flux density, A the decay
constant, T; the exposure period, and Tp the decay
time.

The achievable product activity depends on the
photon energy and flux density of the activating
source (Figure 1). Generally, the difference in detec-
tion limits among the elements is nowhere near as
large as in neutron activation analysis. Typically, the
detection limits, assuming purely instrumental ana-
lysis, lie between 0.001 and 1 pg, whereas in thermal
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Figure 1 Schematic representation of bremsstrahlung flux

(¢(E)), normalized bremsstrahlung continuum ( f(E)), and photo-
cross-section (a(E)).

Table 1 Achievable absolute detection limits in instrumental
photon activation analysis

Element Detection limit (ug)
Carbon 0.02
Nitrogen 0.02
Oxygen 0.05
Fluorine 0.001
Calcium 0.5
Titanium 0.005
Nickel 0.06
Rubidium 0.2
Zirconium 0.03
Cadmium 0.02
Tin 0.2
Barium 0.1
Samarium 0.005
Gold 0.005
Thallium 0.04
Lead 0.1
Bismuth 10.0
Uranium 0.001

neutron activation analysis the range covers many
orders of magnitude. The practical detection limit is
often restricted by high matrix radiation back-
ground. Furthermore, the large variety of reaction
types that may be induced means the analyst has to
select carefully the appropriate incident energy for
the given task. This is a compromise between max-
imum analytical activity and minimum interfering
activity. For example,

Analytical reaction: **Co(y,n) **Co

Interfering reaction: ®*Cu(y,on) *4Co

Table 1 lists the achievable analytical detection
limits of several elements.
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Radiation Sources

In radionuclide photoactivation, '2*Sb y-ray sources
have mostly been used, but others have also been
reported, e.g., >*Na or ®°Co. The use of isotopic
sources for photon activation analysis is of limited
value and is restricted to a few appropriate cases.

Electron Accelerators

The disadvantages of isotope sources mentioned
above can be circumvented by using bremsstrahlung
for photoactivation. Accelerator-produced high-en-
ergy electrons are directed on to a heavy-metal
target, preferably tantalum, tungsten, gold, or plat-
inum. In this target, high-energy bremsstrahlung is
produced as the electrons are decelerated in the Cou-
lomb fields of the target nuclei.

The achievable photon flux densities usually
exceed those of radionuclide sources by orders
of magnitude. Moreover, the effective cross-section
is significantly enlarged since the bremsstrahlung
is continuous with electron energy (see Figure 1).
Finally, much higher photon energies are produced
than are obtainable with any isotope source. Hence,
photonuclear reactions can be induced with brems-
strahlung, whereas y-rays, with a few exceptions, can
achieve only isomeric-state excitation.

One has to distinguish between linear and circular
electron accelerators according to the geometry of
the particle trajectories. The different accelerators
are further defined by their operation mode, namely
static and cyclic devices. In static accelerators elec-
trons are accelerated by a constant high-voltage po-
tential. The maximum achievable particle energy is
directly dependent upon the maximum high voltage
of the individual machine. Among static machines,
only van de Graaff accelerators sometimes have been
used for photon activation.

In cyclic accelerators (linacs, betatrons, micro-
trons) electron energies are achieved by multiple
application of comparatively low voltage to the
electrons. The maximum achievable energy is depen-
dent on various parameters. Practical experi-
ence suggests that accelerators producing energies
higher than, say, 50 MeV are unnecessary. More-
over, as explained above, these energies lead to fre-
quent interfering reactions. Analytical requirements
are best met by machines that provide ~30MeV
bremsstrahlung at an average electron beam current
of at least 100pA. The output energy should
be freely selectable so that interfering higher-order
reactions can be discarded by adjustment of the
incident energy below the respective threshold
energy.

Of these accelerators, two types have mostly been
used for photon activation analysis, namely the lin-
ear accelerator (also called linac) and the microtron.
These and other accelerators will not be described in
detail here since normally the analyst is engaged in
the sample handling, activity measurement, and data
processing rather than in the operation of the radi-
ation sources, which is usually done by separate op-
erating personnel.

Activation with Photoneutrons

Photoneutrons are produced at considerable flux
densities in the heavy metal of the bremsstrahlung
converter. For example, in the linear accelerator used
by the authors, a thermal neutron flux density of
some 10'%cm ~?s~ ! has been produced in the tan-
talum converter during normal operation (30 MeV,
150 pA). This appears a relatively poor flux density
compared to that of a standard nuclear research
reactor. Nevertheless, in advantageous cases trace
analyses can be performed. For example, routine
analyses of several elements in air-dust samples were
carried out by activation with photoneutrons (see
below). Normally, however, the photoneutron flux is
analytically negligible, whether as an analytical tool
or as a source of interference.

Sample Preparation and Irradiation

Basically, any kind of material - solid, liquid, or
gaseous, organic or inorganic — can be analyzed by
photoactivation. However, in preparing analytical
samples, precautions are necessary against damage to
the material, e.g., during long-period bremsstrahlung
bombardment of organic matrices. Losses of com-
ponents radiolytically volatilized during bremsstrah-
lung exposure sometimes have to be taken into
account, e.g., mercury evaporation.

Typically, a set of samples of a few milligrams up
to gram amounts are individually wrapped in alumi-
num foil and packed into the irradiation container.
Pneumatic transfer systems are usually used for
transport of samples to the irradiation position.
Figure 2 shows a schematic representation of a typ-
ical irradiation position. The sample rabbit is rotated
by air-blow so as to obtain a quasihomogeneous
activity distribution. Excessive heat is removed from
the sample by the air-jet. Exposure periods depend
upon the half-lives of the expected product activities;
for a typical multielement trace analysis, irradiation
times of a few hours are sufficient.

Other modes of sample preparation will be des-
cribed below in the application examples.
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Figure 2 Typical bremsstrahlung exposure position; schematic
representation. 1=Sample and reference material; 2 =sample
rabbit; 3 =tangential airflow injection inlet; 4 =pneumatic tube;
5=compressed air inlet for sample rabbit retransfer;
6 =bremsstrahlung converter assembly; 7 = electron beam win-
dow (Ti); 8 =accelerator tube.

Photon Spectrometry

Activity measurements using radiation other than
electromagnetic have been performed in only a few
cases; only photon spectrometry is discussed here.
Two basic principles of photon counting have been
used: detection by scintillators exploiting the radio-
luminescence effect, and detection by semiconductor
crystals. These detectors and the subsequent spect-
rometry electronics will not be discussed here. Spect-
rometry during neutron and photon activation
analysis is performed in basically the same way.
One difference is due to the different nature of the
product nuclides in the respective activation tech-
niques. ~ -Emitters are mainly produced by neutron
activation, whereas neutron-deficient nuclei predom-
inate after photon exposure. Thus, scintillation
spectrometry after neutron activation has now more
or less been abandoned. In photon activation analysis
of the light elements, however, y—y coincidence spect-
rometry using two Nal(Tl) crystals in sandwich
geometry is used (see Figure 3). Here the background
radiation can be suppressed to negligible level by
measuring the f* annihilation quanta simultaneous-
ly. Furthermore, as briefly mentioned earlier, low-
energy photon spectrometry is recommended for
multicomponent spectra measurement after photon
activation. Flat (~10mm thick) planar germa-
nium or silicon diodes are used, equipped with
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Figure 3 Schematic representation of a y—y coincidence spec-
trometer. 1=Nal(Tl) crystal detector; 2=irradiated sample;
3 = spectroscopy amplifier plus single channel analyzer (adjust-
ed to screen the 511 keV annihilation peak); 4 = coincidence unit;
5 =recording instrument, e.g., multichannel analyzer.

thin beryllium entrance windows so as to allow
measurement of soft photon radiation, e.g., charac-
teristic X-rays. In several cases, the analysis of this
energy region, say from 5 to 190 keV, offers some ad-
vantage compared with classical y-ray spectrometry.

Analytical Procedure
Reference Materials

Photon activation analysis, as well as other instru-
mental techniques, is generally quantified by com-
parison of activities in the sample with those in a
reference material of known elemental composition
that was irradiated simultaneously. In photon
activation analysis this is necessary particularly be-
cause some accelerator parameters and nuclear data
for the photoreactions involved are either unknown
or not precisely determinable. In addition, some
machine parameters of the accelerator cannot be
assumed constant throughout the exposure period
and might show uncontrolled variation. The use of
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reference materials irradiated simultaneously with
the samples implicitly accounts for these parameters.
Primary standards, i.e., pure elements or substances
synthesized from stoichiometrically well-determined
compounds, are used for quantification through
comparison of the activities after activation. Certi-
fied reference materials are also analyzed to ascertain
the total accuracy of the results. Frequently it is use-
ful to provide a matrix-inherent or additive internal
standard that serves as a flux monitor. The integral
quality of the analytical data (in terms of accuracy
and precision) is thereby significantly improved.

Analysis of Light Elements

One special feature of photon activation analysis is
the analysis of light elements such as carbon, nit-
rogen, oxygen, and fluorine. The analytical procedure
in this case is essentially different from that in instru-
mental multielement analysis. This is due to the fact
that the prominent photonuclear reactions of these
elements, e.g., "*C(y,n)''C, yield pure B -emitters
exclusively and thus emit no characteristic photon
radiation by which they might be detected. Hence,
after activation these elements have to be separated
radiochemically from the sample matrix prior to an-
nihilation radiation measurement. In the case of car-
bon, nitrogen, and oxygen, this is usually performed
by heat extraction. Fluorine separations are normally
carried out by distillation as hexafluorosilicic acid.
Nondestructive or instrumental analyses of the light
elements are possible only in exceptionally favorable
cases, namely if the activated matrix does not emit
positron radiation at significant level at the time of
measurement. However, currently photon activation
techniques are under development that, with help of
improved high-performance hardware and software,
will enable instrumental analyses of light elements in
multicomponent samples through photon activation.

Analysis of Heavier Elements; Multielement
Analysis

High-resolution photon spectrometry with semiconduc-
tor detectors has normally been used for multielement
photon activation analysis. One generally strives for a
purely instrumental or, if possible, nondestructive proce-
dure. In several cases, however, a radiochemical sepa-
ration step is unavoidable and sometimes advantageous.

Examples of Analytical Procedures
Radiochemical Analysis of Carbon in Molybdenum

A typical analytical procedure, such as that for car-
bon in molybdenum, can be summarized as follows.

About 1g of material was placed in the rabbit.
Pieces of graphite foil were put on both sides of the
sample. These served as primary reference material.
The rabbit was then transferred to the irradiation
position through a pneumatic tube system. After
20 min exposure to 35 MeV bremsstrahlung (mean
electron beam current 80 pA) the sample was trans-
ported back to the radiochemical laboratory and
unpacked. The surface contamination was then
removed by etching with aqua regia. The sample
was placed in an alumina crucible that contained a
mixture of 87.5% Pb;O4 and 12.5% B,O3 as ox-
idizing agent plus a piece of iron to initiate and sup-
port the melting process. The crucible was heated in
a high-frequency furnace with an output power of
1kW at a frequency of 10 MHz. The sample-borne
carbon thus volatilized as 'CO,/''CO was trans-
ported by an argon flow from the melted sample.
Inactive carbon dioxide originating from the iron
flux served as an inactive carrier. The gas mixture
was cleaned by a glass wool filter and led through a
tube containing Schiitze reagent (iodide pentoxide on
silica gel) to oxidize radiocarbon monoxide to the
desired dioxide. Finally, '*CO, was absorbed with
potassium hydroxide and then, after a total decay
period of 30 min, counted in the coincidence spec-
trometer described above. A decay curve was re-
corded to ascertain the radiochemical purity of the
sample. The reference material was then counted
without a separation step. The detection limit was
0.02 pg under the described conditions.

Fluorine in Seawater

This procedure is fundamentally different from that
described above not only because of the water
matrix but because fluorine cannot be mobilized by
heat extraction, but requires distillation. A typical
procedure is as follows.

Three milliliters of seawater was freeze-dried.
Artificially synthesized seawater containing known
amounts of NaF was used as reference material
and treated accordingly. In order to avoid first-
order interference by sodium through the reaction
23Na(y,an)'F, the linear accelerator bremsstrahlung
radiation was used at 22 MeV maximum energy so as
to stay below the threshold energy of this reaction.
The exposure period was 20 min. After dissolution of
the sample in distilled water, the other halogens were
removed by silver nitrate precipitation. Radiofluo-
rine was then distilled as H,Si'®F¢ with some inactive
sodium fluoride added as a carrier for quantitative
vapor distillation. Finally, PbCI'®F was precipitated
and then counted with a y—y coincidence sodium
iodide spectrometer. Data evaluation was performed
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by a decay-curve analysis program. The overall
detection limit under the experimental conditions
described was found to be 0.03 pg of fluorine.

Radiochemical Multielement Analysis of
River Water

Photon activation analysis is suited to water analysis
because practically unlimited volumes can be irradi-
ated, thus enhancing the total sensitivity and avoi-
ding solidification prior to analysis; any pretreatment
of water, e.g., evaporation, entails the danger of con-
tamination or undesirable loss of components. Water
can be analyzed without pretreatment using photon
activation as follows.

Water (1.51) was brought in a storage vessel and
200 pg of each of scandium and samarium were added
as nitrate solution to serve as internal standards. The
sample was then irradiated with 30 MeV bremsstrah-
lung (mean electron beam current 150 pA) from an
electron linear accelerator for Sh in a 0.7-1 flow-
chamber under slow continuous cyclic flow. There-
after, the components of interest (Sc, Cr, Mn, Co, Ni,
Cu, Zn, As, Y, Zr, Nb, Mo, Cd, Sn, Sb, I, Ba, TI, Pb,
and U) were separated by a sulfur-substituted cellu-
lose-based sorbant filter switched into the flow cycle
after activation. This sorbant was then dried in a
microwave furnace and pressed to a thin (1 mm
thick) pellet. Product activities were counted with a
large coaxial germanium detector (where **™Sc was
used as an internal bremsstrahlung flux monitor),
and with a planar germanium low-energy photon
diode (where 103 keV of *3Sm served as an internal
standard). Results were obtained by automatic spec-
trum processing; data evaluation was achieved with
personal computer programs. The results were in
good agreement with analyses performed in parallel
using different procedures.

Radiochemical Analysis of Rock Material

Owing to the nature of the matrix analyzed, a radi-
ochemical separation step is sometimes required in
the analytical procedure, e.g., in the case of severe
interference of the analyzed signals by matrix
activity. The analytical quality of the results (in
terms of accuracy, precision, and sensitivity) is
severely degraded if lower-energy gamma peaks
(say less than 511keV) to be evaluated are superim-
posed upon a huge Compton background continu-
um, or if the signal is interfered by other strong peaks
in the close vicinity, in the worst case overlapping the
desired signal. In the rock material analysis described
the analyzed y-ray line of *’Ni (1378 keV) origina-
ting from trace amounts of nickel suffered from the
closeness of the 1369-keV line of **Na due to

magnesium present as a major component in the
sample. Therefore, radionickel was separated from
the matrices of the samples (USGS standard rocks
with recommended element contents). After expo-
sure to 30 MeV bremsstrahlung at a mean electron
beam current of 70 pA for 2h the samples (400 mg
each) were transferred to platinum crucibles, to-
gether with 10 mg nickel carrier. This mixture was
fused with 4 g sodium carbonate, and then dissolved
in concentrated hydrochloric acid; the hydroxides
were then precipitated with ammonia. After purifi-
cation by redissolution and reprecipitation nickel
was precipitated as glyoximate and formed into a
small disk that was then subjected to high-resolution
gamma spectrometry. Primary standards served as
reference materials. The agreement with the com-
parison data was satisfactory. An overall sensitivity
of ~50ng of nickel under the described conditions
was found.

Instrumental Air-Dust Analysis

Review of the analytical literature indicates the analysis
of airborne particulate matter to be one of the most
frequent applications for photon activation analysis.

Air-dust samples from different locations in the
Federal Republic of Germany were taken in high-
volume samplers. Cellulose nitrate membrane filters
were used for particulate collection. The filter was
divided into several subsamples to be analyzed co-
mparatively by 12 laboratories using eight different
techniques, photon activation being one of them. In-
ternal standard solutions of 50pg scandium and
10 pg samarium (see above, River water analysis)
were dropped onto the sample, which was then dried
and dissolved in acetone. Cellulose powder (150 mg)
was then added to serve as a binding matrix for the
pellet pressed after stirring to dryness. These were
placed in a rabbit, transported to the irradiation po-
sition of a linear electron accelerator by pneumatic
transfer, and irradiated with 30-MeV bremsstrah-
lung. After 4h exposure and a cooling period of 2
days, the activation products of the sample were
measured with the spectrometers described above;
the resulting spectra were processed as already de-
scribed (see above, River water analysis). Na, Mg, Si,
CL K, Ca, Ti, Cr, Fe, Co, Ni, Zn, As, Se, Br, Rb, Sr, Y,
Zr, Nb, Mo, Cd, Sn, Sb, I, Cs, Ba, Ce, Nd, TI, Pb,
and U were analyzed by their respective photoreac-
tion products; vanadium and manganese were deter-
mined using °*V and **Mn, respectively, produced
through activation by photoneutrons. In comparing
the results of all techniques applied, good agreement
of the photon activation data with the joint consen-
sus values was reported.
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In vivo Analysis of Trace Metals in Humans

During cancer radiotherapy using a betatron, several
metal components were analyzed in vivo in the trea-
ted body regions. Patients were irradiated repeatedly
(each exposure period was 10 min) at a distance of
1m from the bremsstrahlung converter. Immediately
thereafter, the treated body regions were measured
with a large-volume germanium detector. Mg, Cl,
Ca, Cr, Fe, Ni, Zn, Sr, Sn, and Pb were analyzed. No
significant differences in the element concentrations
were apparent during the treatment, which lasted for
several weeks. However, qualitative and quantitative
differences became discernible regarding the type of
disease and the mode of treatment.

Nondestructive Analysis of an Ancient Musical
Instrument

In studying antiquities and objects of art, nonde-
structiveness is generally essential. A baroque silver
trumpet (early eighteenth century) from a collection
of 12 in total was analyzed nondestructively by pho-
ton activation. The primary objective was the char-
acterization of the basic alloy (Ag/Cu) since several
parts of the instrument had to be replaced. An alloy
had to be used for restoration that was as similar as
possible to the original material since it was intended
to make the trumpet chorus playable, which neces-
sitated providing compatible acoustic properties of
all instruments. Copper sheet disks that served as
flux monitors were attached to the areas of interest,
which were then activated with bremsstrahlung from
an electron linear accelerator. Maximum energy of
16 MeV was selected in order to avoid the produc-
tion of undesirably long-lived '’ Ag activity in the
matrix alloy. Within the selected irradiated areas,
spots of several square millimeters were screened
with a lead collimator and measured with a coaxial
germanium detector (see Figure 4). Thereafter, a
piece of silver alloy sheet with known composition
was activated and measured as a primary reference
material. Processing of the resulting y-ray spectra and
quantitative data calculation were performed with
appropriate personal computer programs.

With these analytical results, a silver alloy with a very
similar composition could be found. After restoration,
acoustic examination yielded excellent homogeneity of
the chorus. The collection can now serve its original
purpose of being played at special ceremonial events.

Fields of Application

Since there is no limitation of the method with res-
pect to the matrix studied, there is a broad spectrum
of applications in the field of material science.
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Figure 4 y-Ray spectrum of an ancient silver trumpet after ex-
posure to 30MeV bremsstrahlung with several component
signals marked; most of the others are due to the matrix silver.

Photon activation analysis has primarily been ap-
plied in the areas of geo-and cosmochemistry,
oceanography, environmental science, industrial
raw- and end-product analysis, high-purity material
studies, organic material/medical and biological ma-
terial analysis, forensic science, art and archaeology,
certification of candidate reference materials.

See also: Activation Analysis: Neutron Activation. Air
Analysis: Sampling; Outdoor Air. Archaeometry and
Antique Analysis: Metallic and Ceramic Objects. Car-
bon. Geochemistry: Inorganic; Soil, Major Inorganic
Components. History of Analytical Science. Nitrogen.
Quality Assurance: Reference Materials. Water Analy-
sis: Freshwater; Seawater — Inorganic Compounds.
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Introduction

The use of adhesives/sealants in both the industrial
and consumer spheres has increased dramatically in
the past 20 years. In the industrial segment, both
reactive and nonreactive systems are used in a wide
variety of applications. The increasing use of reactive
systems has, however, tended to overshadow that of
the nonreactive systems. Most prominent amongst
the reactive systems favored in industrial applications
are anaerobic sealants (methacrylate ester based),
instant adhesives (alkyl cyanoacrylate ester based),
acrylic (toughened) adhesives, epoxy resin adhesives,
polyurethane/isocyanate-based adhesives, silicone
adhesives/sealants, and phenolic resin adhesives.

In the case of nonreactive type of systems favored
for the industrial market, the most widely used types
are (1) hot melt adhesives, (2) solvent-based adhe-
sives, and (3) pressure-sensitive adhesives.

In the hot-melt type, two principal polymer types
are used: polyolefin and ethylene co-polymer based;
and polyester and polyamide type. In the solvent-
based type, the most prominent are neoprene
(polychloroprene)-based solvent and latex types,
and polyvinyl acetate emulsions. For pressure-sensi-
tive adhesives, the most favored are acrylic adhesives
and butyl rubber/polyisobutylene types.

For the analytical laboratory required to analyze a
sealant/adhesive formulation a considerable chal-
lenge is posed by the wide range and considerable
complexity of many of the adhesive types. Undoubt-
edly, the reactive formulations pose the greatest
challenge. This is particularly evident in the case of
the redox-cured methacrylate resin-type formula-
tions (anaerobic products), which are widely used
in threadlocking, sealing, and retaining applications
in the engineering and machinery industries.

Analysis of Anaerobic Sealants/
Adhesives

These anaerobic sealants are essentially liquids that
remain stable (i.e., in the original liquid form) in the
presence of oxygen. When confined between two
closely fitting metal parts (e.g., nut and bolt), thereby
excluding oxygen, the monomeric constituents in the

liquid polymerize. This polymerization is rendered
especially favorable if the metal is able to catalyze
the redox-based ‘cure’ process. These sealants consist
of a complex mixture of methacrylate (or less
commonly, acrylate) esters, free-radical initiators,
accelerators, free-radical inhibitors, metal-chelating
agents, plasticizers, thickeners, inert fillers, pigments,
and dyestuffs. These constituents are very carefully
adjusted to give the correct balance between speed of
cure and stability.

A rather simplified schematic of the redox-based
cure chemistry of anaerobic sealants is shown below
in Scheme 1.

The reaction scheme highlights the key catalytic
role played by the active metal surface. In essence,
the metal functions as an intrinsic component of the
cure system.

Typical Reactive Monomers and Resins

The polymerizable methacrylate monomer is typi-
cally the dominant component in the composition.
The monomer may be present as a single component
or in a mixture. Some examples of commonly used
methacrylate esters are shown in Schemes 2-5.

Typical Cure Promoters and Stabilizers

The cure systems typically incorporate an organic
peroxide, an organic reducing agent, and an organic
acid. The preferred peroxides include cumene hydro-
peroxide (CHP), #-butyl hydroperoxide, #-butyl
perbenzoate, and dibenzoyl peroxide. The organic
reducing agents are typically aromatic amines such

R-0-O-H + H*+ M"™ = RO- + MM™V*+ H,0
R-O-O-H +M™* = M™+R-O-O- + H*

| |
RO-+C=C - RO-C - C: etc.

Scheme 1
C}|—|3
CH; =— C — C — OCH,
(@]
Methyl methacrylate
Scheme 2
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as N,N-dimethyl-p-toluidine and 1,2,3,4-tetrahydro-
quinoline. Occasionally, other reducing agents inclu-
ding acylhydrazines and mercaptans may also be
used.

A variety of organic acids including p-toluenesul-
fonic acid and maleic acid have been used as cure
accelerators. The other essential components in any
anaerobic or acrylic formulation are the stabilizing
components that are required to prevent any
premature polymerization, either during manufac-
ture or in subsequent storage of the formulations
prior to use. The free-radical inhibitors may include
phenolic compounds such a hydroquinone, p-meth-
oxyphenol, pyrogallol, etc. Cure retarders may also
be used as typified by 1,4-benzoquinone and 1,4-
naphthoquinone.

Metal-sequestering agents are sometimes incorpo-
rated at low levels (10-100 mgper kg) to preclude
any problems arising from trace metal contamina-
tion. Ethylenediaminetetraacetic acid (EDTA) and its
various analogs tend to be the preferred type.

Characterization of Monomer/Resin Components

The presence and/or identity of the polymeriza-
ble component(s) in a formulation are routinely

CHs CH,

CH, ==C — C——0 (CH,CH,0),— C — C ==CH,

|
(0]

o

Poly(ethylene glycol) dimethacrylate

Scheme 3

CHs

(CH, == C — C—— OCH,);C — CH,CH,

o
Trimethylolpropane trimethacrylate

Scheme 4

| CHj |
CH,—— C——C—— OCH,CH,0 OCHZCHZ O0—C—C=—=CH,
|| ||

O

established by a combination of nuclear magnetic
resonance (NMR) and infrared (IR) spectroscopy
together with gas chromatographic (GC) and liquid
chromatographic (LC) techniques. In the case of ana-
erobic sealants, which cure through a room-tem-
perature redox-initiated mechanism, the monomeric
components are typically mono-, di-, or tri-func-
tional methacrylate esters or a combination of
these. The 'H and proton decoupled *C NMR
spectra of triethyleneglycol dimethacrylate (TRIEG-
MA) Scheme 6 recorded on a 270 MHz FT-NMR
instrument are shown in Figures 1 and 2, respec-
tively. This monomer is used extensively in anaerobic
products.

The proton NMR spectrum shows the methyl
substituents from the methacrylate end groups at
1.9 ppm (relative to tetramethylsilane (TMS)). The
methylene groups bonded to ether oxygen appear in

CH, CHz

CH,==C—— C——0(CH,CH,0);— C—— C==CH,

e}
Triethyleneglycol dimethacrylate

Scheme 6

L

7 6 5 4 3 2 1 0
o (ppm)

Figure 1 'H NMR spectrum (270MHz) of triethyleneglycol
dimethacrylate in CDCls.

CHj

(0]

Ethoxylated bisphenol (A) dimethacrylate

Scheme 5
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the range 3.6-3.8 ppm, while the methylene groups
bonded to ester oxygen are found at 4.3 ppm
(relative to TMS). The terminal olefinic protons give
resonances at 5.6—6.1 ppm.

The '3C spectrum of the TRIEGMA monomer
shows the following resonances: the methyl substi-
tuents at 18 ppm, ester methylene groups at 64 ppm,
ether methylene groups at 69 and 71 ppm, olefinic
carbon atoms at 126 and 137 ppm (terminal carbon
atom), and carboxyl carbon atoms at 168 ppm.

Such multifunctional esters are used to promote
the formation of a rigid cross-linked structure on
polymerization. Quantitation of these esters is
normally based on GC analysis using an internal
standard. Either narrow or wide bore capillary
columns may be used. In the case of ultraviolet
cure-initiated formulations, the use of higher-mole-
cular mass urethane-methacrylate resins such as
Scheme 7 is involved.

The 270 MHz 'H NMR spectrum of the urethane
resin includes resonances typical of methacrylate
esters as outlined above. In addition to these, bands
due to alkyl groups (1.0-1.4ppm range), methyl

substituents on aromatic rings (2.2ppm), and
T - T I T T T T I T T T T I T T T T
150 100 50 0
d (ppm)

Figure 2 '3C NMR spectrum (270MHz) of triethyleneglycol
dimethacrylate in CDCls.

CHs3

CH,==C——C——OCH,CH,0 — C — NH

||
o (0]

aromatic protons (7-8 ppm) are present. The '*C
spectrum of the same urethane resin shows, in
addition to the methacrylate resonances, resonances
associated with alkyl substituents (17 ppm), aromatic
rings (110-140 ppm), and the urethane carboxyl
moiety (154 ppm).

Such resins may be used in combination with the
simpler methacrylate monomers to improve the
performance of the cured product. Their relative
involatility and the presence of a UV-absorbing
chromophore make LC the preferred approach for
analysis. Again the use of an internal standard is
favored for quantitation purposes.

Characterization of Cure/Stabilizer Systems

The performance of modern adhesive/sealant for-
mulations is critically dependent on the cure system
used. This must be judiciously balanced in order to
give the desired performance, especially with respect
to cure speed, together with a viable stability for the
packaged product. The cure promoters are present
at relatively low concentration (~1% w/w). It is
essential therefore that the appropriate analytical
methods and techniques are available to identify and
quantify these reactive components.

Thin-layer chromatography (TLC) is a fast,
inexpensive technique well suited to adhesive/sealant
analysis. Unlike many analytical techniques, little
advanced instrumentation is required, apart from a
UV/visible light source for some tests. In addition,
sample preparation is generally minimal. Further-
more, in conjunction with specific spray reagents,
TLC can be rapidly used to confirm the presence of
organic peroxides, reducing agents, organic acids,
and photoinitiators (if a UV-curing formulation is
involved). The presence of certain free-radical
inhibitors can also be established by TLC.

A typical TLC procedure involves the use of
commercially available precoated plates (silica gel
F254). Direct application of dilute solutions of the
adhesive products is followed by development of

CHs;

CHs3

NH—— C — O(CHCH,0),— CH, R

(0]

Urethane—methacrylate resin

Scheme 7
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the plate in an appropriate solvent system. The
curatives in the formulation will separate from
the other components (and from each other) as the
chromatogram is developed. Subsequent analysis of
the TLC plate is carried out with the use of specific
spray reagents for visual detection of the compo-
nents. A common curative used in adhesive formula-
tions is the peroxy initiator CHP. A TLC plate
containing the substance is sprayed with an aqueous
methanolic solution of N,N-dimethyl-p-phenylene-
diamine dihydrochloride and heated gently. The
presence of CHP is confirmed by the appearance of
purple spots on the plate, corresponding in R¢ value
with a standard solution of CHP on the same plate.
Aromatic amines are also components in adhesive/
sealant catalyst systems. The spray reagent used to
detect these compounds consists of a dilute aqueous
solution of iron(Ill) chloride and potassium hexa-
cyanoferrate(IIl). The presence and chemical identity
of the amines (and other appropriate reducing
agents) can be determined by the appearance of
variously colored spots with different R¢ values on
the chromatogram.

In a similar fashion, acidic species present in some
catalyst systems can be determined on TLC places
by the use of a dilute ethanolic solution of 2,6-
dichlorophenolindophenol sodium salt.

Free-radical stabilizers such as hydroquinone, p-
benzoquinone, p-toluquinone, chloranil, and 1,4-
naphthoquinone can be detected by reaction with
rhodanine and ammonia (spot test or TLC method)
to give a colored complex.
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While the above procedures are useful for quali-
tative work, commercially available TLC plate
scanners (with varying levels of automation) can be
used for quantitative assays.

In the case of radiation-curable (e.g., UV) adhesives,
TLC represents a very useful screening test for the
presence of several characteristic photo-initiators, e.g.,
benzophenone, 2,2’-diethoxyacetophenone, 1-benzoyl-
cyclohexanol, and 4,4'-dimethylaminobenzophenone
(Michler’s ketone).

GC and LC procedures may then be used to
confirm the TLC results, as well as being used to
quantify the level of each component. These chro-
matographic techniques, moreover, have the added
advantage that they may also be used to identify and
quantify the monomeric and plasticizer components
of the formulation (Figures 3 and 4). As stated
previously, either narrow or wide bore capillary
columns may be used for GC analysis. Preferred
stationary phases are OVI (poly(dimethylsiloxane))
and OV17 (poly(phenylmethylsiloxane)). Flame io-
nization is the usual mode of detection, but where
unambiguous confirmation of peak identity is re-
quired, a gas chromatograph coupled to a bench-top
mass spectrometer may be used (GC-MS).

In LC analysis, the usual approach adopted is to
employ the reversed-phase mode using a Cig-type
stationary phase. A typical eluent would be a binary
phase based on methanol or tetrahydrofuran with
water. The latter solvent mixture has the advantage
that the strong solvent capability of the tetrahydro-
furan readily dissolves the polymeric components
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Figure 3 GC trace of a typical anaerobic sealant: A, carboxylic acid; B, organic peroxides; C, internal standard (l); D, methacrylate
ester, E, aryl hydrazine; F, methacrylate ester; G, internal standard; H, methacrylate ester; I, methacrylate ester, J, plasticizer; K,

methacrylate ester; L, methacrylate ester.
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Figure 4 LC trace of typical UV-curing adhesive. A, adhesion promoter; B, photoinitiator; C, internal standard; D, methacrylate ester
(I); E, urethane—methacrylate oligomers; F, methacrylate ester (Il); G, urethane—methacrylate resin.

usually incorporated in these formulations. A vari-
able wavelength UV/visible detector is used, and
when quantitation is required the compound is
monitored at its wavelength of maximum absorption.

The peroxide content of sealants/adhesives is
normally established by an iodometric titration
approach that involves reducing the peroxy group
with iodide ion in an acidic medium and titrating the
liberated iodine with standard sodium thiosulfate.
The endpoint is established by potentiometric detec-
tion with a platinum-reference electrode combina-
tion. Aromatic amine content is determined by
titration with perchloric acid in acetic acid as solvent.
The endpoint is established using potentiometric
detection with a glass-reference electrode combina-
tion. The latter electrode combination is also favored
for quantitation of the acidic components of the
formulation. Dilute alkali hydroxide or tetrabutylam-
monium hydroxide are used as titrants in aqueous or
nonaqueous media, respectively. In the case of the
organic peroxides, an important test applied to the
incoming materials is an assay procedure based on
their measured active oxygen content. This is
routinely determined using a titrimetric procedure
involving iodometric analysis. This procedure
although well established, is relatively time consum-
ing. Recent studies have confirmed that several of the

more frequently used commercial organic peroxides
may be assayed by chromatographic techniques, e.g.,
GC and reverse-phase liquid chromatography (RPLC)
as appropriate. Accuracy and precision compare
favorably to the classical titrimetric approaches. The
principal advantages are the relatively short analysis
time as compared to the conventional approach. In
the case of the GC assay, the use of an on-column
injection technique is necessary to prevent thermal
decomposition of the peroxide in the injection port.

Viscosity Modifiers and Fillers

Viscosity modifiers, usually referred to as thickeners,
are used in varying concentrations throughout the
range of sealants and adhesives. They span a diverse
range of chemical structures. Some of the more
commonly encountered thickeners include poly(alkyl
methacrylates) — homo and/co-polymers; poly(alkyl
acrylates) — homo and/co-polymers; polystyrene; acry-
lonitrile-butadiene-styrene co-polymers; poly(vinyl
acetate); fumaric or maleic acid-based polyesters.
The chemical identity of such materials may
readily be confirmed by IR spectroscopy. The initial
step involves isolation of the thickener from the
formulation matrix. Typically, the adhesive sample is
diluted with chloroform to reduce the viscosity. This
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Figure 5 FTIR spectrum of co-polymer of methyl methacrylate and butyl methacrylate.

solution is then subjected to dropwise addition of a
polar solvent such as methanol until the thickener is
fully precipitated out of solution. After careful drying
to remove all traces of solvent, the sample can be
analyzed by Fourier transform IR (FTIR) or disper-
sive IR spectroscopy. The IR spectrum of an acrylic
thickener identified as a methyl methacrylate/butyl
methacrylate co-polymer is reproduced in Figure 5.

Fillers and thixotropic agents are used widely
throughout the various acrylic sealant and adhesive
products. Fillers also form a significant component of
epoxy-based adhesives. For example, if it is necessary
to identify the filler used in the hardener component
of an epoxy product, the isolation sequence involves
initial centrifugation of the product to isolate the
crude filler component. The latter is then washed
repeatedly with acetone and dried thoroughly. The
fine dry powder may then be used to prepare a
standard KBr disk for IR analysis.

Some Useful Analytical Techniques in
the Analysis of Industrial Adhesives
and Sealants

Thermal Analysis

Differential scanning calorimetry (DSC) can be used to
generate cure profiles of certain adhesive producers. For
example, in the electronics assembly business, epoxy-
based chipbonding products are used to hold compo-
nents on to printed circuit boards prior to the automated
soldering process. These adhesives are formulated with
heat curatives, i.e., they are designed to harden on
application of heat. As such, the heat curing profile of
these materials can be examined by DSC. The poly-
merization exotherm detected for a typical epoxy-based
chipbonder is shown in Figure 6. The heat of reaction,
together with peak temperature and other details, can be
obtained from this trace. This type of analysis is useful,

5mwW
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Figure 6 Cure profile of typical chipbonder product (DSC
scan).

not only for product monitoring, but as an aid to
product development work where different cure profiles
may be required to match specific applications.

A further use of DSC in this area is the detection of
incomplete (residual) curing in solid samples. A
thermally curable epoxy adhesive that has not been
fully cured will polymerize as the sample is heated in
the calorimeter. This polymerization will give rise to
a small exotherm that can be used to estimate the
degree of cure in the original sample.

Finally, DSC is used in the broader area of polymer
evaluation to measure glass-transition temperature,
degree of crystallinity, decomposition profile, etc.
Current computer control and storage facilities
available with thermal analysis equipment allow
data to be comprehensively evaluated, reanalyzed,
and compared, reducing the need for repeat analyses.

Thermogravimetric analysis (TGA) is a technique
whereby weight changes in a sample can be conti-
nuously monitored with respect to temperature.
TGA can be used to look at weight losses associated
with the polymerization of an adhesive product, or to
determine percentage volatiles released from a cured
product during thermal cycling.
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Figure 7 TG curve (room temperature to 600°C) for a
chipbonding product to determine filler content.

The technique can also be used to determine
mineral filler contents of certain products. In this
case, a sample is heated gradually to a high tem-
perature and maintained at this temperature for a
period to ensure complete ashing. A typical thermo-
gram obtained for a chipbonding product is shown in
Figure 7. The sample was heated from room tem-
perature to 600°C, and held at the final temperature
for 30 min. The resultant stable baseline obtained
after complete combustion is used in the calculation
of filler content for the sample (13.7% wi/w).

Gel Permeation Chromatography

Gel permeation chromatography (GPC) or size-
exclusion chromatography (SEC) is a favored tech-
nique for the analysis of polymers and oligomeric
compounds. GPC separates sample molecules in the
mobile phase on the basis of their effective size. In
most cases molecular size can be correlated directly
to molecular mass. For the analysis of organic
materials the column(s) is packed with a highly
cross-linked spherical polystyrene/divinyl benzene
matrix with a tightly controlled pore diameter. Any
sample molecules that are smaller than the pore size
can diffuse into and out of the pores, whereas sample
molecules larger than the pores are effectively
excluded. As a result, larger molecules elute more
rapidly than small molecules. The separation is thus
essentially mechanical in nature, rather than chemi-
cal as in other forms of chromatography. All
molecules larger than the pores elute first and at
the same retention time. The smallest molecule that
cannot penetrate the pore defines the exclusion limit
of the column. Molecules smaller than a certain size
have equal access to the pores and so they elute
together at the total permeation volume or dead
volume. Molecules between these extremes are
separated in order of their respective molecular sizes.
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Figure 8 GPC trace of acrylate process oligomer. M, =2029;

M,=1534; M, =1862; M,=2272; M,/M, (polydispersity)=
1.213.

In the analysis of a sample of unknown molecular
mass or molecular mass distribution, the first step is to
generate a calibration plot (log M, versus elution volume
or time) using a set of narrow disperse standards of
known molecular masses. The function giving the best
fit to the plot is computed and the sample is then
analyzed against this calibration function.

In this manner, the number average molecular
mass (M,), the mass average molecular mass (M),
the peak molecular mass (M), and the polydispersity
(My/M,) may be calculated.

Polystyrene calibration standards are most frequently
used, and with polymers of different chemical structure,
molecular masses are reported relative to polystyrene.

The GPC trace and computed molecular masses
obtained for an acrylate process oligomer are
reproduced in Figure 8.

GPC is also a very useful technique for characteriz-
ing the molecular mass range/distribution of the
various organic polymers and co-polymers used as
thickeners in anaerobic, acrylic, and radiation-curable
adhesives. The base polymer, tackifying resin, and
petroleum wax components of hot-melt type adhe-
sives may also be characterized in a similar manner.

The principal limiting factor is solubility, but the
use of strong solvents, e.g., tetrahydrofuran, extends
the applicability of this technique. Solubility problems
may also be overcome by the use of elevated
temperatures. Effective high-temperature GPC re-
quires that all the key components — injector, columns,
and detector — be temperature controlled. Commercial
systems embodying these concepts are available.

Pyrolysis Gas Chromatography

Pyrolysis GC is an analytical technique whereby
complex involatile materials are broken down into
smaller volatile constituent molecules by the use of
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very high temperatures. Polymeric materials includ-
ing cured sealants and adhesives lend themselves very
readily to analysis by this technique. Essentially, a
fingerprint uniquely characteristic of the original
material is obtained.

In combination with IR analysis, pyrolysis GC is
particularly useful in the following areas:

1. Characterization of polymeric thickeners used in the
formulation of sealants and adhesives. Polymers of
this type are frequently used to provide protective
coatings — in rust-preventative products for example.

. Characterization of plastic packaging materials.

3. Identification of cured adhesives, by generating

pyrogram ‘fingerprints’ for selected adhesives.

[\

Pyrolysis GC is an especially valuable and informa-
tive technique when coupled with mass spectrometric
detection, which facilitates identification of the
pyrolysis products.

Atomic Spectroscopy

Atomic spectroscopy (including atomic absorption
spectrometry, atomic emission spectrometry, and
atomic fluorescence spectrometry) is of use across
the span of reactive adhesive technologies. For
example, the cure of anaerobic adhesives on non-
reactive surfaces is usually assisted by the use of an
active metal-based primer. Similarly, the cross-link-
ing of silicone adhesives is promoted by the use of
organometallic salts of cobalt, tin, iron, lead, and
platinum. In the case of polyurethane adhesives, the
key condensation reactions are catalyzed by tin salts
(e.g., dibutyl tin dilaurate and stannous octoate).

The adhesive or primer is usually dissolved in an
appropriate solvent and analyzed. A calibration curve is
generated using standard solutions of the metals
prepared in the same solvent and covering the
anticipated concentration range. Where the matrix is
difficult to solubilize or where very low levels (low ppm
to ppb) are involved, the sample should be ashed prior
to analysis. A low level of a binder component, e.g.,
p-toluenesulfonic acid should be added to the sample
prior to heating to prevent loss of the metal through
volatilization. The residue obtained following the ashing
process is dissolved in a dilute mineral acid and analyzed
by atomic spectroscopy. Where matrix interference is
suspected, a standard addition approach may be used.

Packaging plastics may also be prepared for trace
metals analysis by dry ashing prior to atomic
spectroscopic analysis.

For matrices containing a high level of inorganic
fillers, microwave-assisted acid digestion in the
presence of concentrated mineral acids may be

required to facilitate the analysis of the sample by
atomic Spectroscopy.

Where the formulations embody significant levels
of silicon dioxide or titanium dioxide the sequential
use of nitric acid followed by hydrofluoric acid may
be necessary to dissolve these oxides prior to analysis.

Polarography

Where specification of the metal is considered to be
important, polarographic analysis may be utilized. In
the case of primers based on oil-soluble iron salts for
use with anaerobic adhesives, the Fe?/Fe** ratio
may be determined by differential pulse polarography
in a supporting electrolyte based on ammonium
pyrophosphate buffer adjusted to pH 9.0. The iron(II)
form is known to be significantly more effective than
the iron(IIl) form in the redox-based curing process.

Polarographic analysis may also be wused to
determine the level of selected chelating agents
incorporated in an adhesive formulation. In the
case of EDTA-based chelators, a standard addition
approach using copper(Il) is preferred. The support-
ing electrolyte is ammonium acetate at pH 5.0. This
approach takes advantage of the fact that metal-
chelate are typically reduced at more negative
potentials than the metals themselves.

In passing it should be noted that voltammetric
analysis is also very useful for determining many of
the typical cure components used in the engineering
adhesives. Thus, organic peroxides, aromatic amines,
substituted hydrazines, thiols, etc., may also be
determined at the mercury electrode.

Other Adhesives Technologies

Instant (cyanoacrylate) adhesives The use of ‘instant
adhesives’ based on a-cyanoacrylate esters (Scheme 8) in
both the industrial and consumer markets continues to
increase. Typically, the methyl, ethyl, and butyl esters
are used, but interest is also developing in the new ‘low-
odor’ types based on alkoxyalkyl esters. The primary
mechanism of polymerization is anionic. Weak bases
including water can initiate polymerization to yield very
high molecular mass homopolymers. Key additives are
selected anionic stabilizers including both Lewis and
protonic acids. Other additives may include organic
polymers (e.g., poly(methyl methacrylate) functioning as
thickening agents) and silica-based thixotropic agents.

CN

CH, =—C——CO,R
o-Cyanoacrylate ester

Scheme 8
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The nature of the ester may readily be confirmed by
NMR ('H/**C) and IR analysis. Protonic acid stabi-
lizers typically present at the low mg per kg level may
be quantified by nonaqueous titrimetry. Lewis acid
stabilizers may be determined by an indirect approach
such as atomic spectroscopy (emission/absorption).

The nature and concentration of the thickener may
be determined using the following approach. The
cyanoacrylate (CA) sample is initially diluted (1:1)
with chloroform. Hexane is then added dropwise to
the CA solution, with constant stirring. The thicken-
ing agent of high relative molecular mass will
normally precipitate from solution as a white coagu-
lated mass. The supernatant liquid (containing CA
monomer) is decanted, and chloroform is added to the
crude thickener to redissolve it. Dropwise addition of
hexane is repeated, to effect slow precipitation of the
thickener component. Further dissolution/precipita-
tion of the solid, followed by a final hexane wash,
yields a relatively pure sample of the thickening agent.
The isolated polymer may then be characterized by
IR, NMR, GPC, pyrolysis GC-MS, etc.

Although the preferred route of polymerization is
anionic, free-radical polymerization is also possible,
particularly at higher temperatures. Thus, low levels
of suitable inhibitors, e.g., hydroquinone, p-methox-
yphenol, 2,6-di-#-butyl-4-methylphenol, etc., may
also be incorporated in the adhesive formulation.
The type and concentration of such stabilizers may
be determined by RPLC with UV detection.

Gas chromatographic analysis of cyanoacrylate
esters is complicated by their highly reactive nature.
The problems posed by premature polymerization
were previously addressed by first reacting the
cyanoacrylate ester to form the Diels—Alder adduct
with an appropriate diene, e.g., isoprene. The result-
ing Diels—Alder complex was then analyzed by GC.

Problems presented by this approach included the
presence of impurities contributed by the diene, etc.
The approach currently used in our laboratory
involves direct GC/flame ionization detector (FID)
analysis on medium- or wide-bore cyanopropyl/
phenyl/methyl silicone bonded-phase columns. The
key prerequisite is to stabilize the sample against
anionic polymerization by prior addition of a low
level of an appropriate protonic acid stabilizer.

Polyurethane Adhesives

A typical polyurethane sealant formulation may contain
a urethane prepolymer, an isocyanate, plasticizer, fillers
(including carbon black), and several other compo-
nents. An important criterion is the concentration of
residual isocyanate functionality available for further
reaction. This may be established by reaction with

di-n-butylamine and back-titration of the unreacted
amine with standardized hydrochloric acid. The
identification of the base isocyanate may be determined
by NMR (*H/'3C) spectrometry and/or pyrolysis GC.
Identification of the plasticizer can be achieved if this
component is isolated from the sealant matrix. A small
quantity of sealant is allowed to moisture-cure (exposure
to atmosphere for 24 h). The black, rubbery solid is then
divided into small pieces with a knife, and extracted
with 5 ml of hexane. The hexane solution is dried with a
suitable drying agent (e.g., anhydrous sodium sulfate)
and filtered to remove any solid particles. The solvent is
removed from the sample by evaporation prior to
analysis by, e.g., IR or NMR spectrometry.

The procedure yields a relatively pure extract of
the plasticizer component, since the other major
components in the polyurethane formulation are
either physically or chemically immobilized in the
cured polymer matrix.

Epoxy Adhesives

The base resin in epoxy adhesive products can be
readily identified by IR and NMR spectrometry. The
most commonly employed resin in these products
(both one-part and two-part) is that based on the
diglycidyl ether of bisphenol A (bisphenol A epoxy
resin). Other resins of importance include the
cycloaliphatic epoxies and phenolic epoxy novolaks.

Epoxy products may contain high loadings of
inorganic fillers (e.g., silica, talc, calcium carbonate).
These can be removed by centrifugation of a sample that
has been dissolved in a suitable solvent (e.g., acetone),
prior to spectrometric analysis of the epoxy resin. The
fillers may be analysed separately by IR spectrometry.

Hardener components in two-part products can
also be analysed by IR/NMR spectrometry, provided
fillers, pigments, etc., have been removed from the
bulk sample.

Common curing agents in such products include
anhydrides (e.g., phthalic anhydride, hexahydro-
phthalic anhydride, pyromellitic dianhydride), and
also polyamine and polyamide-based hardeners.

One-part, heat-curing epoxies require no mixing,
since polymerization is initiated by heating the
product to trigger the curative in the formulation.
Dicyandiamide is a high-temperature curing agent
that may be detected in an epoxy matrix by either IR
or LC analysis, the latter being carried out on an
aqueous methanolic extract of the sample.

Thermal analysis (DSC) of heat-curing epoxides
(Figure 6), such as specialist chipbonding products
for the electronics industry, yields additional infor-
mation about these materials, including heat of
polymerization, peak temperature, onset of heat
cure, and polymer conversion data.
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The electronics industry has a particular concern
regarding the level of ‘ionics’, such as the halides,
which can contribute to metallization corrosion.
Following defined extraction protocols involving the
use of de-ionized water the extracts of both cured and
noncured formulations may be analyzed by ion
chromatography (anion and cation) with conductivity
as the favored detection mode. Low pg ml ! levels of
extractable ions may be measured using this approach.

Where total halide, e.g., chlorine, is required then
total combustion in a high-pressure oxygen bomb
should precede the anion ion chromatography analysis.

Cured Adhesives

In the case of a fully cured adhesive the analytical
options are considerably narrowed. Should the curing
reaction involve any significant degree of cross-linking, a
relatively insoluble matrix will result. Appropriate
analytical techniques under these circumstances would
include IR (reflective techniques such as specular and
diffuse reflectance), pyrolysis GC/MS, and photoelectron

spectroscopy. A computer-assisted search against appro-
priate library collections is a useful asset, particularly in
the case of the first two techniques.

See also: Atomic Absorption Spectrometry: Principles
and Instrumentation. Atomic Emission Spectrometry:
Principles and Instrumentation. Atomic Fluorescence
Spectrometry. Gas Chromatography: Pyrolysis; Mass
Spectrometry. Liquid Chromatography: Normal Phase;
Reversed Phase; Size-Exclusion. Polarography: Inor-
ganic Applications; Organic Applications. Polymers:
Synthetic. Thin-Layer Chromatography: Overview. Vol-
tammetry: Organic Compounds.
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Introduction

For many years, man has been concerned with the
composition of the air, particularly when ant-
hropogenic activities perturb air quality leading to
detrimental health effects. In modern times there has
been considerable effort to study the atmospheric
processes which occur following emission of these
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pollutants. Perhaps the most straightforward method
of measuring the components in air is to ‘capture’ a
sample and return it to the laboratory for analysis.
More complex instruments are also available for
deployment to provide on-site measurements.

In the field of air-quality standards, particulate
matter (PM) has been divided into a number of size
ranges; these are based on their health effects. PM10
are the largest particles (<10pum) and PM2.5 and
PM1.0 getting smaller, as the size of these particles
decreases their ability to penetrate deeper into the
body results in a serious escalation in their toxicity.
Often it is not primarily the particles that are harmful
but the organic materials that are often absorbed
onto the particle surface, particularly when the par-
ticle is carbonaceous in character.

Sampling techniques vary according to the media
to be monitored, e.g., gases or aerosols (aerosols are
particles and/or droplets suspended in a bulk gas).
Aerosols pose the more challenging to determine
since there are significant difficulties to be overcome
to ensure quantitative sampling of the full range of
size fractions. The range of particle size and corre-
sponding methods of sampling are given in Table 1.

Primary Considerations

Sampling of the atmosphere involves making deci-
sions about the following:

1. Volume of the sample, variable from 1ml to
several m’.

2. Rate of sampling, variable from milliliters per
minute to liters per minute.

3. Duration of sampling, jointly determined by the
volume and the rate.

4. Collection limitations, specific for the target spe-
cies under study.

Table 1 Methods of air sampling

Type of sample Particle size range  Method
(um)
Particulates and >10 Gravitation
aerosols >5 Centrifugal
>1.0 Filtration
100-1.0 Impaction
80-0.2 Electrostatic
precipitation
10-0.1 Thermal
precipitation
Gaseous - Adsorption
- Absorption

- Grab/whole air

As a general rule, collection efficiency above 80%
is considered desirable.

The sampling technique should avoid any modifi-
cation (physical or chemical) of the collected sample,
by way of coalescence or chemical and/or physical
destruction. Additional care should be taken to en-
sure preservation of thermal or photolytically labile
species. Similarly, it is necessary to prevent errors
caused by factors related to transportation, storage,
and time-lag between collection and analysis. Col-
lected samples must be stored in containers made
from a suitably inert material such as glass or stain-
less steel. Plastic containers should not be used for
samples containing oil or grease, phosphorus, dis-
solved oxygen, or organic conpounds are to be
analyzed. Glass containers should be avoided if silica
or fluoro compounds are to be analyzed. It is pref-
erable to follow accepted protocols for sample
storage and transportation (e.g., US EPA-TO17).

Sampling Methods and Equipment

Sampling methods are of two types — (1) ambient
sampling and (2) at-source sampling — which in turn
can be further subdivided into continuous sampling
and sequential sampling. Various instruments have
been developed, based on the needs of these four
types. Ambient air sampling is done at locations ex-
posed to the atmosphere, whereas at-source sampling
is carried out at the point of discharge before pol-
lutants are diluted in the atmosphere.

Depending upon the objectives of the analysis, the
choice of static sampling sites may vary from a busy
street at a height of 0.5 m to a free-floating balloon at
an altitude of several hundred meters. It is common
to locate the sampling apparatus at a height of 2m
above ground, and it is essential that there are no
obstructions, although there are no standard prac-
tices. Sampling sites that are accessible but are secure
from tampering and have a reliable power supply for
the equipment are favored by analysts. During the
act of sampling, the sample intake should not be
exposed to contamination from specific localized
sources. Sites for stack sampling, for example, need
to be selected keeping in view the safety of the an-
alyst, easy access to the stack interior, satisfactory
flow distribution, and convenience in adjusting the
equipment. Generally, a location in a vertical flue
(stack) sited eight flue equivalent diameters upstream
from a flow disturbance caused by a bend, inlet, or
outlet is considered ideal. For a rectangular cross-
section, sample points are located at the centroids of
smaller equal-area rectangles, and for a circular
cross-section at the centroids of equal-area circular
segments.
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The source sampling can be carried out either
when the source is stationary or when it is mobile.
Stationary sources are of four types: (1) steady and
uniform, (2) steady but not uniform, (3) unsteady but
uniform, and (4) unsteady and nonuniform. The first
type requires only one sample; the second requires
composite sampling at several location; the third de-
mands one sample spread over the entire operation;
and the last type calls for a composite and repeated
sampling.

Sampling of exhaust emissions from mobile veh-
icular and aircraft sources is conditioned by the
mode of operation of the engine; and exhaust emis-
sion tests are usually performed by operating the
vehicle on a dynamometer. For vehicular emission
sample acquisition generally two types of engine
dynamometers and one chassis dynamometer are
used. Engine dynamometers generally used are either
electric or eddy current absorption dynamometers.
Other types such as water brake and fan brake dy-
namometers are not satisfactory and hence not com-
monly used. For stationary sources high-volume
samplers can be used for sample collection.

The four components that form a sampling system
(train) are the inlet/transmission, collection, flow
measurement, and pump/air-moving. This allows the
‘cleanest’ route for the air avoiding as many potential
sources of contamination/modification. Where the
air is being analyzed at the sampling location, the
analytical system is ideally placed between the col-
lection and flow measurement sections. Exceptions
to this are the collection of air by grab sampling and
the collection of pressurized air samples using a clean
bellow pump that is placed upstream of the sample
canister.

The Inlet/Transmission Components

The intake device may range from a thin-walled
probe to a free vertical tube. Modifications are ne-
cessitated by the difficulties caused by adhesion of
aerosols to the tube walls, condensation of volatile
components within transfer tubes, or reaction of
gaseous components with the material of the transfer
tube and with the collected particles.

Flow-measurement components There are two
types of flow-measurement components used in air
sampling: volume meters and rate meters. Volume
meters, which are of the dry gas meter, wet gas meter,
or cycloid type, have an advantage as frequent checks
are required in the use of rate meters to ensure ac-
curate volumes. The advantage of rate meters is their
compact size. They can be of several types, ranging

from venturimeters, orifices, nozzles, rotameters,
pitot tubes, or turbines to hot-wire anemometers.

Pumps/air-moving components The air-moving
component of the sampling system draws the sam-
ple through the system by creating a vacuum using a
mechanical blower, aspirator, or hand-operated
pump. Mechanical blowers are used for continuous
flow at medium to high rates. Electrically powered
pumps are preferable for avoiding contamination,
likely to be caused by petrol-driven pumps. Another
type of air-moving device is based on the principle of
the centrifugal action of an impeller. In addition to
these, liquid displacement vessels, evacuated con-
tainers, automobile intake manifolds, and expanding
plastic bags and syringes are used for gaseous sample
collection. In some applications air is pumped into
the sampling system: this results in a positive pres-
sure within the sample train, and any leaks are out-
ward. This is particularly important in trace level
sampling. In some applications air is pumped into the
sampling system; this results in a positive pressure
within the sample train and any leaks are outward,
thus avoiding any possible contamination. This is
particularly important when sampling at trace levels.

Collectors The components of sampling systems
used for collection of aerosols and gaseous materials
differ from each other.

Collection components for aerosols and particu-
lates Isokinetic sampling is desirable in the case of
aerosols. Researchers have studied errors occurring
in anisokinetic sampling and have developed formu-
lae for correcting the results. Anisokinetic sampling
may lead to an inaccurate particle size distribution.
When the sampled particles are smaller than 3-5 um
in diameter, the requirements for isokinetic sampling
can be relaxed. Isokinetic sampling is not required
for stagnant and low-velocity masses. The flow rates
involved, irrespective of iso- and anisokinetic sa-
mpling, vary between 0.5Imin~" and 750 Imin "
Difficulties in the sampling of aerosols arise from
electrostatic attraction of particles toward non-
conducting glass and plastic tubing, as well as the
evaporation and hygroscopic nature of liquid aero-
sols or their reaction with solid particles. The fol-
lowing types of collection device are commonly used
for the collection of aerosols and particulates.

Filtration Air is filtered for collection of aerosols by
drawing the air sample through glass fiber, cellulose,
sintered glass, or membrane or granular filters. On
accumulation of the aerosol the flow through the
filter is restricted, and collection is influenced by
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Table 2 Collection characteristics of selected filters

Filter Composition Fibre/pore diameter DOP? efficiency
(um) (%)

Whatman 41 Cellulose (fibre) 3-20 72

Nuclepore Polycarbonate (capillary pore membrane) 0.8 90

Microsorban Polystyrene (fibre) 0.7 99.5

MSA1106B Glass fibre 0.1-4 99.93

Millipore AA Cellulose ester (membrane) 0.8 99.98

@Based on retention of dioctyl phthalate particles, 0.3 um diameter, at a face velocity of 0.27ms~

electrostatic forces. The appropriate collection tech-
nique is determined by the nature of the filter, its
collection efficiency, the pressure drop developed, the
background concentration of trace constituents with-
in the filter, and the structural supports used for the
filters. Table 2 gives the types of commonly used fil-
ters, their composition, and efficiency.

A sample train consisting of a number of filters of
decreasing pore size can be used to obtain a rough
size distribution of particles. It is imperative that the
collection efficiencies of such systems are determined
and routinely monitored.

Impingement/Impaction In this technique, the air
flow is forced through a jet, which increases the
velocity of the particles and the carrier gas and
changes their direction abruptly. There are wet and
dry impingers. In the standard impinger, an orifice
having a bore of 2-3mm is used, through which
the tube discharges the sample onto a flat plate of
5-10mm width. In the midget impinger, which is
generally wet, a 31min~"' flow rate is maintained.
The Greenburge-Smith impinger is used as a wet or
dry impinger, and it operates using a high-velocity air
jet of 301 min ' that impinges on a glass plate im-
mersed in water or alcohol. The particles are col-
lected in the surrounding fluid. The collection
efficiency of this technique is ~100% for particles
greater than 1 pm in diameter.

The mechanism of dry cascade impactors involves a
series of sequential jets and collection plates, with
increasing jet velocities and decreasing gaps between
the collecting plates and the jets, as shown in Figure 1.

Precipitation Precipitation of aerosols is achieved
using thermal or electrostatic precipitators. Thermal
precipitation is effected through a sharp temperature
gradient by suspending a wire across a cylindrical
collection chamber. This device is especially effective
for collection of particles smaller than 5pm. The
suspended particles migrate from a zone of high
temperature to a low-temperature one. The thermal
force is negligible for a less than 750°Ccm !
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Figure 1 Schematic of typical cascade impactor. (Taken from
Reeve R (2002) Introduction to Environmental Analysis. Wiley;
© Wiley.)

temperature gradient. The flow rate used is
7-20mlmin~ ' and is useful in microscopic investi-
gations.

In electrostatic precipitators a high potential dif-
ference of 12kV DC or 20kV AC is maintained
across the plates of a capacitor. The ions produced
collide with aerosol particles and charge them; the
particles are then collected at the respective elec-
trodes. The device is efficient for the collection of
particles ranging from 0.2-80 pm in size at flow rates
up to 85 Imin ~'. However, it is unsuitable for use in
explosive atmospheres.

Gravitational and  centrifugal  collection The
Earth’s gravitational force of attraction causes a par-
ticle to settle at a rate dependent on the fluid drag
forces opposing gravity. The rate of settling of the
mass is dependent on the momentum of the particle
which, in turn, is governed by the size and the flow
velocity; in general, those of <7um diameter will
remain suspended.

In a centrifugal collector the air stream moves in a
cyclonic manner, resulting in a net centrifugal effect
on the particle, causing it to move outward to the
collection surface, from it drops into a dust collection
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chamber. The denuded gas leaves through a pipe ex-
tending through the top to the center of the cyclone.
The collection device is efficient for particles having a
>5um diameter size. However, for collection of
smaller particles the efficiency of collection can be
improved by increasing the inlet velocity. Both the
methods are useful for preliminary separation of
large-sized particles.

Naturally settling dust particles are collected using
a dustfall canister with a protection guard called a
bird’s eye.

Samplers in common use

British suspended particulate sampler In recent
years the old British standard method has been super-
ceded by European directives such as EN12341 ‘Air
Quality — Field test procedure to demonstrate refer-
ence equivalence of sampling methods for the PM10
fraction of particulate matter. The determination of
smaller size fractions (PM2.5) is also covered by a
further directive. The US EPA have similar standard
reference methods for particulate material (USEPA
40 CFR part 50). An early method was to simply
compare the color of a filter paper through which a
volume of air was drawn to an incremental gray scale
(16 shades from white to black); this was then
converted into an integrated particle loading with
reference to the size cut-off offered by the pore size of
the filter used. This was known as the ‘black smoke
index’ method.

High volume sampler for suspended particulates A
high flow rate (10-15ls') is used to draw air
through a 20cm x 25 cm quartz fibre filter; this re-
sults in a typical sample volume of the order of
1000m®. This sampler is useful for particles
<100 um diameter and requires a protection guard.
Figure 2 illustrates a simple schematic of a typical
high volume sampler. It is common for such samplers
to include an impactor inlet to provide access to a
specific size fraction such as PM10 or PM2.5 which
are both minitored under modern air-quality legislat-
ion. Glass filters are used for their gradual headloss
buildup and nonhygroscopic characteristics. In order
to obtain good quantitation, high volume samplers
require regular calibration of the flow system. It is
quite common for a polyurethane foam (PUF) plug to
be inserted downstream of the filter in order to collect
smaller particles and, to some extent, semivolatiles.

Tape filter samplers This is useful for taking a series
of sequential samples for predetermined sampling
periods. A common sampler consists of an intake
nozzle, a sampling head to hold and seal the filter
tape, spools to collect the filter tape, an interval timer

Air in

Filter
housing

| | Blower

l

Air out

Figure 2 Typical-high volume sampler.

and clock, a flow meter, and a vacuum blower. It is
operated at a 71min ~ ' rate with cellulose filter tape
for sequential sampling periods of 1-4 h. This allows
the collection of samples for the black smoke index.

High-volume cascade impactors This technique
consists of a stack of five 30cm-diameter plates,
each with 300 jet orifices, mounted over a standard
high-volume glass fiber filter. The collection medium
is perforated sheets of aluminum foil or glass fiber
mounted on aluminum plates. Particle size fractions
greater than 7 um and less than 1.1 pm are collected

at a flow rate of 0.56 | min L.

Collection components for gases

General precautions Air contains gases and vapors
in addition to particulates. The collection techniques
for gases are different from those used for aerosols.
Several basic techniques are used for collecting gases
and vapors, but their usefulness depends on the spe-
cific conditions of the source. A knowledge of the
composition and history of the sample can help in
proper selection and modification of the sampling
technique to be used.

Most of the general considerations for aerosol sa-
mpling are also applicable to gaseous sampling; and
an additional consideration relates to the tempera-
ture and pressure of the material at the source.
Among the important methods used for collection of
gaseous materials are the adsorption, absorption,
condensation grab, and cryogenic processes.

Adsorption This is a surface phenomenon. Under
equilibrium conditions at constant temperature, the
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volume of gas adsorbed on the collection phase is
governed by the relative surface area. The Langmuir
adsorption isotherm, which is based upon homo-
genous surface characteristics or for more complex
multilayer surfaces the Brunauer, Emmet, and Teller
isotherm, provides the collection parameters. The
rate of adsorption is approximately inversely pro-
portional to the volatility of a gaseous mixture. The
commonly used adsorbents are activated carbon, sil-
ica gel, alumina, and various chromatographic sup-
port phases. Ideally, the adsorbent should have a
large surface area, an affinity for polar or nonpolar
compounds, a high and predictable retention capac-
ity, desirable desorption properties, and a relative
selectivity for atmospheric gases in selective applica-
tions. On the other hand it should have no chemical
reactivity with the gases to be collected and should
not be prone to fracturing, crushing, and flaking.

The release of the collected analytes is achieved
either by solvent extraction (e.g., carbon disulfide) or
more commonly nowadays by thermal desorption.
Since the adsorbent is effectively acting as a chro-
matographic column, there are breakthrough limits
that must be adhered to. This is generally taken as
66% of the volume of sample after which the least
retained (most volatile) begins to elute from the out-
let of the adsorbent trap. Specifications for the use of
adsorbent tubes for sampling of volatile organic
compounds (VOCs) are given in US EPA Compen-
dium Method TO17.

Gas chromatographic phase adsorption Convent-
ional gas chromatographic support materials coated
with a liquid phase and porous polymeric materials
are used for adsorption of gaseous samples. This is a
versatile and rapidly evolving technique and is used
for a variety of gaseous samples: chromosorb 101
and 102 have been used successfully for collection of
organic gases and hydrocarbons at sampling rates of
20 min~ ', In this process, desorption of the adsorbed

phase is achieved by shaking it with hexane or by
similar solvent extractions.

Adsorbent tubes can also be used for passive/di-
ffusive sampling. Airborne pollutants diffuse along a
short tube at the end of which is the adsorbent ma-
terial. The rate of diffusion along this tube is
governed by Fick’s law of diffusion. This is a low
cost and effective method of long-term monitoring,
where tubes are typically deployed for a week. Dif-
fusion tubes also have benefits since they require no
power and are simple to use. This method is not
limited to VOCs, however as inorganic species such
as ozone, nitrogen dioxide, and sulfur dioxide can
also be monitored using diffusion tubes.

Absorption In absorption collection, gas molecules
are dissolved in a liquid collecting phase. The effi-
ciency of the process depends on the contact surface
area and is achieved by transforming the air stream
into small, finely dispersed bubbles with a relatively
long duration of travel through the absorbent. Ab-
sorption, like adsorption, is efficient at lower tem-
peratures for volatile components. Table 3 shows the
efficiency of absorption for various gaseous compo-
nents. The commonly used absorption devices are
fritted glass scrubbers, impingers, packed columns,
countercurrent scrubbers, and atomizing scrubbers.
Over the years these devices have undergone a
number of modifications. Other frit materials are
plastics and ceramics. Glass tubing with small holes
can also be used. The absorbers are designed to detain
for the rising bubbles for longer durations. Impingers
are less efficient and are of the type discussed earlier.

Condensation The condensation method (cryotrap-
ping) faces the primary problem of condensation of
water containing components of interest.

Sequential traps at progressively lower tempera-
tures, with the first designed for water vapor, can
overcome this difficulty. To avoid combustion hazards,

Table 3 Absorption efficiencies for various media and gaseous samples

Chemical Absorption efficiency

Absorbent in gas washing

Gas washing bottle Stack concentration

bottle efficiency (%) (mg 1~ 7)
Sulfuric acid® Water 99.8 72
Hydrochloric acid Water 100 47
Perchloric acid Water 99.8 4
Acetic acid Water 99.5 1065
Nitric acid Water 100 182
Ammonia Water 84.3 103
Chlorine 2% Na,CO3 77.0 103
Ethylenediamine Water 99.6 211

& Although depends on the particle size of acrosol.
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the process is carried out at liquid oxygen temperature
(—183°C). Coolants are placed in wide-mouthed
Dewar vessels, and double-walled collector flasks
are immersed in them. Coolants used are mixtures of
water, ice, salt, dry ice, liquid air, and liquid oxygen.

Grablwhole-air sampling There is a wide range of
materials from which sampling vessels are made:
from polymeric bags to glass and metal containers.
Bags are filled either by air being pumped into them
or they are placed in an airtight container and the air
around them is removed by a pump; when the inlet of
the bag is opened to the atmosphere, air is drawn
into the bag. Rigid containers can be evacuated, and
upon opening the inlet, air is sucked in. This is a
useful method, as it requires no power. The canister
may also be fitted with a fixed orifice to prolong the
sampling time. Vessels with an inlet and outlet can
have the sample flushed through and closing the taps
seals the sample. A final method to fill canisters is to
pump air into them using a clean bellows pump.

It must be remembered, however, that whole air
samples by their nature contain all the constituents
from the air and thus reactions may occur after sa-
mpling; in particular, ozone reacts readily with many
atmospheric species. Care must be taken to avoid low
temperatures during storage/transportation since less
volatile components may condense onto the internal
walls. Often when trace analysis is to be conducted,
internal surfaces are passivated either by electropoli-
shing or by application of an inert silica coating (e.g.,
Silcosteel ™, Restek Corp., US) in order to reduce wall
loses. Evacuated canisters can be stored in prepara-
tion for use in case of gas release from chemical/
industrial facilities. Emergency response services have
even equipped remote-control helicopters with single
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Introduction

The general atmosphere comprises nitrogen (78%),
oxygen (21%), and argon (1%). In addition to these

grab sample canisters that can be flown into highly
hazardous areas following gas leaks.

Source sampling For collection of gaseous air from
mobile (vehicular) sources, an exhaust gas sampling
system has been developed in the United States in
which the entire exhaust cycle is sampled and diluted
to prevent condensation.

Sample collection equipment (pumps, flow meters,
etc.) are similar to those discussed for aerosol collection.

See also: Gas Chromatography: Overview; Column
Technology; Physicochemical Measurements. Sampling:
Theory.
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gases there are a number of other species present at
trace levels. These species can be of natural and/or
anthropogenic (manmade) origin and in recent years
significant changes in the composition of the atmo-
sphere have been occurring as a result of large-scale
emissions of certain pollutants.

These emissions are giving rise to problems on a
global scale, such as the enhanced greenhouse effect
and depletion of ozone from the stratosphere. In
addition, regional problems such as localized ozone
creation and smog formation have also been
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observed. Although the concentrations of various
specific pollutants vary with both time and location,
it is generally true that they are highest in urban
and industrial areas, although there are exceptions.
As an example, certain ‘secondary’ pollutants such as
ozone (O3) that are derived chemically from primary
pollutants such as nitrogen oxides (NO,.) and volatile
organic compounds take time to form within the
atmosphere and thus tend to be most concentrated at
an appreciable downwind distance from urban and
industrial areas.

The need to develop reliable analytical methods to
determine the levels of both gaseous and particulate
pollutants has gathered considerable impetus in the
last 20 years or so and reliable, specific, rapid-
response techniques are now available for many
pollutants. In order to review the available methodol-
ogy for the analysis of the various priority pollutants,
it is necessary to classify them according to the
physical form in which they are generally present in
the atmosphere. The two classes of pollutant form are
gaseous pollutants and particulate species.

Gases

While it is not practicable to describe methods for all
trace gases, some of the more important analytes and
methods have been selected.

Nitrogen Oxides

Nitrogen oxide (NO) and nitrogen dioxide (NO,)
are collectively known as nitrogen oxides (NO,).
They are generally grouped together because most
anthropogenic NO, derives from emissions of NO
and they interconvert readily within the atmosphere.
Major anthropogenic sources are vehicular emissions
and stationary combustion of fossil fuels. Of the two
compounds, NO, has been implicated in a variety of
respiratory ailments in humans and is generally
regarded as the more important of the two species.

There are several methods available for the
analysis of NO,. All chemical methods involve the
oxidation of NO to NO,, while the chemilumines-
cence method involves the thermal decomposition of
NO; to NO. Three methods that are widely used are
the Christie arsenite procedure, the diffusion tube
method, and chemiluminescence. The principles
behind these methods will be described briefly.

The arsenite method involves bubbling the air sample
through a mixture of sodium hydroxide and sodium
arsenite solution to form a stable solution of sodium
nitrite. The nitrite ion produced is then reacted with
phosphoric acid, sulfanilamide, and N-1-(naphthyl)
ethylenediamine dihydrochloride to form an azo dye.

The analysis method can be modified for NO analysis
if, after the NO, is first removed from the gas stream,
the remaining NO is then oxidized to NO, with solid
chromic oxide. The NO, is then determined with
arsenite as described above. This method can suffer an
interference with SO, if it is not first converted to
sulfate ion (SOF~) by hydrogen peroxide prior to
analysis. The method is relatively simple and inexpen-
sive and has a reported detection limit of ~2pgm™>.

The diffusion tube method, which is highly
selective toward NO, but not entirely free of
interferences, involves the absorption of NO, by
triethanolamine (the NO, is converted to the nitrite
ion in the process) after the sample gas has diffused
passively along the plastic tube. The nitrite ion is
then determined colorimetrically using a modified
Griess=Saltzman reagent. This is a relatively simple
method that, despite being potentially subject to a
number of interferences from species such as SO,,
has been shown to give fairly reliable measurements,
although it is best regarded as semiquantitative. One
disadvantage of the method is that long sampling
periods (up to 2 weeks) may be required to achieve
reasonable sensitivity.

The chemiluminescence method is accepted as the
most reliable and precise method currently available
for the analysis of oxides of nitrogen. The basis of the
method is the reaction between atmospheric NO and
O3 (generated within the instrument). This reaction
generates light (chemiluminescence), which is detected
by a photomultiplier and converted to a concentration
by calibration of the instrument with standard gas
mixtures. To determine the NO, content of the air,
NO, must be converted by thermal decomposition to
NO and the instrument then measures NO,. NO, is
then determined by difference between the NO, and
NO channels.

There is some potential for interference in the NO,,
channel (and hence in the NO, measurement) from
species such as nitric acid. Detection limits for most
commercial instruments are of the order of 1 ugm ~ 3,
although higher-sensitivity instruments are available.
In recent years, instruments capable of measuring
NO and NO, at background (ngm ~?) levels have
been developed, based upon the NO/Oj; reaction and
also the NO,/luminol chemiluminescent reaction.

Sulfur Dioxide

Sources of sulfur dioxide (SO,) include fossil fuel
combustion and smelting of nonferrous ores. It has
been implicated in various respiratory ailments in
humans and is known to play a major role in the
formation of acid rain through its conversion to
sulfuric acid in the atmosphere. There are a number of
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methods available for the analysis of gaseous SOj;
some of these suffer from serious interferences. Several
of the more widely used methods are described below.

The methods involving collection in hydrogen pero-
xide are relatively simple to carry out. The basis of these
methods is to absorb SO, in a solution of dilute H,O,,
which converts it to sulfuric acid. The atmospheric
concentration of SO, is then determined indirectly either
by determining the free acid (H" ion) concentration by
conductivity or pH measurements or by titration
(acidimetric methods), or, alternatively, by determining
the sulfate concentration by reaction with color-forming
reagent followed by spectrophotometric measurement
(colorimetric method), or by ion chromatography. One
major problem with the acidimetric procedure is that
any gas that can give an acid in solution and any
alkaline gaseous species that will neutralize the acid (i.e.,
NHj;) will interfere. The colorimetric and ion-chroma-
tographic methods are more specific. The limits of
detection for both methods are ~5ugm™?> for a 24h
sample under ideal conditions.

A better colorimetric procedure involves bubbling
air containing SO, through a solution of potassium
tetrachloromercurate. The stable dichlorosulfitomer-
curate ion that is formed in this reaction is then
reacted with formaldehyde and bleached pararosani-
line to form the intensely colored (red—purple)
species pararosaniline methylsulfonic acid. The pH
of the final solution is adjusted to 1.6 by the addition
of phosphoric acid to the color reagent and the
concentration of SO, is determined by measuring the
product colorimetrically at 560 +£2 nm. This method
has the advantage of being quite specific and has a
quoted detection limit of 5 pg m ~3 for a 1h sample.

The widely used continuous instrumental method
for determination of SO, is based upon gas-phase
fluorescence. Pulsed ultraviolet (UV) light (214 nm) is
used to irradiate the air sample, which flows
continuously through an optical cell. The SO, re-
emits fluorescent radiation at 340 nm that is detected
by a photomultiplier tube (PM), with the signal
obtained being converted to concentration. This
method is almost specific with a detection limit of
~1pgm™? in commercially available analyzers.

A second physical method that has been used for
analysis of SO, in air is flame photometry. The
sample is burned in a hydrogen-rich flame with light
emission from the S, species at 394nm being
detected by a PM tube. However, since this wave-
length is characteristic of sulfur, any other sulfur-
containing species can interfere, and this method has
largely been superseded by the gas-phase fluores-
cence method described above.

Sulfur dioxide (also nitrogen oxides) can also be
determined by the differential optical absorption

spectroscopy (DOAS) method. This will be described
later in the section on remote sensing.

Carbon Monoxide

Carbon monoxide (CO) is predominantly produced
from vehicular emissions, although it can be emitted
in smaller amounts from other processes that involve
the combustion of organic material. Its effects on
health are primarily from its ability to displace O,
from hemoglobin, and give rise to both morbidity and
mortality due to the body’s deprivation of oxygen.

There are two methods that are predominantly
used to analyze CO; these are based on infrared (IR)
absorption and electrochemistry. The IR technique is
based on the fact that CO will absorb light at
4.67 um (2165 cm ~1). The CO concentration is then
determined from the extent of absorption of the
sample. There are two types of analyzer design,
known as nondispersive and gas filter correlation
analyzers. Interferences from CO, and water vapor
can be overcome by instrumental design and are
generally not significant. Reported detection limits
are <0.5mgm > for this technique. The electro-
chemical cell technique is based on the electroche-
mical detection of CO as it is oxidized to CO,.
Interferences from other oxidizable gases can be
minimized by the use of special inlet filters and the
detection limits obtained are comparable to the IR
technique described earlier.

Other Gas-Phase Species

In addition to the three important species already
described, many other gas-phase pollutants are also
considered important. These include nitric acid
(HNO3), nitrous oxide (N,O) — which is a known
greenhouse gas — as well as secondary pollutants such
as ozone and peroxyacetylnitrate (PAN). A method
that has been used widely for the determination of
nitric acid and other species such as nitrous acid
(HONO) and SO, is the annular denuder, in which
the sample air is drawn through an annular glass
tube (or series of tubes) that have been coated
internally with a compound designed to trap the
analyte species. After sampling, the denuder is
extracted and the extract is analyzed by ion
chromatography or other relevant procedure. Thus,
for example, gaseous acids (HNO3, HCI, HONO,
etc.) are collected in sodium carbonate, and ammo-
nia is collected in oxalic or phosphorous acid.
Nitrous oxide analysis is generally achieved by gas
chromatography (GC) with electron capture detec-
tion. Only physical methods are feasible owing to the
inert nature of this species and the lack of any
chemical reactions that can be used.
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Ozone, an important secondary pollutant, can be
analyzed by DOAS (see Remote Sensing) and also by
chemiluminescence, where the sample air is mixed
with ethylene in a special flow cell at atmospheric
pressure. The two gases react to produce an emission
in the region of 400-600 nm and the light produced
is monitored with a PM tube; the concentration of
Oj3 can then be determined from the signal intensity.
Interferences are negligible and the observed detec-
tion limits are ~1ppb in commercial instruments.
The preferred technique for ambient air is UV light
absorption in a folded path cell at 254 nm. Detection
limits are ~1 ppb. There is a potential interference
from other gases absorbing at this wavelength (e.g.,
aromatic hydrocarbons). This is overcome by cycling
the instrument between two modes: in one the
absorbance of air passing through an ozone scrubber
is measured, while in the other mode the absorbance
of unscrubbed air is determined. The difference is
due to the absorption by ozone. Calibration is via the
absorption coefficient for ozone, as standard atmo-
spheres are difficult to generate repeatedly. PAN can
be determined by several methods. One such uses GC
separation followed by an electron-capture detector.
There are no known interferences to this method and
the detection limits are ~1pgm >, or lower if the
PAN is cryogenically preconcentrated. In an alter-
native procedure, after chromatographic separation,
PAN is thermally converted to NO, and determined
by the chemiluminescent reaction of NO, with
luminol.

Particulate Matter

Particulate pollutants are emitted from many
sources. Additionally, particles are formed in the
atmosphere by both chemical and physical conver-
sions from natural and anthropogenic gaseous
substances. Particulate pollutants cover a size range
from <10nm to > 100 pm. The major proportion of
the aerosol below 1um is generally man-made,
including sulfates from SO, oxidation and carbon
from vehicle exhausts, for example. Particles of a
greater size are frequently natural (e.g., soil-derived,
marine aerosol) but this division cannot be regarded
as absolute.

Particulate matter is collected (sampled) either
from suspension in the air (usually by filtration) or by
collection of depositing particles as they fall out of
the atmosphere under gravity or by turbulent or
diffusive deposition. In general, airborne particles
collected by air filtration are 10pum or less in
diameter, while particles greater than this size
predominate in deposit gauge collectors. In this
section, the analysis of several important pollutants

that are generally present in a particulate from in the
air will be described, together with a brief descrip-
tion of the method used to collect them.

Mass

Most developed countries have legislated limit values
of the concentrations of the mass of particulate
matter in the atmosphere. These regulations are
generally framed in terms of particles within specific
size ranges termed PM;o and PM, ;. The former
refers to the mass of particles sampled through an
inlet with a 50% cut-off efficiency at 10 um aero-
dynamic diameter (i.e., effectively all particles
smaller than 10 um diameter), while for PM, s the
50% cut point for the sampler inlet is at 2.5 um. Both
the US and European (CEN) reference methods for
measuring particle mass depend upon sampling a
known volume of air through a high-efficiency filter
that is weighed under controlled conditions of
temperature and humidity before and after sampling.
Continuously reading instruments include the p-
absorption gauge (based on absorption of fS-radia-
tion by collected particles) and the tapered element
oscillating microbalance. Because these instruments
often precondition the air stream (e.g., by heating)
before sampling, the measurements may differ from
those made by the reference methods which do not
permit such conditioning.

Metals

Metal-containing particles are generally collected by
drawing air through a filter and subsequently
analyzing the filter on which the particles are
trapped. The material used for the filter is dependent
on the species that is to be collected. The choice of
filter material is also related to the requirements of
the subsequent analysis step (i.e., low blank content).
Two important metals that have environmental
significance are lead (Pb) and cadmium (Cd). There
are several methods available for the analysis of these
two species.

The most commonly used technique is atomic
absorption spectroscopy (AAS). Lead- and cadmium-
containing particles are collected on membrane filters
(usually Teflon or cellulose ester), extracted into
strong acid solution, and analyzed by AAS. If the
procedures are optimized there are no interferences
and detection limits are of the order of 10 ngm ~* for
lead and 1ngm 2 for cadmium in a 24h sample.
The figures given are for electrothermal atomization
using a graphite furnace; atomization using a flame
results in reduced sensitivity and consequently higher
limits of detection. Multielement analysis of metals
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dissolved from airborne particles is often achieved by
use of inductively coupled plasma-optical emission
spectroscopy, or if high sensitivity is required,
inductively coupled plasma-mass spectrometry.

For X-ray fluorescence the samples are collected
by filtration and placed in the X-ray spectrometer
without sample pretreatment. When irradiated with
X-rays, the metals re-emit secondary X-rays at
wavelengths characteristic of the individual metals.
There are little interferences and good limits of
detection can be obtained.

Organic Species

Methods for the analysis of particulate organic air
pollutants are of necessity complex. The majority of
methods require filter collection of the sample
followed by extraction and a chromatographic
separation. For example, in the analysis of polycyclic
aromatic hydrocarbons (PAHs) the extraction and
analysis procedure involves a Soxhlet (or other)
solvent extraction off the glass fiber or Teflon filter
used to collect the sample, followed by analysis of
the extracted sample by liquid chromatography. The
detectors are either UV absorption or fluorescence
monitors. Alternatively, the extracts of PAHs may be
analyzed using gas chromatography-mass spectro-
metry techniques. Detection limits in the picogram
(10 ~'? g) range have been reported.

Inorganic lons

Inorganic particulate ions such as nitrate and sulfate,
which are attracting considerable interest owing to
the involvement of these species in acid rain studies,
are generally collected using filters. The use of
polytetrafluoroethylene (PTFE) membrane filters is
generally recommended, especially for nitrates, ow-
ing to the low background of soluble nitrate ion in
this paper. A number of colorimetric methods may be
used for nitrate analysis, but ion chromatography is
nowadays almost universally used. PTFE filters are
also appropriate for sulfate collection. It has been
shown that other media such as glass fiber are
unsuitable for sulfates owing to artifact formation
from SO, reactions on the filter surface. The filter is
extracted with a known quantity of aqueous sodium
carbonate-sodium bicarbonate buffer containing
10% (v/v) isopropanol and either mechanically
shaken or placed in an ultrasonic bath for 1-2h to
complete the removal of the analytes from the filter.
The extracts are then analyzed by ion chromatogra-
phy. Detection limits of well below 1 pgm™ > for 3h
samples can readily be obtained using this procedure.

Remote Sensing

The term ‘remote sensing’ is often associated with
observations of the earth from orbiting satellites.
However, in recent years the use of remote sensing
instrumentation has been applied to the monitoring
of air pollution in the atmosphere. The term itself
refers to the fact that the instruments used to make
measurements can do so not only at the site at which
the instrument is located but also at points remote
from it. Several types of instruments have been used
for air pollution monitoring and some of the more
important ones will be discussed briefly in this
section.

Single-Wavelength Lidar

The principle of lidar is that a laser pulse is fired into
the atmosphere and as it proceeds along its path,
radiation that is scattered by aerosol and other
particles is directed back toward the laser where it is
collected with a telescope and measured with a
detector. The lidar system can be operated either in
single- or multi-wavelength mode (by using a tune-
able laser) so as to detect a number of different
species according to the attenuation they cause at
specific wavelengths. Several practical systems have
been developed to monitor species such as SO, and
O3 but the instrumentation required is complex and
very expensive. Analysis of the signal also requires
considerable expertise.

Differential Optical Absorption Spectroscopy

The DOAS technique originally developed by Platt,
Perner, and co-workers uses a broadband light source
with an emission in the wavelength region from 200
to ~700nm. This light, which is collimated by a
parabolic mirror, passes through the outside air over
a pathlength that can be up to 10km before it is
recaptured with a second parabolic mirror and
focused to the detector using an optical fiber. By
varying the wavelength of the light source the
concentrations of specific species can be determined
as the light beam is absorbed by trace species that can
absorb light at that particular wavelength. The
concentrations of these species can then be derived
from Beer’s law.

Several instruments have been developed to
monitor air pollutants such as SO,, NO,, HONO,
and Oj; and these are now commercially available.
Although these once seemed likely to revolutionize
air quality monitoring, their uptake in practice has
been very limited. Most statutory air quality net-
works require point monitors, and long-path instru-
ments are not accepted.



48 AIR ANALYSIS/Workplace Air

See also: Atomic Absorption Spectrometry: Electro-
thermal. Atomic Emission Spectrometry: Flame
Photometry. Cadmium. Carbon. Chemiluminescence:
Overview. Fluorescence: Environmental Applications.
Gas Chromatography: Environmental Applications.
Laser-Based Techniques. Lead. Nitrogen. Ozone.
Polycyclic Aromatic Hydrocarbons: Environmental
Applications. Remote Gas Sensing: Overview. Spectro-
photometry: Inorganic Compounds. Sulfur. X-Ray Fluor-
escence and Emission: X-Ray Fluorescence Theory.
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Introduction

As a basis for the prevention and control of occupa-
tional hazards, workplace air analysis has undergone
rapid development in the field of analytical science
during the last two decades. It paralleled the estab-
lishment and development of occupational exposure
guidelines for hazardous materials set by govern-
ment/advisory agencies.

Workplace air analysis can be distinguished from
other types of analysis: the selection of sampling me-
dium, time, and location are crucial steps in work-
place air analysis; transportation and storage of the
samples may also influence the measurement results;
and, almost always, real-time monitoring or quick
turnaround analysis time is required. Several inter-
national organizations have issued guidelines and
standards on methods for measuring air contami-
nants in the working environments, such as the
World Health Organization, the International Union
of Pure and Applied Chemistry, and the International
Organization for Standardization. Most national
government agencies/organizations, such as Occupa-
tional Safety and Health Administration (OSHA),
USA; National Institute of Occupational Safety
and Health (NIOSH), USA; The Commission of
the European Union; and the Health and Safety
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Executive (UK) have also established more specific
standard methods for the sampling and measurement
of airborne contaminants in workplace environments.
In this article, regulatory requirements for work-
place air quality will be reviewed, as will general
principles of workplace air analysis of both real-time
experiments and those performed in the laboratory.
Analytical methods for contaminants concentrated
from air samples will be presented and discussed.

Legislation

Although it has long since been recognized that
workplace air contaminants can be hazardous to
workers’ health, a significant driving force for work-
place air analysis is governmental regulations, apart
from the nonregulatory guidelines and recommenda-
tions such as the threshold limit values (TLVs) of the
American Conference of Governmental Industrial
Hygienists (ACGIH), which specifies concentrations
of airborne contaminants in the workplace air
to which nearly all workers may be repeatedly
exposed without adverse health effects. TLVs may
be expressed as full-shift, time-weighed average
(TWA) concentrations in the breathing zone of a
worker (TLV-TWA), as short-duration concentra-
tions (~15min), or as ‘instantaneous’ ceiling con-
centrations that are not to exceed TLV-C at any time.

In the United States, permissible exposure limits
(PELs) of the Occupational Safety and Health Ad-
ministration (US Department of Labor) exist for over
400 different organic and inorganic materials.
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In Canada, individual provinces have jurisdiction
for the establishment and enforcement of workplace
airborne contaminant levels in private industries, and
most of the provinces have established their own
occupational exposure levels.

In Germany, the MAK (Maximale Arbeitsplatz Ko-
nzentration — maximum workplace concentration)
values established for workplace air have been adop-
ted by the Ministry of Labor and are manda-
tory. MAKSs are the maximum concentrations allowed
for exposures of repeated or extended periods of time.
There are currently ~150 MAK values; concentra-
tions exceeding the MAKs are allowed for reduced
durations or reduced frequencies. In addition, techni-
cal guidance concentrations (Technische Richtskonz-
entrationen) have been established for substances
identified as carcinogens and potential carcinogens.

In the United Kingdom, there are two types of
occupational exposure limits: occupational exposure
standards (OESs) and maximum exposure limits
(MELs). An OES is set at a level at which there is
no indication of risk to health, while the MELs are
set for materials for which serious health implica-
tions exist, but which due to socioeconomic factors
must have a numerically higher value in order for the
controls associated with certain uses to be regarded
as reasonably practicable.

Many other countries have OFLs with varying
degrees of enforcements, updated annually.

Measurements of workplace air are frequently
made to demonstrate compliance with legal or other
standards, bur may also be made for other purposes,
including identifying unknown potential hazards,
obtaining data for epidemiological (exposure-
response) studies, and demonstrating the efficiency
of control measures.

General Principles

The type of air contaminants that occur in the work-
place depends on the raw materials used and the
processes involved. Air contaminants can be classi-
fied into two groups based on their physical proper-
ties: (1) aerosols (a suspension of liquid or solid
particles in the air), and (2) gases/vapors.

The analysis of workplace airborne contaminants
depends on the specificity, sensitivity, accuracy, repro-
ducibility, and stability of the analytical methods,
similar to that in other chemical and physical analyses.

As OELs continue to decline, the analytical meth-
od of choice must be sensitive enough to reliably
quantitate the workplace air contaminant at or be-
low the designated exposure level. As an example of
potential problems associated with lack of sensitivity,
when the ACGIH announced its recommended

change in the short-term exposure limit for formalde-
hyde in 1990, there was only a single device com-
mercially available that had the sensitivity to
measure formaldehyde at that concentration for such
short durations.

The need for accuracy in a workplace monitoring
method is vital, since the measurements need to re-
flect the actual conditions in the workplace. On the
other hand, given the temporal and spatial variability
in most airborne contaminant concentrations in the
workplace, it is generally not required that the mon-
itoring method be highly accurate, i.e. within a few
percent of the ‘true value’. The NIOSH (USA) rec-
ommends that (1) the overall bias of a monitoring
method be <10% of the values determined by a well-
characterized independent method, and (2) that the
overall precision of sampling and analysis should be
such that the total error is <25% in at least 95% of
the samples analyzed, based on the analysis of 6-10
samples at each of three or four concentration levels.

The analytical methods employed for workplace
air analysis can be categorized into two general
categories:

1. Direct reading instruments for use in the field.
2. Sample collection with subsequent laboratory
analysis.

The direct reading instrument can provide data on
exposures in the field. There are several reasons why
one chooses direct reading instruments:

1. Quick turnaround time; there is no need to wait
for long, often costly, laboratory analyses.

2. Can identify high short-term exposure that may
lead to acute effects, e.g., facilitate confined space
entry, and also provide estimates of long-term ex-
posures with correct sampling procedures.

3. Provide some alarm functions for evacuation or
remedial action.

On the other hand, field sampling followed by
laboratory analysis provides the kind of precision
and accuracy that no field/onsite measurement can
consistently provide.

Aerosol (Particulate Matter)

Airborne particulates can be either solids or liquids.
Dust, fumes, smoke, and fibers are dispersed solids;
mists and fogs are dispersed liquids.

Sample Collection

Particulate matter ranges in size from visible to mi-
croscopic. Particles can be sampled to determine the
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total quantity, or only the respirable fraction. The
respirable particles are those that are retained in the
lung and are generally considered to be of an aero-
dynamic size below 10 um.

Filters For total particulate/aerosol sampling, the
open- or close-faced 37 mm filter cassette is the most
popular in many countries. A newer type of sampler
for inhalable dust is the IOM sampler with a 25 mm
filter. Many studies have shown that the IOM
sampler provides the best reference for inhalable aer-
osol. Other samplers that are emerging for this pur-
pose are Respicon, and the Button samplers. There
are several types of filters commonly used for this
purpose: glass fiber, mixed cellulose ester fiber
(MCE), and poly(vinyl chloride) (PVC) filters. They
are selected based on their ability to collect mate-
rial and their suitability for laboratory analysis. For
example, PVC filters are normally used for gravi-
metric analysis and MCEs are used when a chemi-
cal analysis is needed followed by digestion or
extraction.

Cyclones A cyclone is used to collect particles of
respirable size, which separates out the large particles
from an air stream by the centrifugal motion of the
airflow, with the remaining respirable particles being
directed onto a collection device such as a filter.
Several types of cyclones are commercially available:
Dorr-Oliver cyclone, Higgins—Dewell, SKC Alumi-
num, and SKC GS.

Multistage Impactors Separation in this device is
based on the momentum of particles of various
masses. All the particulates in the air are collected,
but are separated by size on a series of multiple
stages. Figure 1 shows four commercially available
devices for the size separation and collection of air-
borne particulates.

Figure 1 Four commercially available devices for the size sep-
aration and/or collection of airborne particulates. From left to
right: IOM sampler, button sampler, cascade multistage impactor,
cyclone.

Physical Analysis

There are two common physical analyses that can be
performed on the particulate matter collected on fil-
ters or other media.

Gravimetric analysis is the most commonly used
physical method, in which the filter is weighed both
pre- and postsampling using a microbalance. The
quotient of the increase in filter weight divided by
the air volume drawn through the filter yields the
average concentration of the airborne particulate
matter during the sampling period.

The second physical method of analysis for par-
ticulates is microscopy. Although there are a number
of microscopic techniques used for the qualitative
and quantitative analysis, the most common tech-
nique used for the analysis for workplace air is
phase-contrast microscopy (PCM), used in the quan-
titation of fibers, especially asbestos trapped on a
filter. Another type of microscopic method, electron
microscopy, including scattering and transmission
electron modes, has seen increased popularity due to
its superior resolution and magnification power, de-
spite the high cost and other disadvantages. In scan-
ning electron microscopy (SEM), a very fine ‘probe’
of high-energy electrons scans across the surface of
the specimen, inducing the emission of secondary
electrons or reflection of the backscattered electrons
from the primary beam. The intensity of emission of
both secondary and backscattered electrons is very
sensitive to the angle at which the electron beam
strikes the surface, i.e., to topographical features on
the specimen. The emitted electron current is col-
lected, amplified, and displayed as a fluorescent
image on a cathode ray tube.

Chemical Analysis

In many cases, aerosol/particulate matter trapped
on a filter paper is extracted from the filter using
solvents or acids, after which the extract is ana-
lyzed. This technique is used for the analysis of:
polynuclear aromatic hydrocarbons trapped on
membrane filters or solid sorbents, various pesticides
from polyurethane foam filters, many metals and
their salts, and crystalline silica on PVC filter sam-
ples. The polynuclear aromatic compounds and
pesticides can be analyzed using either gas chromato-
graphy (GC) or high-performance liquid chromato-
graphy (HPLC); the metals are analyzed using atomic
absorption/emission spectrophotometry (AAS/AES,
either flame or flameless, depending on the metal),
inductively coupled plasma spectrometry, or ion
chromatography. The analysis of crystalline silica is
done using X-ray diffraction (XRD), infrared (IR), or
visible spectrophotometry.
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Ion chromatography can be used for the quanti-
tation of a mixture of anions collected as salts, which
might include such substances as fluoride or nitrate
ion. Specific ion-selective electrode measurements are
also used for the analysis of numerous anions and
cations. Special attention should be given to elimina-
tion/minimization of interferences from the matrix.

In some cases, the filter is used as both particulate
trapping medium and as a substrate for holding a
derivatizing reagent that reacts with and stabilizes
the particulate matter. For example, 1-(2-pyridyl)pip-
erazine-coated glass fiber filters are used to trap and
react with particulate methylene bisphenyl isocyan-
ate to form a derivative that is then analyzed using
HPLC coupled with a fluorescence detector.

The direct-on-filter technique for either XRD or
IR, in which sampling and analysis is accomplished
using the same filter, has been accepted widely as an
alternative to the routine analysis following desorpt-
ion. This is more efficient as it bypasses the intensive
sample preparation; less contamination and less sam-
ple loss are also added advantages.

There are also other techniques that are used fre-
quently to characterize particulate matter collected
from workplace air, for example, X-ray fluorescence
(XRF) analysis — both lab-based wavelength-
dispersive and hand-held energy-dispersive XRF
spectrometry — are used for identification and quan-
titation of either bulk samples or air filters for nu-
merous chemical elements. The latter is now
available with both tube-excitation and radionuc-
lide-excitation sources.

Direct Reading Aerosol Monitors

Several types of direct reading monitors are available
for measuring airborne aerosol concentrations.

The most popular direct reading aerosol monitors
are light-scattering devices, which operate by illumi-
nating the sample as it passes through a chamber and
measuring the scattered light at a certain angel. This
type of monitor is sensitive to the size, shape, and
refractive index of the particles. It is used for deter-
mining aerosol size and count.

Another type of aerosol monitoring device relies on
the behavior of a piezoelectric crystal, whose oscil-
lation frequency changes with the mass of aerosol
deposited on it. It is called piezoelectric mass sensor.
After each sampling period, the concentration of the
aerosol is displayed and the crystal is automatically
cleaned and ready for the next measurement. Sam-
pling efficiency is affected by both the mass and the
size of the particles. Very low sensitivity is observed
when the particle size is larger than 10 pm in diameter
or larger masses of particles are collected.

Gases/Vapors

A large number of gases and organic vapors occur in
various workplaces, and many different techniques
are required to assess them. Gas and vapor sample
collection for monitoring is relatively simple com-
pared to dust sampling. There is no size sampling
requirement — monitoring simply requires that one
collects and measures the concentration in the at-
mosphere. Exposure is based on the total amount
available for inhalation.

Sample Collection

Personal air sampling is preferred over area sampling
for evaluating worker exposure to contaminants in
workplace air. The worker wears a sampling device
that is placed very close to the breathing zone to
collect an air sample. Area air samples are normally
used to evaluate background concentrations and
locate sources of exposures. The sampling device is
placed in a fixed location in the area of interest.

Active sampling/sorbent tubes Probably the most
common and versatile type of sample collection
device is the solid sorbent tube. These small cylin-
drical tubes, 3-8 mm internal diameter, containing
tens to thousands of milligrams of one or a combi-
nation of sorbents, have the workplace air drawn
through them to facilitate trapping the contami-
nant(s) of interest. Solid sorbents commonly used are
various forms of activated charcoal or carbon for
stable compounds; silica gel for collecting polar
compounds such as alcohols, amines, and phenols;
synthetic polymers such as various chromsorbs,
ambersorbs, XAD, and Tenax for a wide range
of low level of higher molecular weight organics
compounds.

Active sampling requires a sampling pump to draw
air through the sorbent tubes. The sampling pump
needs to be calibrated (with the entire sampling train
assembled as it will be used in the field) to within
+5% of the recommended flow rate according to
OSHA analytical methods.

Passive monitors Passive monitors provide personal
sampling without the use of sampling pumps. They
rely on the movement of contaminant molecules
across a concentration gradient, which for steady-
state conditions can be defined by Fick’s first law of
diffusion. In simple terms, contaminants move from
an area of high to low concentration at defined rates.

Common types of passive monitor involve the
trapping of the air contaminant of interest using a
solid sorbent or a reactive material contained behind
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Table 1 Passive monitors for occupational air sampling

Sampler model  Manufacture Target contaminants ~ Sampling media Analytical method
3M 3551 3M Ethylene oxide Hydrogen bromide treated charcoal disk GC-ECD

3M 3721 3M Formaldehyde Bisulfite-impregnated paper Visible spectrometry
GMD 570 GMD Formaldehyde Glass fiber filter impregnated with 2,4-DNPH HPLC-UV
526-200/201 SKC Formaldehyde Bisulfite-impregnated paper Visible spectrometry
AT571 Assay technologies Formaldehyde Glass fiber filter impregnated with 2,4-DNPH  HPLC-UV
575-Series SKC VOCs Charcoal/Anasorb 747/727 GC-FID

SKC 520 SKC Inorganic mercury Anasorb C300 AA

NITROX Landauer Nitrous oxide Molecular sieve IR

3M3500 3M VOC Charcoal GC-FID, GC-MS

a diffusive barrier. After use, the sorbent is removed
and desorbed with a solvent and then analyzed. An-
other type of passive monitors involves the diffusion
of the gas or vapor along an open path into a
solution or onto a treated sorbent with which the
contaminant reacts. Table 1 lists manufacturer and
model details for both types of passive monitors.
Passive monitors are relatively inexpensive and
easy to use, and most commercially available mon-
itors meet or exceed NIOSH accuracy requirements.

Grab samplers Grab samples are collected to meas-
ure gas and vapor concentrations at certain time and
place, which can be used to evaluate ‘peak’ or ceiling
exposures. Grab samples are collected mostly in the
following situations: onsite analysis for certain field
applications; emergency situations, like spills, leaks,
when instantaneous sampling and analysis is critical;
or when other sampling media/methods are not
available.

Flexible sampling bags made of different materials
or evacuated rigid containers, such as SUMMA can-
isters, are used for grab sample collection.

Laboratory Analysis

The analysis of material trapped on solid sorbents is
done in a number of ways. Arguably the most com-
mon analytical technique is desorption in a suitable
solvent with gas chromatographic analysis of the re-
sulting solution. There has also been a considerable
body of work done on thermal desorption of the
trapped material, with or without preconcentration
of the desorbed material prior to gas chromatogra-
phic analysis. Thermal desorption introduces the po-
tential for pyrolysis of the material of interest, and
thus its use is somewhat limited, in comparison to
solvent desorption. Mass-selective (MS) detectors
and the flame-ionization detectors (FIDs) are the
most commonly used detectors for this purpose. Both
detectors are considered to be universal detectors for
organic compounds; the FID is used mostly for

quantitation while MS can be used for both quali-
tative identification and quantitative analysis. Other
detectors such electron-capture, thermal con-
ductivity, Hall electrolytic conductivity, nitrogen-
phosphorus, and alkali flame ionization detectors
have all been used for the analysis of workplace air
contaminants.

While the gas chromatographic technique is used
for most of the analysis of volatile and semivolatile
contaminants in workplace air for compounds with
relative low volatility, or compounds that are deriva-
tized for better stability or increased sensitivity,
HPLC is the analytical method of choice. UV - vis-
ible and fluorescence detectors are the two common
types of detectors that are used.

Other analytical methods used for the analysis of
solid sorbent samples include ion chromatography,
ion-selective electrodes, and polarography measure-
ments.

Table 2 lists the common analytical methods dis-
cussed with their respective detection limits and
dynamic range.

Direct Reading Analysis

Direct reading instruments are one of the most im-
portant tools that are available to occupational
hygienists to detect and quantify workplace air con-
taminants. These instruments allow real-time or near
real-time measurements in the field, thus eliminating
the lag-time if the samples have to be sent for lab-
oratory analysis.

Electrochemical sensors Electrochemical sensors
are widely used for the detection of toxic gases at
the parts per million (ppm) level and for oxygen in
levels of percent of volume (% vol). Toxic gas sensors
are available for a wide range of gases, including
carbon monoxide, hydrogen sulfide, sulfur dioxide,
nitrogen dioxide, chlorine, and many others.
Although the sensors are designed to be specific to
each gas, there are often some cross-interferences with
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Table 2 List of analytical methods for gas/vapor analysis

Analytical method Typical analytes Typical detection limit Linear dynamic

range
GC-FID Hydrocarbons 10-100pg 107
GC-ECD Organohalogens, chlorinated solvents, and pesticides 0.05-1pg 10*
GC-FPD Sulfur and phosphorus compounds 10-100 pg 10%-10*
GC-NPD Organonitrogen and organophosphorus compounds 0.1-10pg 108
GC-PID Compounds ionized by UV 2pg C per s 107
GC-MS Tunable for any compound 10 pg—-10ng (depending 10°

on SIM or scan)
GC-AED Tunable for any compound 0.1-20pgs " 10°-10*
HPLC-UV Conjugated organic compounds 0.1-1.0ng 10%-10°
HPLC—fluorescence Highly conjugated compounds like PAHs, isocyanate 1-10pg 10°-10*
derivatives, etc.

lon chromatograph Anions 0.1-1.0ng 10°-10*

other gases present. Overall, electrochemical sensors
offer very good performance for the routine monitor-
ing of toxic gases and percent of volume oxygen
present in both portable and fixed gas monitors.

Combustible gas instruments (CGIs) Three types of
CGls are available. The first is the catalytic sensor,
which is commonly used to detect and quantify com-
bustible gases and vapors from 0% to 100% LEL
(lower explosive limit). The sensor consists of two
elements: detector and reference. Both elements con-
sist of metal coils operating in a Wheatstone bridge
circuit. The burning gas increases the detector’s tem-
perature, resulting in an increase in resistance in the
element. The sensor’s response to a combustible gas
depends on the chemical composition, the molecular
weight, and vapor pressure of the gas.

The catalytic sensor is less sensitive to temperature
and humidity effects, offers repeatable performance,
and is relatively stable. However, it is susceptible to
poisoning or inhibition from some gases, which may
decrease its sensitivity or damage the sensor beyond
recovery.

The second type is the thermal conductivity sensor,
which has been used in instruments for measuring
combustible gases above the % LEL range and for
leak detection for many years. Like the catalytic sen-
sor, this one also consists of two wire elements of
detector and reference. The response depends on the
thermal conductivity of the gas being detected. Some
advantages of the thermal conductivity sensor are
that it does not require oxygen to operate and is
not susceptible to poisons. One drawback is that it
cannot measure gases with thermal conductivities
similar to the reference gas (nitrogen). Thermal
conductivity sensors are used primarily in portable
gas leak detectors.

The third type is the metal oxide sensor, which is
described in more detail later in this article.

Photoionization/flame-ionization detectors (PIDs/
FIDs) PIDs and FIDs detectors are often used in
situations where high sensitivity (sub-ppm levels) and
limited selectivity (broad-range coverage) are de-
sired. The normal working range is between 0.1 and
100000 ppm for FID and 0.2-2000 ppm for PID.
PID/FIDs are commonly used for detecting volatile
organic compounds (VOCs) such as benzene/toluene/
xylene, vinyl chloride, and hexane, and provide
quick response for this growing concern.

A PID operates by ionizing components of a sam-
ple stream with high-energy ultraviolet UV light
(while FID operates by ionizing components with
high-temperature hydrogen/air flame) and detecting
the resulting charged particles collected at an elec-
trode within the detector. Advantages of this tech-
nology include the fast response time and excellent
shelf-life. PIDs suffer from sensor drift and humidity
effects; therefore, calibration requirements are more
demanding than other common gas detectors.

IR gas analyzer (nondispersive IR (NDIR) absorp-
tion) The NDIR sensor, commonly referred to as
the IR sensor, is based on the principle that many
gases absorb light energy at a specific wavelength,
typically in the IR range.

The limitation of NDIR technology for gas detec-
tion depends on the uniqueness of the absorption
spectrum of a particular gas. IR sensors can detect
gases in inert atmospheres (little or no oxygen
present), are not susceptible to poisons, and can be
made very specific to a particular target gas.

NDIR sensors are also extremely stable, quick to
respond to gas, can tolerate long calibration inter-
vals, and have a wide working range (sub-ppm to
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low percentage level). IR sensors are commonly used
to detect methane, carbon dioxide, and nitric oxides
in both portable and fixed gas detection instrumen-
tation.

Photoacoustic sensors (PAS) Quantification of air
contaminants by PAS involves the use of UV or
IR radiation to quantify air contaminants. It involves
the absorption of a pulse of light energy by a mol-
ecule and the subsequent detection of a pressure
wave generated by heat energy released by the mol-
ecule upon its return to the ground state. Photo-
acoustic spectroscopy analysis is nondestructive,
can be done in real time, and can be a few orders
of magnitude more sensitive than conventional
UV-vis spectroscopy. Detection limits are chemical-
specific and are reported to be between 0.001
and 1 ppm.

Fiber optic sensors The use of fiber optic tech-
nology is relatively new and fiber optic sensors are
relatively inexpensive to manufacture.

One proven method of optical sensing uses a fiber
coated with chemical reagents. A beam of light is
guided over the fiber probe as the analyte gas is
introduced. The sensor detects the luminescence
changes resulting from the reaction of the chemicals
with the gas. This type of optical sensor can be for-
mulated for a variety of gases such as oxygen, am-
monia, chlorine, and hydrogen, where the chemical
principles are well known and suitable laser and light
emitting diodes sources are available.

Solid-state sensors Solid-state sensors, also refer-
red to as metal oxide sensors, are best used as
general survey instruments because of their lack of
selectivity/specificity. This type of sensor has a rather
narrow working range of 1-50 ppm. A variety of
MOS sensors are available for the detection of
combustible gases, chlorinated solvents, and some
toxic gases, such as carbon monoxide and hydrogen
sulfide.

During operation, the sensing element is heated to
250-350°C. When gas enters the sensor, it reacts
with the oxide coating, causing a decrease in resist-
ance between the two electrodes, which is then
measured.

Portable GCs GC and GC-MS remain dominant
techniques for the determination of multiple volatile
and semivolatile organic compounds in workplace
air analysis. Portable gas chromatographs were in-
troduced in the late 1970s and the technology has
continued to evolve ever since. Most field GCs
consist of an injection system with either syringe

Figure 2 Photovac Voyager portable GC.

mode or loop mode, capillary or packed columns, a
programmable oven, and one or more detectors.
Most common detectors used in portable GCs are
FID, PID, or ECD (electron capture detector). A
field GC can be as accurate as +5% of the reading
and it also offers a wide dynamic range, from very
low-ppb to hundreds of ppm concentration levels for
FID/PID.

The Photovac Voyager, a fifth-generation portable
GC, is shown in Figure 2. Features of the Photovac
Voyager include a three-column system and dual
PID-ECD detectors. The Voyager also includes a
factory-programmed assay that provides preset in-
strument operating parameters and compound li-
brary to simplify operation.

Sixth-generation portable GCs, which are high-
speed portable gas chromatographs, have been
introduced recently. They can analyze single or mul-
tiple compounds within as little as a few seconds up
to a couple of minutes.

Non-instrumental methods/detector tubes Chemi-
cal indicator tubes, using noninstrumental tech-
nology, are widely used for the analysis of
workplace air in a real-time basis. Sealed glass tubes
are filled with a reagent specifically sensitive to a
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target gas/vapor. If the target gas is present in an air
sample drawn through the tube, a color change will
occur in the reagent layer of the tube that depends on
the contaminant’s concentration. The sample is
pulled via either a manual piston pump or a bat-
tery-operated motorized pump. There is a wide range
of different tubes, specific to different compounds or
groups of compounds, and having various effective
concentration ranges. The chemistries relied upon to
effect the color changes in the tubes are specific to
the individual compounds and the reactive reagent.

For example, the Draeger tube for styrene is based
on the reaction of styrene with formaldehyde in the
presence of sulfuric acid to form a red—brown color
stain in the tube.

A few of these devices rely on air contact with the
tube through diffusion, and thus operate passively.
Tubes used with battery-operated pump or those that
sample the air through diffusion are used to deter-
mine time-weighed average concentrations of the
workplace air contaminant of interest, while all the
tubes used with a hand-operated vacuum pump are
intended for measuring more or less instantaneous
concentrations. The Safety Equipment Institute
(USA) currently certifies chemical indicator tubes
based on American National Standards Institute/In-
ternational Safety Equipment Association standard
102 (1996).

Quality Assurance Aspects of
Workplace Air Analysis

Quality assurance is a set of operating principles
that, if strictly followed during sample collection and
analysis, will produce data of known and defensible
quality. The reliability of analytical results depends
on many factors such as the personnel performing
the tests, environmental conditions, test methods,
validation of test methods, equipment functioning,
measurement traceability, sampling, and the storage
and handling of samples. To minimize all the
negative impacts of these factors, a properly validat-
ed, documented standard operating procedure must
be used for all workplace air analysis. This standard
operating procedure should include, but are not lim-
ited to, the following elements: acceptable sampling/

See

analysis devices and procedures, proper transporta-
tion and storage conditions, calibration requirements
for both field and laboratory instrumentation, esti-
mation of measurement uncertainties, and acceptable
ranges for spike recovery efficiencies.

There are other routinely practiced procedures in
terms of intralaboratory and interlaboratory quality
control, such as the control chart, round-robin in-
terlaboratory testing, and various proficiency tests
offered by different agencies, such as the PATs (Pro-
ficiency Analytical Testing) by ATHA in the US and
WASPs (Workplace Analysis Scheme for Proficiency)
by the Health and Safety Laboratory in Great
Britain. In normal circumstances, a combination of
these quality control measures should be used in
performing workplace air analysis.

See also: Air Analysis: Outdoor Air. Atomic Absorption
Spectrometry: Principles and Instrumentation. Atomic
Emission Spectrometry: Principles and Instrumentation.
Environmental Analysis. Gas Chromatography: Over-
view; Principles; Instrumentation. Liquid Chromatograp-
hy: Overview; Principles; Instrumentation. Personal
Monitoring: Active; Passive. Quality Assurance: Qual-
ity Control; Instrument Calibration. Spectrophotometry:
Overview; Inorganic Compounds; Organic Compounds.
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Definition and Classification of
Alkaloids

An alkaloid has been defined by Pelletier as: “a cyclic
organic compound containing nitrogen in a negative
oxidation state which is of limited distribution
among living organisms”.

Most alkaloids have basic properties connected with
a heterocyclic tertiary nitrogen. Notable exceptions
are colchicine, caffeine, and paclitaxel. Most alkaloids
are biosynthetically derived from amino acids such as
phenylalanine, tyrosine, tryptophan, ornithine, and
lysine. Alkaloids represent a wide variety of chemical
structures. About 20000 alkaloids are known, most
being isolated from plants. But alkaloids have also
been found in microorganisms, marine organisms such
as algae, dinoflagellates, and puffer fish, and terrestrial
animals such as insects, salamanders, and toads.

Alkaloids are often classified according to their
molecular skeleton, e.g., the two largest groups are
the indole alkaloids and isoquinoline alkaloids (each
more than 4000 compounds). Other important
groups are tropane alkaloids (~300 compounds),
steroidal alkaloids (~450 compounds), and pyridine
and pyrrolizidine alkaloids (respectively, ~250 and
570 compounds).

Classification based on botanical origin of the al-
kaloids are also used, e.g., Papaver (opium) alkaloids,
Cinchona alkaloids, Rauvolfia alkaloids, Catharan-
thus alkaloids, Strychnos alkaloids, Ergot alkaloids,
cactus alkaloids, and Solanum alkaloids. The struc-
tures of some alkaloids are shown in Figure 1.

Many alkaloids have strong biological activities in
man. In part this can be explained by structural re-
lationship with important signal compounds (neuro-
transmitters) such as dopamine, acetylcholine,
noradrenaline, and serotonin. The fact that alkaloids
are water soluble under acidic conditions and lipid
soluble under neutral and basic conditions give them
unique properties for medicinal use, as they can be
transported in the protonated form, and can pass
membranes in the neutral form. In fact most synthetic
medicines do contain one or more tertiary nitrogens.

A number of alkaloids have commercial interest
as medicines of tools in pharmacological studies (see
Table 1). Both pure compounds and plants (or extracts
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Figure 1 Structures of some different types of alkaloids.

Table 1 Some alkaloids of pharmaceutical interest

Ajmalicine Physostigmine
Ajmaline Pilocarpine
Quinine Veratrine
Quinidine Solasodine
Strychnine Harringtonine
Reserpine Ephedrine
Rescinnamine Mescaline
Yohimbine Aconitine
Vincamine Nicotine
Vinblastine Tetrodotoxin
Vincristine Saxitoxin
9-Hydroxyellipticine Sparteine
Camptothecine Lobeline
Emetine Muscarine
Atropine (1-hyoscyamine) Serotonine
Scopolamine Harmane
Cocaine Psilocybine
Codeine Caffeine
Morphine Theophylline
Thebaine Theobromine
Papaverine Taxol
Narceine Ergotamine
Narcotine Ergonovine
Berberine Ergosine
Sanguinarine Ergocristine
Tubocurarine Ergocryptine
Boldine Ergocornine
Colchicine Lysergic acid
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thereof) containing alkaloids are used. Furthermore
some alkaloids are widely found as drugs of abuse
(e.g., mescaline, cocaine, psilocybin, psilocin, mor-
phine, and its semisynthetic derivative heroin), as do-
ping compounds (e.g., strychnine, ephedrine, caffeine),
and as poisons (e.g., strychnine, pyrrolizidine alka-
loids, coniine, nicotine, tetrodotoxin). Consequently,
methods for the determination of alkaloids can be
found in quite different contexts, mainly dependent on
the matrices in which the alkaloids are found.

Chemical Properties and Artifact
Formation

Many alkaloids are difficult to crystallize as free base,
but do crystallize as a salt. Most alkaloids have basic
properties. The pK, values vary from 6 to 12, with
most alkaloids in the range of 7-9. In general the free
base is soluble in organic solvents and not in water.
Protonation of the amine function under acidic condi-
tions usually results in a water-soluble compound. This
characteristic is widely used in the selective isolation of
alkaloids. Quaternary alkaloids are poorly soluble in
organic solvents but are soluble in water at any pH.

Most alkaloids are colorless—only a few highly
conjugated compounds are colored (e.g., berberine,
sanguinarine, serpentine) or show strong fluores-
cence (e.g., quinine).

Alkaloids are often quite unstable, and N-oxida-
tion in particular is quite common. Besides the effect
of heat and light, their stability is influenced by
solvents. Halogenated solvents are widely used in
alkaloid research, and chloroform in particular is one
of the most suitable because of its relatively strong
proton donor character. However, these solvents are
very reactive in terms of artifact formation. In chlo-
roform (N-)oxidations occur easily. Furthermore per-
oxides in ethers may cause N-oxidations. With
dichloromethane quaternary N-dichlorometho com-
pounds may easily be formed. Similar compounds
are formed with minor impurities present in chloro-
form. But also chloroform itself may react with an
alkaloid to give artifacts. The decomposition product
formed from chloroform by oxidation, phosgene, re-
acts with ethanol that is always present in this
solvent. This product ethyl chloroformate reacts with
tertiary nitrogens to yield ethylcarbamates. Alkaloids
are in general more stable in toluene, ethyl acetate,
and alcoholic solutions. In case of alkaloids contain-
ing a carbinolamine function, reactions with alcohols
will occur (e.g., O-methyl pseudostrychnine is for-
med from pseudostrychnine with methanol). The
1-2% of ethanol in chloroform may also result in
ethyl-derivatives. Ketones such as acetone and me-
thylethylketone are well-known artifact formers, as

they can react both with carbinolamines and amines.
Berberine for example may react with acetone. Am-
monia and acetone may react during column chro-
matography on silica, yielding conjugates that give a
Dragendorff-positive reaction. Ammonia may also
react with aldehydes present in plant materials.
Giving rise to artificial alkaloids, e.g., gentianine,
which is formed from sweroside during extraction.

Extraction

Alkaloids can be extracted under neutral or basic
conditions (after basification of the plant material or
biofluid to pH 7-9 with ammonia, sodium carbonate,
or sodium hydrogencarbonate) as free base with
organic solvents (e.g., dichloromethane, chloroform,
ethers, ethyl acetate, alcohols). Some alkaloids can
only be extracted at higher pH (> 10) e.g., tryptamine.
On the other hand alkaloids containing phenolic
groups (e.g., morphine) are deprotonated at higher
pH, and are thus not extracted by organic solvents
under such conditions. Alkaloids can also be extracted
in the protonated form (after acidification to pH 2—4
with dilute acids such as phosphoric acid, sulfuric
acid, or citric acid) with water or alcohols (e.g., meth-
anol). Also acetic acid and trifluoro acetic acid can be
used for acidification. However, because of their lipo-
philic properties they will lead to ion-pair formation
with the alkaloids, which in case of liquid-liquid ex-
traction of the acidic aqueous extract with an organic
solvent will pass into the organic phase (see below).
A 0.1% trifluoroacetic acid solution in water as such
is a very efficient solvent for alkaloid extraction from
plant material which can directly be used for high-
performance liquid chromatography (HPLC) analysis.
Further purification of alkaloids can be done by
liquid-liquid extraction or liquid—solid extraction.
In liquid-liquid extraction the alkaloids are, after
basification, extracted from an aqueous solution with
an immiscible organic solvent (e.g., dichlorometh-
ane, diethyl ether, ethyl acetate, chloroform), or from
an organic solvent with an aqueous acid. With the
aid of ion-paring agents (e.g., alkylsulfonic acids),
alkaloids can be extracted from an acidic aqueous
solution with organic solvents. It should be noted
that common ions such as Cl ~, Br —, 1™, acetate, and
trifluoroacetate also result in the formation of ion-
pairs which are readily soluble in organic solvents.
For liquid-solid extractions there are several pos-
sibilities. Reversed-phase materials such as chemi-
cally bonded Cg and C;3 on silica are widely used.
Also ion-exchange materials are used for the selective
extraction of alkaloids.
For preparative purposes purifications based on
precipitation of alkaloids are employed. A crude
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extract of the alkaloids is made with aqueous acid.
Subsequently the alkaloids are precipitated with
reagents such as Mayer’s reagent (1 moll ™' mercu-
ry(I) chloride in 5% aqueous potassium iodide) or
Reinecke’s salt (5% aqueous ammoniumtetrathio-
cyanatodiammonochromate in 30% acetic acid) at
pH 2, or picric acid (saturated aqueous solution) at
pH 5-6. After collection by filtration or centrifugat-
ion, the precipitate is dissolved in an organic solvent
(e.g., acetone-methanol-water, 6:2:1 (v/v/v)). The
complexing substance is then removed by means of
an anion exchanger. This method is particularly sui-
ted for the purification of quaternary alkaloids.

Detection Reactions

Numerous reactions have been described for the
detection of alkaloids in aqueous solutions. The
most common are precipitation reactions such as
Dragendorff’s reagent (bismuth iodide), Mayer’s
reagent, picric acid, and Reinecke’s salt (see above).
All these reagents are more or less specific for pro-
tonated tertiary nitrogens (and quarternary ni-
trogens). Dragendorff’s reagent is also used for the
detection of alkaloids on thin-layer chromatography
(TLC) plates. It may cause false-positive reactions
with, for example, compounds containing con-
jugated carbonyl or lactone functions.

Chromatographic Analysis
Thin-Layer Chromatography

TLC is widely used in the analysis of alkaloid ex-
tracts. Particularly in the analysis of plant materials it
offers the advantage of molecules with a broad range
of polarities being separated in a single analysis. Also
it does not require extensive sample cleanup of crude

Table 2 Some common for alkaloid analysis

extracts as in case of gas chromatography (GC) and
HPLC. The most widely used stationary phase is sil-
ica. Alumina plates have been applied in the past, but
are nowadays rarely employed. Reversed-phase ma-
terials such as chemically bonded Cig on silica are
also applied, but because of problems of tailing, the
much cheaper silica plates are still widely employed.
In the case of strongly basic alkaloids, severe tail-
ing may occur on silica gel plates because of the
acidic properties of this adsorbent. Therefore, mobile
phases containing bases like ammonia or diethyla-
mine are widely used. Alternatively, TLC plates im-
pregnated with basic solutions have been employed.
For the detection of highly polar quaternary alkaloids
and N-oxides, solvent systems consisting of methanol
and aqueous salt solutions are useful. In Table 2
some widely used TLC systems are summarized.
Many methods have been reported for the detec-
tion of alkaloids on TLC plates. Besides quenching of
ultraviolet (UV) radiation on fluorescent plates, gen-
eral reagents for selectively detecting alkaloids are
Dragendorff’s reagent (orange-brown spots) and po-
tassium iodoplatinate reagent (violet-purple spots)
(Table 3). There is less risk of false-positive reactions
with the latter (see above). Highly selective reagents
have been reported for the various classes of alka-
loids (see Table 4). These are based on different col-
orations under strongly oxidizing conditions.

Gas Chromatography

Although alkaloids are nonvolatile, many alkaloids
mixtures have been analyzed successfully by GC, es-
pecially capillary GC. Generally stationary phases
with a low or sometimes intermediate polarity are
used. Though hardly used anymore, for packed col-
umns basic deactivation of the supporting material
will improve peak shapes. For capillary columns

Solvent system (all with silica plates)

Commonly used ratios (v/v) Polarity range®

Cyclohexane—chloroform—diethylamine
Chloroform—acetone—diethylamine
Chloroform—methanol-ammonia
Chloroform—methanol/ethanol

Ethyl acetate—isopropanol-25% ag. ammonia
Ethyl acetate—methanol

Toluene—ethyl acetate—diethylamine
Toluene—acetone—ethanol-25% aq. ammonia
Dichloromethane—diethyl ether—diethylamine
Acetone-methanol-25% aq. ammonia
Methanol—25% ag. ammonia
n-Butanol-acetic acid—water

Methanol-1 mol 1~ ag. NH4sNO3—2 mol 1~ ag. ammonia
Methanol-0.2 mol 1~ ' aq. NH4sNO3

5:4:1—(0):9:1 Ip—mp
5:4:1 mp

8:1:1 mp
99:1-1:1 Ip—mp, wb
100:2:1, 80:15:5, 45:35:5 Ip—mp
9:1-1:1 Ip—mp, wb
7:2:1 Ip—mp
20:20:3:1 mp
20:15:5 mp
40:10:2, 95:(0):5 mp—p
95:5 Ip—p

4:1:1 Ip—p

7:1:2 Ip—p

3:2 Ip—p

2]p, low polar compounds; mp, medium polar compounds; p, polar compounds; wb, weakly basic compounds.
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Table 3 Detection reagents for alkaloids on TLC plates

Dragendorff’s reagent (modification according to Munier)

(A) 1.7% bismuth subnitrate in 20% agq. tartaric acid solution.

(B) 40% Potassium iodide in water.

(A) and (B) are mixed (5:2) and the spray reagent is prepared
by mixing 50 ml of the stock solution with 100 g tartaric acid
and 500 ml water.

Colors observed after spraying: orange—brown spots for
alkaloids.

Potassium iodoplatinate reagent
The reagent prepared freshly by mixing 3ml of 10% agq.
hexachloroplatinic acid solution with 97 ml of water and 100 ml
of 6% aqueous potassium iodide solution.
Colors observed after spraying: violet—purple spots for
alkaloids.

Table 4 Some selective color reactions for the detection of
alkaloids on TLC plates

Treatment Alkaloids detected

0.2 mol 1~ " iron(lll) chloride in 35%
perchloric acid: heat

1% Cerium(IV) sulfate in 10% sulfuric
acid

1% p-dimethylaminobenzaldehyde in
ethanol, followed by exposure to
hydrochloric acid vapor

Sulfuric acid: heat

Indole alkaloids,
isoquinoline alkaloids
Indole alkaloids

Ergot alkaloids

Various alkaloids

usually a length of 10-25 m is chosen. High temper-
atures for injection (200-300°C) and column (tem-
perature gradients from 100°C to 250°C) are
generally required. By using nitrogen specific detec-
tors high selectivity can be obtained. The combina-
tion of GC with mass spectrometry (MS) has been
fruitfully used for alkaloid analysis.

Liquid Chromatography

For alkaloid analysis, liquid chromatography (LC)
has developed into an important tool. Most separa-
tions are done on reversed-phase materials (Cg-, Cyg-,
and phenyl-bonded phases on silica), a major
problem being extensive tailing arising from the in-
teraction of the basic nitrogen and residual acidic
silanol groups in the reversed-phase materials. Strong
bases in particular show this problem. By adding
long-chain alkaylamines (e.g., hexylamine) in low
concentrations (typically 1 mmoll ') to the mobile
phase, tailing can be reduced considerably. Also ad-
dition of amines like triethylamine or tetramethyl-
ammonium can be helpful in reducing tailing.
Presently many special treated columns are available
that show improved peak shapes for basic com-
pounds. For these special treated columns selectivity
and efficiency can vary considerably between brands,

Table 5 General outlines of reversed-phase LC systems for the
separation of alkaloids

Stationary phase Mobile phase

Cg-, Cqg- OF phenyl-
bonded phase with low
percentage of free
silanol groups.

lon-suppression mode: methanol
(acetonitrile)—water containing
~0.01-0.1 mol 1~ phosphate
buffer, ammonium carbonate or
sodium acetate (pH 4-7).

lon-pair mode: methanol
(acetonitrile)—water containing
~0.005 mol 1~ " alkylsulfonate and
1% acid (e.g. acetic acid), pH 2—4.

Table 6 Mobile phases used for isocratic LC separation of
alkaloids, with silica gel as the stationary phase

Dichloromethane
Chloroform

. } Methanol Ammonia
Dlzmyélror isopropy! — | Diethylamine
Tetrahydrofuran Isopropanol Triethylamine

(~1% of the

Ethyl acetate mobile phase)

and plate numbers are usually lower than obtained
for neutral test compounds on the same column. Less
common is the use of polymeric-, ion-exchange, and
aminopropyl-type columns.

Because of the equilibrium between free base and
protonated alkaloid, the pH of the mobile phase has
to be controlled. As silica-based stationary phases are
unstable at higher pH (above 8), usually a pH be-
tween 2 and 4 is used. Both ion-suppression and ion-
pairing modes are employed. Some general features
of reversed-phase LC systems are given in Table 5.
Isocratic separation using silica has been reported
(Table 6), but despite the large selectivity offered,
they are not commonly used anymore. The systems
usually are similar to those applied in TLC.

For detection, UV absorption is most widely used.
Some alkaloids can also be detected by means of their
fluorescence. Some type of alkaloids have poor UV-
absorptive properties, e.g., tropane alkaloids, pyrro-
lizidine alkaloids, and steroidal alkaloids, necessita-
ting detection at a lower wavelength (200-220 nm).
Electrochemical detection has been applied for alka-
loids, enabling selective detection in the presence of
interfering compounds.

MS coupled with LC is the most selective detection
for alkaloids. As all-volatile eluents are needed for
LC-MS, the acidic eluents often contain formic acid,
acetic acid, or trifluoroacetic acid.

Capillary Electrophoresis

Because of their ionic nature alkaloids can be
analyzed by capillary zone electrophoresis. Low
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pH-buffers can be used for the analysis of alkaloids
(e.g., a pH 2.5 phosphate buffer). For closely related
compounds capillary electrophoresis (CE) selectivity
might be a problem as the charge-to-mass ratios are
very similar. Capillary electrochromatography can
also be used, but residual silanol groups in the sta-
tionary phase may cause tailing, similarly as in
HPLC.

Countercurrent Chromatography

The preparative isolation of alkaloids can be done
with modern countercurrent chromatography. Be-
cause of the ionic nature of alkaloids, ion-pair gra-
dients can be used to improve separation. Possible
two-phase solvent systems are chloroform-metha-
nol-aqueous phosphate or citrate buffer, pH ~4,
containing perchlorate, acetate, or chloride as ion-
pairing agent. Also pH-zone refining is a powerful
tool for the large-scale separation of alkaloids.

Spectrometric Techniques
Nuclear Magnetic Resonance Spectrometry

For identification and structure elucidation, 'H
nuclear magnetic resonance (NMR) spectrometry
is a very useful tool in alkaloid research. With
modern NMR high-field NMR spectrometers (300-
800 MHz) '"H NMR-spectra can be obtained from
0.01 to 1 mg quantities of alkaloid. For identification
such spectra are usually conclusive in most cases. For
more complex two-dimensional spectra, e.g., in the
case of complete assignment of the spectra of new
compounds, larger amounts of sample are necessary.
The usual solvent is deuterated chloroform. Small
amounts of acid (e.g., as impurity caused by decom-
position of chloroform) cause large shifts (up to
1-2 ppm) for protons close to the nitrogen. The shift
is dependent on the degree of protonation of the nit-
rogen. This phenomenon can be used to improve
spectral resolution and to identify signals close to the
protonated nitrogen, i.e., not only adjacent protons
are affected, but also those which are spatially close.
Trifluoroacetic acid can thus be used as shift reagent
in the analysis of "H NMR-spectra of alkaloids. 'H
NMR can also be used for the quantitation of alka-
loids in crude extracts (e.g., caffeine, ephedrine, and
pyrrolizidine alkaloids) or pharmaceutical formula-
tions.

13C NMR spectrometry is likewise a major tool in
structure elucidation of alkaloids. However, larger
amounts of material are needed (1-10mg). Shifts
caused by acidic impurities may also occur, but are
relatively less dramatic than in "H NMR spectro-
metry. "N NMR spectrometry has been applied to

alkaloids, but due to problems of sensitivity, its
application is limited.

Mass Spectrometry

The fragmentation of alkaloids has been studied ex-
tensively. MS is therefore a major tool in the iden-
tification and structure elucidation of alkaloids. In
combination with GC and LC it is very useful in the
quantitative analysis in complex mixtures of alka-
loids, e.g., in plant or other biological materials.
Solvent systems suited for LC-MS should only con-
tain volatile compounds, i.e., the salts used in
reversed-phase eluents should also be volatile (e.g.,
ammonium acetate, ammonium carbonate, ammo-
nium formate, trifluoroacetic acid).

See also: Extraction: Solvent Extraction Principles. Gas
Chromatography: Mass Spectrometry; High-Tempera-
ture Techniques. Liquid Chromatography: Normal
Phase; Reversed Phase; Liquid Chromatography—Mass
Spectrometry. Nuclear Magnetic Resonance Spectro-
scopy — Applicable Elements: Nitrogen-15.
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Introduction

Amino acid analysis is one of the most widely em-
ployed analytical procedures. It is utilized in the elu-
cidation of the structure of proteins, the diagnosis of
disease states, and the determination of the nutri-
tional value of foods, to name just a few examples.
Sample types can be divided into two broad categor-
ies, protein hydrolysates and biological samples.
For the determination of the amino acid compo-
sition of a protein, a highly purified sample is hy-
drolyzed under acidic conditions to its constituent
amino acids. The amino acid composition of the
protein is determined from the concentrations of the
individual amino acids and from the molecular
weight of the protein. Because the protein sample is
normally very pure, the composition of the hydroly-
sate is limited to amino acids commonly found in
proteins. One does not have to be concerned about
other endogenous amines that may interfere with the
analysis. Most commercial amino acid analyzers
quantify only the 20 amino acids commonly found in
proteins. Therefore, the biggest challenge for this
application is to produce a method with adequate
sensitivity to accurately determine the amino acid
composition of very small amounts (<1 pg) of pro-
tein isolated from gels or nitrocellulose membranes.
The determination of amino acids in physiological
samples presents a different set of challenges. Blood,
urine, cerebrospinal fluid, and tissue samples are the
most common types in this category. In these cases
the amino acid composition of the mixture is usually
not well defined. The total number of amino acids to

be determined may be smaller or larger than for
protein hydrolysates, depending on the sample type
and the goals of the analysis. Many nonprotein ami-
no acids, such as taurine and y-aminobutyrate
(GABA), are included in the assay of physiological
amino acids. In contrast to protein hydrolysates,
which are fairly ‘clean’ samples, most biological flu-
ids and tissues contain endogenous amines that may
interfere with the determination of the amino acids.

Qualitative Spot Tests

Amino acids lack a distinguishing chromophore;
therefore, detection is almost always based on the
reaction of the amine with a derivatizing reagent. For
a simple spot test, it is necessary to choose a reagent
that reacts quickly to give a product possessing dif-
ferent spectroscopic properties from the parent
reagent. Examples of this type of reagent include
ninhydrin, 1-fluoro-2,4-dinitrobenzene, fluoresca-
mine, and o-phthalaldehyde (OPA). The resulting
absorbance or fluorescence reading will provide an
indication of the total amount of amino acid present
in the sample.

Colorimetry

The simplest method for the determination of amino
acids is reaction with ninhydrin. Ninhydrin reacts
with both primary and secondary amino acids to
produce Ruhemann’s purple, which can be detected
by ultraviolet (UV)-visible spectroscopy. The reac-
tion requires heat, and a reducing agent is generally
added to stabilize the color formation. Primary
amines are detected with the greatest sensitivity at
570 nm, while the absorption maximum for second-
ary amines is 440 nm. If both primary and secondary
amines are to be determined, a common absorption
wavelength of 500nm is employed; however,
this leads to decreased sensitivity. Under optimal
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conditions, a minimum of 5-10 nmol of material is
required for detection.

Sanger’s reagent, 2,4-dinitrofluorobenzene, can
also be employed for the colormetric detection of
amino acids. The reagent reacts with both primary
and secondary amines and derivatives are detected at
420 nm. The molar absorptivity of the reagent is 10%,
allowing quantification of amino acids at the micro-
molar level. The reagent also reacts with thiols and
alcohols, but these products are relatively unstable.

Fluorimetry

Fluorescamine is employed for more sensitive deter-
mination of amino acids by fluorescence spectros-
copy. Since it undergoes rapid hydrolysis under
aqueous conditions, the reagent is normally dis-
solved in acetone. It is commonly employed for the
detection of amino acids on surfaces, such as thin-
layer chromatography (TLC) plates. Amino acids are
detected based on emission of light at 470 nm fol-
lowing excitation at 390nm. Detection limits for
amino acids are in the low picomole range.

OPA can also be employed for the detection of
mixtures of amino acids. It reacts with primary
amines in the presence of mercaptoethanol or other
thiols to produce highly fluorescent isoindole deri-
vatives (excitation wavelength 340 nm, emission
455nm). In contrast to that with ninhydrin, this
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reaction proceeds rapidly at room temperature and is
complete in less than 1 min. The OPA and the thiol
can be added to a basic solution of amino acids to
provide a measurement of the total amino acid con-
tent based on a fluorescence measurement.

Chromatographic Methods
lon-Exchange Chromatography

The determination of concentrations of individual
amino acids in mixtures demands a separation step.
The classical method employs cation-exchange chro-
matography using a strongly acidic sulfonated pol-
ystyrene/divinylbenzene copolymer as a support.
These columns are very rugged and can withstand
concentrated acids, bases, and large amounts of
organic solvents. Amino acids are normally eluted
with an acidic mobile phase. A typical chro-
matogram using cation-exchange chromatography
is illustrated in Figure 1.

Direct detection

UV spectroscopy Amino acids can be detected di-
rectly in chromatographic eluents by absorbance
spectroscopy at 200nm with detection limits be-
tween 1 and 10 pmol. However, there are several
drawbacks to this method of detection for liquid
chromatography (LC). The first is a lack of selectivity

36.61 lleu; 37.20 Leu
49.01 Lys
50.90 Ammonia

54.82 His

40 60 75
Time (min)

Figure 1 Separation of amino acids by cation-exchange chromatography and postcolumn reaction with ninhydrin. (Courtesy of
Biochemical Research Service Laboratory, University of Kansas; used by permission.)
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in biological samples, since there are many other
endogenous compounds that absorb at this wave-
length. Second, many of the solvents employed in LC
also absorb at 200 nm, leading to a high background
signal if they are present in the mobile phase.

Pulsed amperometric detection (PAD) Amino acids
are not generally considered to be electrochemically
active because products of the oxidation accumulate
on the electrode surface and prevent it from partic-
ipating in any further electrochemical processes. This
problem can be overcome if PAD is employed. Ami-
no acids are generally detected using a platinum
electrode under alkaline conditions (0.25moll ™!
NaOH) using a triple-pulse waveform with E;, E,,
and E3 at 0.50, —0.89, and 0.70V, respectively. Due
to the basic conditions required for the detection of
amino acids, a base-stable anion-exchange column
must be employed. Detection limits of 50 pmol have
been obtained for phenylalanine and methionine
using this technique.

Direct amperometry Direct detection of amino ac-
ids can be accomplished with nickel and copper elec-
trodes. The oxidation occurs under only neutral or
basic conditions; therefore, the separation is limited
to silica- or polymer-based columns. Cation-ex-
change chromatography, which requires acidic con-
ditions, cannot be wused unless base is added
postcolumn.

In the case of the nickel electrode, detection is
performed at +0.49V versus the standard calomel
electrode. At this potential, Ni* " is present on the
electrode surface. The Ni* " is reduced in the pres-
ence of the amino acids to Ni* . The current pro-
duced is proportional to the concentration of the
amino acid. Detection limits for glycine have been
reported to be in the low nanogram range.

Amino acids can also be determined by ampero-
metric detection with a copper electrode under neu-
tral or alkaline conditions. This method is very
selective, with the working electrode potential set at
only +0.10mV versus Ag/AgCl. In this detection
method, amino acids complex with Cu?* ions
present on the electrode surface, producing a re-
sponse that is proportional to the concentration of
the amino acid. Detection limits are between 10 and
100 pmol and can be improved if microbore chro-
matography is employed. The slower flow rates uti-
lized with microbore chromatography columns allow
more time for complexation to take place, thus im-
proving the detection limits.

Postcolumn derivatization Although amino acids
can be determined directly following cation-exchange

chromatography using the detection methods dis-
cussed above, the most prevalent technique for inc-
reasing the sensitivity is postcolumn addition of a
derivatizing reagent. The resulting derivatives can
then be detected by UV or fluorescence detection.
Several of the reagents employed for postcolumn
derivatization such as ninhydrin, fluorescamine, and
OPA are also used to determine total amino acids.

Ninhydrin was the first reagent utilized for the
detection of amino acids following cation-exchange
chromatography, and it is still very popular today.
For liquid chromatographic determinations, dual
wavelength and diode array absorbance detectors
are often used to detect both primary and secondary
amino acids with good sensitivity. However, if sen-
sitivity is not important, both species can be deter-
mined at a wavelength of 500 nm. Detection limits
using the optimum wavelengths are ~ 50 pmol.

Because it is based on UV absorption, the use of
ninhydrin is the least sensitive method for the deter-
mination of amino acids. It also has the disadvantage
that the reaction coil must be heated to 130°C in
order for the postcolumn chemistry to occur in the
minimum amount of time. In addition, the reagent
reacts with ammonia, which leads to baseline insta-
bility if buffers containing trace ammonia are em-
ployed to make up the mobile phase.

For increased sensitivity, reagents that yield fluo-
rescent products are employed. These include OPA,
fluorescamine, and 4-fluoro-7-nitro-benzo-2-oxa-1,
3-diazole (NBD-F). Derivatization with OPA pro-
vides the best limits of detection for most amino ac-
ids. Although the products of OPA derivatization are
unstable and decompose fairly rapidly to produce
nonfluorescent 2,3-dihydro-1H-isoindol-1-ones, this
is not a problem with postcolumn derivatization
since the products are detected almost instantane-
ously.

One of the drawbacks of OPA is that it reacts only
with primary amines. Proline can be determined if
sodium hypochlorite or chloramine T is added to the
postcolumn reagent. Under these conditions, proline
is converted to aminobutyraldehyde, which reacts
with OPA. The addition of hypochlorite can be ac-
complished in two ways. It can be pulsed in at the
time of elution of proline. This provides the highest
sensitivity for the primary amino acids, but causes a
baseline disturbance around the elution time of pro-
line. It also requires computerized equipment for
precise control of the timing of the pulse. The second
possibility is to add hypochlorite to the mobile phase,
but this causes a decrease in response for the primary
amino acids due to their conversion to chloramines.
Another problem that occurs with OPA is that the
derivatives of lysine and cysteine exhibit fluorescence
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quenching. However, the fluorescence response can
be revived by addition of Brij 35 to the mobile phase.
Despite these drawbacks, the sensitivity of this meth-
od is better than those of the competing postcolumn
methods, with detection limits for amino acids in the
1-2 pmol range.

Fluorescamine has also been employed for post-
column derivatization with fluorescence detection.
As discussed previously, a fluorescent product is
generated in the presence of primary amines within a
few seconds. Fluorescamine undergoes hydrolysis,
but the hydrolysis reaction is much slower than the
reaction with primary amines and the product of that
reaction does not fluoresce. For postcolumn addition,
the reagent is added as a solution in acetone, aceto-
nitrile, or methanol. As with OPA, proline can be
detected through conversion to aminobutyraldehyde
by oxidation with N-chlorosuccinimide. Unlike
OPA, fluorescamine reacts poorly with ammonia.
Therefore, problems with baseline drift are not as
prominent. Since the reaction of fluorescamine with
primary amines produces an equilibrated mixture of
two products, it is used most frequently as a post-
column reagent.

4-Chloro-7-nitrobenzo-2-oxa-1,3-diazole (NBD-Cl)
and 4-fluoro-7-nitrobenzo-2-oxa-1,3-diazole (NBD-F)
can also be employed for postcolumn detection of
amino acids. The reagents also react with alcohols
and thiols, but are most reactive toward amines.
NBD-F is 50-100 times more reactive than NBD-Cl
and is therefore the preferred form for postcolumn
derivatization. Unlike OPA and fluorescamine, NBD-F
can be used for the determination of both primary
and secondary amines. The excitation and emission
wavelengths for the NBD-amino acids are 470 and
530nm, respectively. The longer emission wave-
length characteristic of this reagent makes it more
selective for the analysis of biological materials. The
fluorescence is pH dependent and is highest at low
pH. Therefore, to obtain the best sensitivity, HCI
must also be added postcolumn to enhance fluores-
cence quantum vyield.

Although there is an increasing trend toward pre-
column derivatization methods, there are several
advantages to an ion-exchange separation with post-
column derivatization. The first is that there is little
sample preparation; protein hydrolysates can be in-
jected directly into the column for analysis by LC.
Unlike precolumn methods, it is not necessary to
separate reaction side-products from the reaction
mixture; instead, they become a source of back-
ground. With postcolumn methods there is more
sample-to-sample consistency because of the robust-
ness of the ion-exchange separation and the fact that
the reaction time is determined by the column size.

When using postcolumn derivatization, the reaction
does not have to go to completion and can produce
multiple products. These do not affect the precision
of the method as long as the mixing time and product
ratio are reproducible. Finally, the derivatives do not
have to be stable; they can start to degrade imme-
diately after detection.

Two of the problems inherent in postcolumn
derivatization are difficulties with baseline stability
due to impurities in the mobile phase and late-eluting
peaks. Ammonia, in particular, can interfere with the
detection of the basic amino acids. Also with post-
column derivatization, the reaction conditions are
restricted by the mobile phase used for the separa-
tion. Frequently, the column effluent must be adjust-
ed to achieve optimal reaction conditions, including
pH. Loss of resolution due to band broadening pro-
duced by the reaction coil employed for mixing the
reagent with the column effluent can also be a prob-
lem. However, ‘knitted coils’ are now available that
produce very little or no band broadening. Finally,
equipment and reagent costs are much higher than
with precolumn derivatization.

Reversed-Phase Liquid Chromatography

Reversed-phase LC is becoming increasingly popular
for the separation of amino acids. Reversed-phase
columns are readily available commercially and ex-
hibit higher efficiencies than most commercially
available ion-exchange columns. They are also com-
patible with aqueous samples, since water is gene-
rally a major component of the mobile phase.
Therefore, it is not necessary to employ additional
sample preparation steps in order to produce a sam-
ple in a nonaqueous environment.

Precolumn derivatization For separation by re-
versed-phase chromatography, precolumn derivatizat-
ion is a necessity. The derivatization step increases not
only detectability of the analyte but also its hydrop-
hobicity, which makes the separation of the amino
acids by reversed-phase chromatography possible.
Several precolumn derivatization reagents are avail-
able. These include OPA, naphthalenedialdehyde
(NDA), dimethylaminonaphthalene sulphonyl chlo-
ride (DANSYL), phenyl isothiocyanate (PITC), and
N-(9-fluorenyl)methoxycarbonate (FMOC).
Reagents based on dialdehyde chemistry have been
shown to be highly sensitive for fluorescence and/or
electrochemical detection of amino acids. They are
both fluorogenic and electrogenic; that is, the com-
pounds themselves are not fluorescent or electro-
active but produce derivatives that exhibit both
properties. The overall reaction scheme for these
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Figure 2 Reaction of aromatic dialdehydes with primary
amines to form isoindole derivatives. Nu, nucleophile.

types of compounds is shown in Figure 2. OPA reacts
very quickly with primary amines, but the derivatives
produced are not very stable. Therefore, almost all
precolumn derivatization employing OPA is done
with an automated sample preparation system that
can add reagents to the sample and precisely monitor
the reaction time. More stable derivatives can be
produced if either z-butyl thiol or thiosulfate is em-
ployed as the nucleophile. However, these derivatives
are not fluorogenic and thus can only be assayed by
electrochemical detection. Detection limits for OPA
derivatives of amino acids are frequently reported to
be less than 1 pmol.

Recently, an analog of OPA, NDA, which yields
more stable derivatives, was introduced. NDA reacts
with primary amines in the presence of cyanide to
produce highly fluorescent cyanobenz-[f]isoindole
(CBI) derivatives. The reaction time is ~20min, as
opposed to 2 min with OPA. However, the resulting
CBI derivatives are considerably more stable than
their OPA/mercaptoethanol counterparts; most deri-
vatives exhibit little or no degradation after 16 h in
the dark. Detection limits as low as 100 fmol have
been reported.

Because both of these reagents exhibit fluorescence
quenching, problems arise in the determination of
lysine and cysteine. Since they also react only with
primary amines, special steps must be undertaken to
detect proline.

The DANSYL reagent reacts with both primary
and secondary amines to produce fluorescent deriva-
tives. These derivatives are very stable when stored in
the dark and authentic standards are commercially
available. One of the problems with this derivatizat-
ion chemistry is hydrolysis of the reagent and the
formation of multiple derivatives for several of the
amino acids. In addition, there is fluorescence
quenching in polar solvents, so detection limits using
reversed-phase chromatography with UV detection
are often comparable to that obtained by fluores-
cence. The limit of detection using UV detection is
~100 pmol.

PITC chemistry is becoming increasingly popular
for the analysis of amino acids. This is extracted
from the Edman degradation chemistry. The reaction
scheme is illustrated in Figure 3. The most popular
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Figure 3 Reaction of primary and secondary amines with PITC.
Formation of PTC and PTH amino acids.

way to detect amino acids using this chemistry is to
perform only the first step of the Edman degradation
reaction. The reaction conditions consist of derivat-
ization of the amino acids for 5 min in a mixture of
acetonitrile, pyridine, triethylamine, and water in the
ratio 10:5:3:2 (v/v/v/v). Excess reagent is removed by
vacuum and the sample is dissolved in mobile phase
prior to injection. The phenylthiocarbamyl (PTC)
derivatives that are produced can be determined by
UV detection. Detection limits using this method
have been reported to be as low as 1pmol. PTC
derivatives can be converted into phenyl-
thiohydantoin (PTH) derivatives. However, this pro-
cedure adds a considerable amount of time to the
assay procedure.

FMOC is a reagent that reacts quickly with both
primary and secondary amino acids. Excess reagent
must be removed rapidly because it undergoes hy-
drolysis. The excitation and emission wavelengths
are 270 and 315nm, respectively. An increasingly
popular method for amino acid analysis is to meas-
ure the primary amino acids with OPA and the sec-
ondary amino acids with FMOC. Samples are
derivatized first with OPA and then with FMOC.
Primary amines are detected using the fluorescence
properties of OPA while the secondary amines are
detected using those of FMOC.

The advantages of precolumn over postcolumn
derivatization include the ability to optimize reaction
conditions without concern for their compatibility
with the chromatographic conditions. Reaction time,
pH, solvent, and reagent concentration can all be
optimized to obtain the maximum yield of product.
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Side-products (which create baseline noise in post-
column methods) can be eliminated via a cleanup
step or separated chromatographically from the
peaks of interest.

Precolumn derivatization methods are not free
from disadvantages. One is that side-products from
the reaction can sometimes be difficult to separate
from the peaks of interest. Also with precolumn
derivatization, as its name implies, each sample must
be derivatized prior to injection. This can add to the
total analysis time. However, instrumentation is now
available to derivatize several samples simultaneous-
ly in a closed system, which not only solves the sam-
ple preparation time problem but also results in
highly reproducible chemistry. Since the reaction
may not go to 100%, an internal standard is fre-
quently necessary. Finally, the addition of a similar
‘tag’ to all the amino acids may make them more
difficult to separate. Table 1 summarizes the prop-
erties of several pre- and postcolumn derivatizing
reagents employed for amino acid analysis.

Microbore and open-tubular chromatography In
order to increase the sensitivity of LC for the analysis
of amino acids, the techniques of microbore and
open-tubular chromatography are becoming increa-
singly important. These techniques provide greater
mass sensitivity because there is less dilution of the
sample as it moves down the chromatographic col-
umn. Separations in which capillaries of 100 um or
less ID were used provided the capability of anal-
yzing very small samples, including single cells.
Figure 4 shows the determination of several NDA-
derivatized amino acids in a single neuron by open-
tubular LC.

Table 1 Comparison of reagents for analysis of amines

Capillary Electrophoresis

Capillary electrophoresis (CE) was first introduced in
1983. Since that time there have been numerous re-
ports of the determination of amino acids by CE. The
simplest system consists of a high-voltage power sup-
ply, two buffer reservoirs, a transparent plastic safety
box, two platinum wires, a detector, and a fused silica
capillary. The capillaries employed have very small
diameters, generally between 5 and 100 um. In gen-
eral, the same types of detectors are used as for liquid
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Figure 4 Chromatogram of NDA-tagged amino acids from a
single E4 neuron from Helix aspersa. B1 and B2 are peaks
present in blank runs. Trp is obscured by B2 and lle, Phe, and
Leu are the three peaks immediately following B2. IS1 and 1S2
are internal standards norleucine and normetanephrine, re-
spectively. All unlabeled peaks are unknown. (Reproduced with
permission from Oates and Jorgensen (1990) Analytical Chem-
istry 62: 1575.)

Ninhydrin OPA FMOC PITC DANSYL NDA/cyanide

Primary amines Yes Yes Yes Yes Yes Yes
Secondary amines Yes No Yes Yes Yes No
Stable derivative NA No Yes Yes Yes Yes
Fluorescence detection No Yes Yes No Yes Yes
Electrochemistry detection No Yes No Yes Yes Yes
Chemiluminescence detection No NA NA No Yes Yes
UV-vis detection Yes Yes Yes Yes Yes Yes
Reagent interferes® No No Yes Yes Yes No
Aqueous stability Yes Yes No No No Yes
Postcolumn Yes Yes No No No No
Precolumn No Yes Yes Yes Yes Yes
Simple derivatization® Yes Yes Yes No No Yes
Limits of detection® High pmol fmol fmol Low pmol fmol Low fmol

#Reagent itself is fluorescent, chemiluminescence, UV-vis, or electrochemistry detectable under the same conditions as the product.

®Number of steps, length of incubation.
°Optimal conditions (not routine).

Repoduced with permission from Lunte and Wong (1990) Current Separations 10: 20.
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Figure 5 Detection of aspartate, glutamate, alanine, and GABA
in a brain microdialysate sample by capillary electrophoresis/
electrochemistry. (Reproduced with permission from O’Shea et al.

(1992) Journal of Chromatography 608: 189.)

chromatographic separations with some modifica-
tions. UV detectors are modified versions of commer-
cially available instruments. Fluorescence detectors
usually rely on a laser as the excitation source because
it is easy to focus on the capillary wall. Electrochem-
ical detectors employ carbon fibers rather than the
conventional glassy carbon disk electrodes.

In CE, the primary separation mechanism is based
on charge. The different amino acids exhibit different
electrophoretic mobilities, when a potential is ap-
plied across the capillary. However, due to the pres-
ence of ionized silanol groups on the fused silica
surface, an electroosmotic flow is set up, which is
greater than the electrophoretic mobility of the ana-
lytes. Therefore, all analytes, regardless of charge,
migrate toward the cathode. Many of the amino ac-
ids are separated by CE using a fused-silica capillary
and a simple alkaline buffer such as borate. However,
in order to resolve the neutral amino acids complete-
ly, micellar CE is frequently employed. In this case,
sodium octyl sulfate or another surfactant is added to
the mobile phase. Derivatized amino acids partition
in and out of the micelle, yielding a separation that is
based both on sample hydrophobicity and charge.

One of the advantages of CE is that it can be em-
ployed for the analysis of very small samples. Gen-
erally, only a few nanoliters of sample are required
for analysis. Hence, CE has been employed for the
analysis of amino acids in single cells, small tissue
extracts, and microdialysis samples. Figure 5 shows a
separation of NDA amino acids from a rat brain di-
alysate using CE with electrochemical detection.

Thin-Layer Chromatography

If qualitative information is desired, TLC can be
employed for amino acid analysis. Paper, silica gel,

and cellulose have all been employed for the sepa-
ration of amino acids. Spots are normally detected by
spraying the plate with a 0.1% solution of ninhydrin
dissolved in acetone. The plate is heated for 10 min at
105°C. An alternative method of development is the
use of ninhydrin containing cadmium acetate. This
plate can be developed by soaking overnight in sulf-
uric acid. Quantification by scanning densitometry is
also possible.

Combined TLC electrophoresis enhances the sep-
aration of amino acids. Amino acids are separated in
one dimension on the TLC plate and then a voltage is
applied across the other direction.

Gas Chromatography

Gas chromatography (GC) has also been employed
for the analysis of amino acids. The primary
advantage of GC is that it can be combined with
mass spectrometry (MS) for the identification of rare
or unusual amino acids in biological samples.

Derivatization Most amino acids are nonvolatile
and must be derivatized prior to separation by GC.
Amino acids are both esterified and acylated to pro-
duce N(O,S)-acylamino acid esters, with the most
common being (N(O,S)-trifluoroacetyl-n-butylesters.
Other alcohols of low relative molecular mass have
also been employed for the esterification inclu-
ding methanol, propanol, isopropyl alcohol, but-
anol, or isobutyl alcohol. Several different acylating
reagents have been explored as well, including
acetic anhydride, trifluoroacetic anhydride, penta-
fluoroproprione anhydride, or heptafluorobutyric
anhydride.

To guarantee quantitative yields of ester deriva-
tives, the amino acid extract must be free of water.
Following derivatization, the reaction solvent is
evaporated under nitrogen at low temperature to en-
sure that there is no loss of volatile esters. The amino
acids are then acylated. Reaction conditions vary
from 2h at room temperature to 10 min at 150°C.
Prior to injection, the solution is evaporated to dry-
ness and reconstituted in a solvent compatible with
GC. Arginine can cause problems in GC analysis due
to its low volatility.

Detection Femtomole detection limits can be ac-
hieved using electron capture detection (ECD). Nit-
rogen—phosphorus and flame ionization detectors
have also been employed. However, the primary
advantage of GC is its compatibility with MS. Using
a mass-selective detector, amino acids can be deter-
mined at the low femtomole level. Figure 6 shows the



68 AMINO ACIDS

separation of amino acids as their N-TFA n-butyl

esters present in a soy bean meal hydrolysate by
GC-ECD.

Mass Spectrometry

There are some cases in which MS has been em-
ployed for the determination of amino acids without
a separation step. Amino acid samples derivatized
with Sanger’s reagent can be ‘separated’ based
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Figure 6 GLC analysis of soy bean meal hydrolysate. Exper-
imental conditions: 25 mg of soy bean meal hydrolyzed for 22 h at
110°C; cleaned by cation exchange; approximately 18 ug total
amino acid injected. (Reprinted with permission from Zumwalt
RW, Kuo KCT, and Gehrke CW (eds.) (1987) Amino Acid Ana-
lysis by Gas Chromatography, vol. 1, p. 38. Boca Raton, FL: CRC
Press; © CRC Press, Boca Raton, Florida.)
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on mass using negative chemical ionization MS.
Figure 7 shows an example of a plasma sample
derivatized by this reagent and analyzed by MS.
Despite this illustration, MS is rarely used for the
determination of mixtures of amino acids without
being coupled to a separation step. Generally,
N-perfluoroacetylaminobutyl esters are determined
by GC-MS. Due to the high molecular weights of
the N(O,S)-acylalkyl esters, chemical ionization
(CI) is the preferred method of ionization. In CI, a
reaction gas such as methane is introduced into the
mass spectrometer producing CHs and C,H;" ions.
These ions then react with the N(O,S)-acyl esters
to produce an M + 1 ion through the addition of a
proton. Methane is frequently employed as the car-
rier gas for GC experiments that employ MS as a
detector.

In GC-MS, compounds can be analyzed in one of
two ways. If compound identification is the object of
the assay the detector is run in the scanning mode
and a mass spectrum of the compound is obtained as
the compound elutes from the gas chromatograph.
Alternatively, selective ion monitoring (SIM) can be
employed for increased sensitivity. In this case, only
compounds containing a characteristic ion in their
mass are detected. Using SIM, detection limits are
2-3 orders of magnitude lower than those with
scanning detection (frequently as low as 0.1 pg for
negative ion CI detection of an electronegative
group).

Liquid chromatography-mass spectrometry (LC-
MS) is also becoming an increasingly popular ana-
lytical tool. Derivatives employed for LC analysis
with UV or fluorescence detection have also been
studied by LC-MS. It is particularly useful for the
identification of rare amino acids and verification of
peak purity.
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Figure 7 Detection of amino acids in plasma as their dinitrophenyl amino acid methyl esters by negative ion chemical ionization
mass spectrometry. (Reproduced with permission from the Ph.D. Dissertation of Todd Williams, University of Maine, December 1987;

Figure 11, p. 99.)
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Special Problems

One of the biggest problems in trace amino acid ana-
lysis is contamination of the sample by environmental
amino acids. A fingerprint placed on the side of
glassware can consist of up to 10 pmol of several
amino acids. When performing amino acid analysis
of proteins, special care must be taken to avoid con-
tamination of the sample. Glassware should be
cleaned thoroughly and frequently pyrolyzed to as-
sure no amino acid contamination. Gloves should be
worn when preparing solutions and performing the
derivatization. One should be certain to use high-
purity reagents and chemicals.

For the detection of amino acids in biological
samples, a protein precipitation step is generally nec-
essary. For ion-exchange-based separations, sulfosa-
licylic acid is the most popular reagent. Because
precolumn derivatization is almost always employed
for reversed-phase systems, methanol (which does
not affect the pH) is usually utilized as the preci-
pitation reagent. For GC studies, picric acid is
generally used. Once the protein has been removed,
samples can be injected directly into a cation-
exchange column or derivatized for reversed-phase
LC and GC analysis. Further purification prior to
injection is often accomplished using an ion-
exchange cartridge.

In the case of amino acid analysis, the quantifica-
tion of cysteine can be difficult because it is oxidized
to cystine during acid hydrolysis. To circumvent this
problem, cysteine can be oxidized to cysteic acid
with performic acid prior to analysis. Alternatively,
cysteine can be converted to the pyridyl ethyl
derivative and subsequently detected by postcolumn
reaction with ninhydrin. Still another method in-
volves the production of carboxymethyl cysteine fol-
lowing alkylation with iodoacetic acid. All of these
cysteine derivatives can be separated by either
reversed-phase precolumn or ion-exchange postcol-
umn methods.

Overall, the analysis of amino acids at trace levels
continues to be a challenging problem. Reversed-
phase LC methods based on derivatization of the
amino acids are still not as robust as classical ion-
exchange methods, although they are frequently

more sensitive. The presence of contaminating ami-
no acids in buffers and glassware continues to be a
source of frustration for the analyst interested in
quantifying amino acids at the subpicomole level.
Further development of automated equipment for
amino acid analysis should eliminate or greatly re-
duce contact with human skin and, thus, many of
these contaminants.

See also: Amperometry. Capillary Electrophoresis:
Clinical Applications. Clinical Analysis: Overview; Sam-
ple Handling. Derivatization of Analytes. Fluores-
cence: Derivatization. Gas Chromatography: Mass
Spectrometry. lon Exchange: Overview. Liquid Chro-
matography: Packed Capillary; Normal Phase; Rever-
sed Phase; Liquid Chromatography—Mass Spectrometry.
Mass Spectrometry: Selected lon Monitoring. Sam-
pling: Practice. Spectrophotometry: Organic Com-
pounds.
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Introduction

Amperometry is an electroanalytical technique that
involves the application of a constant reducing or
oxidizing potential to an indicator (working) elec-
trode and the subsequent measurement of the
resulting steady-state current. Thus, the term ‘ampe-
rometry’ is derived from the current measurement
unit, ‘ampere,” and the measurement device, ‘meter’,
used in this method. Usually, the magnitude of the
measured current is dependent on the concentration
of the reduced or oxidized substance, and hence
this method can be used for various analytical
applications.

This method offers the ability to distinguish
selectively between a number of electroactive species
in solutions by judicious selection of the applied po-
tential and/or choice of electrode material. In cases
where a nonspecific potential is applied, the resulting
current may be contributed by several electroactive
species. The careful choice of the composition of the
supporting electrolyte may also be useful in im-
proving the selectivity of amperometric methods. In
cases where oxygen interferes, its removal by purging
the solution with an inert gas such as nitrogen or
argon may be necessary.

Various analytical methods now employ ampero-
metric measurements as part of their procedures. In
particular, amperometric titrations have been widely
used for the analysis of various substances in samples
ranging from water to radioactive materials. Also,
amperometric sensors, such as the dissolved oxygen
probe and various amperometric biosensors, are
widely used for clinical, environmental, and indus-
trial monitoring. Furthermore, amperometric detec-
tors have gained considerable use since the 1970s in
high-performance liquid chromatographic determi-
nation of various substances and in flow injection
analysis.

Principles

The electrochemical oxidation or reduction of an
electroactive species on a suitable electrode material
by the application of the desired potential results in

either a steady-state anodic or cathodic current. (It is
important to note that the current measured in such a
system is distinctly different from the current usually
measured in the so-called ‘galvanic cell’, which does
not require the application of a potential.) According
to the Cottrell equation, the resulting current can be
related to the concentration of the electroactive spe-
cies as follows:

[ nFAD'2Cy ]
it
where [ is the diffusion current (pA), ¢ is the elec-
trolysis time (s), 7 is the number of electrons involved
in the electrode reaction, F is the Faraday constant
(96 487 C equiv 1), A is the electrode area (m?), D
is the diffusion coefficient of the electroactive species
(m*s~ 1Y), and G, is the bulk concentration of the
electroactive species (mmoll ™). The magnitude of
the resulting current will thus be directly propor-
tional to the concentration of the reduced or oxidized
substance. This technique therefore provides a simple
and reliable method for the quantification of various
substances based on the relationship between the
measured current and concentration of the analyte.
Owing to the time dependence of the resulting an-
odic or cathodic current, the reliable analytical uti-
lization of amperometry requires measurement at a
fixed time interval. However, the variable nature of
the resulting anodic and cathodic currents can be
useful in elucidating the electrochemical process(es)
on various electrode surfaces. This has indeed led to
the development of a variant of this technique,
known as ‘chronoamperometry’, which involves the
application of the desired anodic or cathodic poten-
tial and the subsequent measurement of the resulting
current versus time. The main requirements in chr-
onoamperometry are that:

1. The transport of the reactants and products to or
from the electrode surface must be governed by
diffusion without stirring of the solution.

2. The electrode surface must remain constant and
must not be involved in the electrode process
during the measurement.

The application of the desired potential to the
electrode in amperometry results in a decrease in the
concentration of the electroactive species on the elec-
trode surface to zero due to the anodic or cathodic
reaction(s) taking place at the vicinity of the elec-
trode. In general, the rate of current change will vary
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depending on the geometry of the chosen electrode
and the diffusion properties of the substance. With
a flat type of electrode, where linear diffusion is
assumed, the rate of current change can also be
expressed by the Cottrell equation as

I nFADY2C,

(nt)/? 2]

According to this equation, the current decreases to-
ward zero with an increase in the electrolysis time
and, hence, indicates that the concentration of the
electroactive substance in the vicinity of the electrode
decreases progressively with time. In situations where
nonlinear diffusion of the electroactive substance to
the electrode surface (i.e., spherical diffusion) is
involved, the relationship between the rate of current
change and other parameters are more complex.

The concept of chronoamperometry has been fur-
ther extended to develop a more advanced variant
known as ‘double-potential-step chronoamperome-
try.” This mode of amperometry is of considerable
interest in electrochemical research, and in pulsed
amperometric detection in chromatography and flow
injection analysis. In double-potential-step chrono-
amperometry, the applied potential is changed twice
during the measurement, first by applying a potential
to induce oxidation or reduction at the electrode
surface, as in the normal amperometric mode. The
potential is then changed again, after a short elec-
trolysis time, to either the initial value or a new
value. The second potential step is often chosen to
enable the product of the initial electrode process
to be converted back to either its original form or
to another product. Figure 1 shows how the choice
of the second potential (E,) is successfully used to
influence the sensitivity of a pulsed amperometric
polypyrrole-based biosensor for urea. Evidently,
improved sensitivity can be obtained for pulsed
amperometric detection of urea with the biosensor
by careful selection of the second applied potential.

The various modes in which amperometry can be
employed have resulted in its extensive utilization in
analytical chemistry — in amperometric titration, am-
perometric sensing, and amperometric detection in
flowing systems. The various applications of ampe-
rometry are discussed below.

Amperometric Titrations
Basic Theory

The most important feature in amperometry is the
linear relationship between the diffusion current and
the concentration of the electroactive species (this
also applies to other electroanalytical techniques
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Figure 1 Influence of the applied second potential on the
pulsed amperometric detection of urea with a polypyrrole — ur-
ease biosensor. E; was set —70mV, while E, was varied. Pulse
width was 120 ms.

such as polarography and voltammetry). Conse-
quently, as demonstrated in eqn [2], the measure-
ment of current in amperometry offers a simple and
reliable approach for the monitoring of the changes
in concentration of the electroactive species that
occur during a titration. The main requirement in
such a measurement is that at least one of the sub-
stances (reactant or product) involved in the titration
is electroactive. This ensures that the current flow
during the titration is due to either the oxidation or
reduction of the reactant or product. Thus, the plot
of the resulting current from the titration against the
titrant volume will enable the location of the equival-
ence point. The observed current changes during
such a titration is proportional, as suggested by eqn
[2], to changes in the concentration of the electro-
active species. Figure 2 shows that the titration
curves usually consist of two straight lines and their
point of intersection gives the equivalence point.
The method described above is known as ‘am-
perometric titration’ and it is widely used in analyt-
ical chemistry. Such titrations can be performed in
two ways: (1) by adjusting the potential of a single
microelectrode within the range of the limiting cur-
rent of the electroactive species, as in polarography,
and subsequently recording the current flow as a
function of increasing titrant volume; and (2) by ap-
plying a fixed potential to the indicator electrode
(i.e., holding the potential difference between a pair
of microelectrodes constant), while the current is
measured as a function of the titrant volume. The
mode in which such a titration is performed can
involve either the use of one or two indicator elec-
trode(s), depending on the nature of the titration.
These possibilities give amperometric titration an
excellent and unique flexibility that, in some cases,
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Figure 2 Amperometric titration curves for systems where (A)
only analyte is reduced; (B) only the reagent is reduced; and (C)
both analyte and reagent are reduced.

enables the monitoring of the reactive product or
reagent, rather than of the analyte.

Instrumentation

A simple two-electrode electrochemical cell consist-
ing of either single or dual polarizable electrode(s) is
normally required for amperometric titrations of
various organic and inorganic substances. By defini-
tion, a polarizable electrode is a suitable electronic
conductor whose potential changes even with the
passage of relatively small current. In contrast, the
potential of a nonpolarizable electrode, such as the
saturated calomel and silver — silver chloride elec-
trodes that are commonly employed as reference
electrodes, remains reasonably constant even when a
large current is passed.

Amperometric titrations with single polarizable
electrodes are based on earlier work that evolve from
the use of polarographic techniques. Most of these
involved the application of a constant potential to a
dropping mercury electrode (DME) and the subse-
quent monitoring of the current changes as a
function of the titrant volume. In cases where the
electroactive species are oxidized at potentials be-
yond the anodic potential range of mercury, a rota-
ting platinum electrode (RPE) may be employed
instead of the DME. Figure 3 illustrates the anodic
and cathodic potential limits for mercury and plat-
inum microelectrodes. As can be seen, the use of
mercury microelectrodes is limited in the positive
(anodic) potential region by the oxidation of water at
~ 4 0.25 V versus the SCE and in the negative region
by the liberation of hydrogen at ~ — 1.8 V in acid or
~ —2.3V in basic media. In contrast, the use of
platinum microelectrodes is limited at ~ +0.65 and
~ —0.45V versus the SCE by the oxidation of water
and hydrogen liberation, respectively. Evidently,
mercury microelectrodes offer a more substantially
negative potential limit for the reduction of electro-
active species, whilst platinum microelectrodes per-
mit oxidation at a more positive potential than can
be accomplished with mercury microelectrodes.

An RPE can be more easily constructed by using a
length of platinum wire sealed in a glass tube and
mounted on a synchronous motor to permit rotation
at a constant speed. The rotation of the electrode
reduces the thickness of the diffusion layer and im-
proves the current densities by a factor of 20-30
times over those obtained with a DME. Despite the
higher sensitivity attainable with the RPE, the shape
of the amperogram is often similar for both elec-
trodes. However, the magnitude of the measured
current with the RPE is sensitive to changes on the
electrode surface and, hence, it is more variable from
one titration to the other than with a DME. Also,
unlike with DME, there is little or no charging cur-
rent associated with the use of RPE.

The removal of oxygen from solution is almost
always mandatory when a DME is employed for
amperometric titration, as this substance can be
readily reduced on this electrode. In contrast, this
does not usually create a problem when an RPE is
used for such a titration and therefore it is often
possible to use a simple open cell for the titration. In
cases where oxygen is a problem, this can be over-
come by bubbling nitrogen or argon through the
sample solution for 5-20 min and over the solution
during the titration.

The choice of titrant concentration is another im-
portant consideration in amperometric titration.
Substantial dilution of the titrant may result in a
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Figure 3 Attainable anodic and cathodic potential limits for platinum and mercury microelectrodes. (Reproduced with permission
from Ewing GW (1985) Instrumental Methods of Chemical Analysis, 5th edn., p. 290. New York: McGraw-Hill.)

nonlinear variation of the resulting current, before
and after equivalence point, with the titrant volume.
The curvature of the straight-line portions of the
curve can be corrected by multiplying each current
reading by a factor (Vy+ V,)/Vy. Prior to the
equivalence point, V; is the initial volume of the
sample and V, is the titrant volume. After equival-
ence, V; is the equivalence point volume and V, is
the titrant volume added beyond the equivalence
point. The effect of dilution can be reduced or elim-
inated by using more concentrated titrant.

Apart from the selection of an appropriate elec-
trode material and titrant concentration, the main
requirement in amperometric titration is the choice
of either a single or dual polarizable electrode sys-
tem. The basic differences and characteristics of these
two titration systems are discussed below.

Titration with a Single Polarizable Electrode

Amperometric titration with a single polarizable
electrode utilizes an indicator electrode (polarizable)
and a nonpolarizable electrode in the form of a sim-
ple working-reference electrode system in which the
potential of the former (working/indicator electrode)
is held constant relative to the latter (nonpolarizable
electrode). As previously illustrated in Figure 2, the
current flowing due to the oxidation or reduction of
the electroactive species in such a system is recorded
as a function of titrant volume. For a precipitation
titration in which the current flow is caused by the
reduction of the electroactive species, increasing ad-
dition of the titrant results in the precipitation of the
analyte as an insoluble substance and, subsequently,
in a decrease in the current flow. Figure 2A shows
that the current for such a titration will drop to zero
and thereafter remain unchanged even when excess
titrant is added. The equivalence point for such a
titration is determined by drawing the two straight

lines and extrapolating to the intersection to locate
the end point. In contrast, Figure 2B shows the tit-
ration curve for a system in which the titrant is re-
ducible, but the analyte is unreactive. In this case, the
potential of the electrode is held at a value where
only the electroactive species can be reduced. Figure
2C illustrates a titration curve for a system in which
both the analyte and the titrant are reducible within
the same potential range. In other cases where the
electroactive titrant may undergo oxidation at an
RPE, the direction of the titration curve will be op-
posite to that shown in Figure 2B and, hence, the
resulting current beyond the equivalence point will
decrease.

Titration with Dual Polarizable Electrodes

This type of amperometric titration utilizes two
identical polarizable (indicator) electrodes, in the
form of a two working (working—working) electrode
system with no reference electrode. A constant po-
tential difference of 10-500 mV is maintained be-
tween the two electrodes, but the potential of each
electrode may change during the titration and may be
outside the limiting current region for the electro-
active species. However, under controlled experi-
mental conditions a plot of the resulting current
versus titrant volume gives the equivalence point by
an abrupt current change, as illustrated in Figure 4.
Titrations with dual polarizable electrodes are often
used for equivalence point detection in redox titra-
tion, where one of the electrodes functions as a cath-
ode and the other as an anode.

Potential Sources

The polarizable and nonpolarizable electrodes may
be connected to a potential source such as a power
supply or a potentiostat, and the resulting current
from the titration may be recorded with the aid of a
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Figure 4 Amperometric titration curves for redox reactions on
dual polarizable electrodes: (A) reversible half-reactions for titrant
and sample; (B) reversible half-reaction for sample only; and (C)
reversible half-reaction for titrant only. e.p., equivalent point
(Reprinted with permission from Peters GD, Hayes JM, and
Hiefte GM (1974) Chemical Separations and Measurements;
© Brooks/Cole, a division of Thomson Learning: www.thomson-
rights.com. fax: 800 730-2215.)

microammeter or a damped galvanometer connected
in series with the cell.

Applications

The use of amperometry as an endpoint detection
method has been widely adopted for the titration
of substances at the millimole per liter level,
with excellent analytical precision (+1% RSD at
0.01 mmoll~ ' level). The majority of these titrations
involve the formation of precipitates, while others
involve complexometric and redox titrations. At the
millimole per liter level, the accuracy of this method
is better than that achievable with other electroan-
alytical methods and as good as those of spectro-
photometric titration.

Amperometric titrations have been more widely
applied for the titration of inorganic and organic
substances. The titration of inorganic substances
usually involves the determination of various anions,
cations, or compounds and may involve the forma-
tion of precipitates, complexation, or redox reactions
of the titrant or the analyte, or both. In this case the
analyte, titrant, or both can be electroinactive, and
hence can demonstrate all the features of the am-
perograms shown in Figure 2. Table 1 provides a list
of some inorganic substances that can be determined
by amperometric titration. Other inorganic substanc-
es that can be determined by amperometric titrations
include boron, bismuth, calcium, cadmium, copper,
hafnium, holmium, indium, magnesium, neodym-
ium, nickel, scandanium, samarium, terbium, thor-
ium, thallium, tungsten, zinc bromide, fluoride,
hyponitrite, iodate, sulfate, sulfite, and thiosulfate.

In contrast, the amperometric titration of organic
substances usually involves the use of an electroreduc-
ible titrant in which the organic compound is often
unreactive. The flow of current in such a system re-
mains essentially at zero until the equivalence point is

reached, after which the current increases linearly due
to the reduction of the excess titrant. Even in cases
where both the titrant and titration product are elect-
roactive, the potential can be adjusted to enable the
reduction of only the titrant. Table 1 also provides a list
of some organic substances that can be determined by
amperometric titrations. Other organic substances that
can be determined by amperometric titrations include
aromatic amines, aromatic nitrosocompounds, ascor-
bic acid, benzotriazole, cysteine, dithiocarbamates, do-
decylammonium bromide, dodecylpyridinium bromide,
ethylenediaminetetraacetic acid (EDTA), formaldehyde,
hydroxylamine salts, hydroquinone, ketones, thiazoles,
organic mercapto groups, opium, salicylates, quarter-
nary ammonium salts, sulfanilamide, alkaloids, sulfe-
namides, isothiocyanates, urea, and other amides.

Chlorine in Water and Wastewater

Amperometric titrations have been successfully used
for accurate determination of residual chlorine in
water. Different species of chlorine have also been
determined, with suitable modification of the meth-
od, as free available chlorine, chloramine, chlorine
dioxide, and chlorite. Various dual polarizable elec-
trodes have been used for the amperometric titration
of low concentrations of residual chlorine in water.
In particular, amperometric (iodometric) titrations
with dual platinum electrodes have gained consider-
able interest in the determination of total residual
chlorine in water. Selective iodometric titrations with
dual polarizable electrodes have also been found to
be useful for the speciation of chlorine in water,
providing the ability to distinguish between free and
combined residual chlorine, and between mono-
chloramine and dichloramine in water. For example,
in the absence of iodide only the residual chlorine is
detected at the neutral pH range in water and, hence,
with the addition of iodide at this pH range mono-
chloramine can also be detected. Consequently, by
bringing the pH down to 4 and adding more iodide,
dichloramine can be detected as well. To obtain the
free available chlorine concentration, chlorine diox-
ide must be removed by hydrolysis at a high pH prior
to the titration of the neutral sample solution in the
absence of iodide. If not removed, chlorine dioxide is
reduced by iodide to chlorite quantitatively and 20%
of this contributes to the concentrations obtained for
free available chlorine and chloramine. The chlorite
generated from the reduction of chlorine dioxide by
iodide can be reduced quantitatively to chloride in
acid solution and, hence, subsequent titration in
neutral solution will measure chlorite, chlorine di-
oxide, free available chlorine, and chloramines. The
presence of nitrogen trichloride has been found to
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Table 1 Analytical applications of amperometric titrations

Sample Analyte Reagent/titrant Polarizable electrode
Insecticides Total chlorine Silver nitrate (after decomposition Sliver
with Na and xylene)
Water—petroleum Chloride Isoamyl alcohol—ethanol RPE
refining
Water Arsenic Potassium bromate RPE
Chloride Silver ion Graphite or RPE
Serum Chloride Silver ion Graphite
Plating baths Thiourea Mercuric nitrate Mercury
Spent sulfite liquor Total sulfur Lead nitrate (after oxidation to sulfate) RPE
Catalysts Palladium Potassium hexacyanoferrate RPE
Potassium thiocyanate Platinum
Platinum Cerium(lV) Graphite or RPE
Sodium thiosulfate after treatment with Ki RPE
Drugs Aluminum EDTA RPE
Quartz glasses/glass Vanadium Glycinethymol blue RPE
EDTA Rotating
Graphite
Nuclear fuels Uranium Mohr’s salt RPE
Iron ores Iron Manganese(lll) RPE
Ores Mercury Thiosalicylic acid RPE
Steels Cobalt Potassium hexacyanoferrate in RPE
ammoniacal medium
Phosphorus Conversion to molybdophosphate followed Graphite or RPE
by the titration of Mo
Vanadium Ferrocene Graphite or RPE
Copper(l) RPE
Mohr’s salt RPE
Vanadate Potassium iodide RPE
Naphthylamine RPE
Chromate Potassium iodide RPE
Naphthylamine RPE
Chromium Copper(l) RPE
Calcium caboxymethyldithiocarbomate
Manganese Copper(l) RPE
Selenium Ascorbic acid RPE
Tellurium Ascorbic acid RPE
Alloys Antimony Potassium dichromate RPE
Iron Potassium dichromate RPE
Molybdenum Chromium(Il) RPE
Rhenium Chromium(Il) RPE
Brass Manganese Copper(l) RPE
Mineral waters lodide Potassium dichromate Graphite or RPE
Chloride Mercurous nitrate RPE
Brines and seawater lodide Sodium thiosulfate in the presence of RPE
potassium iodate
Palladium chloride Graphite
Wastewater Hydrazine Bromine RPE
Phenol Bromine RPE
Rubber Sulfur lodine (after conversion by sulfite to thiosulfate) RPE
Biological samples Mercury lodine Graphite or RPE
Silicate materials Zirconium Xylenol orange (after fusion with RPE
sodium carbonate)
Ores Gold 2-Imino-2-mercapto-thioacetamide RPE
Manganese Thiourea RPE
Thiosalicylic acid RPE
Oxalate baths Iron Cerium(IV) RPE
Steels, slags, and other Cerium Mohr’s salt RPE
metallurgical products
Iron and steel Cerium Methyldimercapto-thiopyrone Graphite
Glasses and spinels Vanadium(lll) Potassium dichromate Graphite
Vanadium(IV) Chromium sulfate Graphite

Continued
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Table 1 Continued

Sample Analyte Reagent/titrant Polarizable electrode
Bricks and cements Chromium(V1) Sodium arsenite RPE
Steel, bricks, and clinkers Manganese Thiopiperidone RPE
Binders Chromium Potassium iodide (after treatment RPE
with sodium chlorite)
Aluminum-based catalyst Iridium and Potassium iodide RPE
palladium
Organic substances Selenium lodine (after treatment with KI and RPE
sodium thiosulfate)
Industrial materials Selenium 2,4-dithioburet RPE
Silver solder Silver Thiooxime RPE
Gasoline Lead Thiosalicylamide RPE or DME
Carbonate ore Manganese Potassium hexacyanoferrate RPE
Agglomerates and ores Silicon and Diantipyrylmethane RPE
titanium
Copper and antimony Gallium N-3-styrylacrylophenyl-hydroxylamine Graphite
alloys
N-cinnamoyl-p-toly hydroxylamine Graphite
Magnesium alloys Silver Ferrocence RPE
Electrolysis brine Chlorate, chlorine, Arsenite-chloramine-T DME or RPE
chlorite,
hypochlorite
Propellants Nitroglycerin Sodium thiosulfate (after treatment with RPE
Mohr’s salts and addition of Kil)
Radiopharmaceuticals Technetium Tin(Il) RPE
Limestone Calcium EGTA DME
Alloys and glasses Yttrium and lanthanum DTPA Graphic
Water Total heavy metals EDTA DME
Steels and other materials Vanadium Eriochrome cyanine R RPE
and chromium
Iron ore concentrates Iron Potassium dichromate RPE
Bauxite Titanium Methylene blue RPE
Low grade ore Uranium Potassium dichromate RPE

Tablets Ascorbic acid Dichloramine-T in presence of Platinum—graphite
potassium iodide
Water Chlorine species Phenylarsine oxide RPE
Chinese herb drugs Paeonol and Bromine RPE
catechin
Brines and seawater lodide Potassium iodate (after treatment RPE
evaporates with Kl and thiosulfate)
Quartz, pyrites, and jewelery  Gold Hydroquinone RPE

DTPA, diethylenetriaminepentaacetic acid; DME, dropping mercury electrode; EDTA, ethylenediaminetetraacetic acid; EGTA,
bis(aminoethyl)glycolether-N,N,N’,N'-tetraacetic acid; RPE, rotating platinum electrode.

contribute mainly to the free chlorine fraction and
partially to the chloramine fraction. In these titra-
tions, the endpoint is indicated by a decrease in the
current to zero. The sample must be stirred
thoroughly during the titration and the entrainment
of air by cavitation must be avoided.

The presence of other oxidizing agents such as
manganese(IV) can interfere with the chlorine deter-
mination if the titration is performed at pH<3.5.
Under this condition, the organic chloramines are
often converted to either monochloramine or di-
chloramine, resulting in positive errors for these
substances. Also, the volatilization of chlorine
compounds can result in low recoveries. This can
occur due to the violent agitation or aeration of some
of the chloramines prior to the addition of iodide.

These losses can be avoided by using two portions of
the sample: one for the determination of the free
chlorine and the other treated with the titrant and
iodide prior to the determination of the chloramines.
Ferric and chlorate ions do not interfere, while ni-
trites and manganese dioxide are present only as
chlorites.

As the residual chlorine in wastewater is usually
combined, iodide is often added to liberate iodine,
which is more active than the combined chlorine.
Such liberation is necessary in view of the presence
of amines, ammonia, organic nitrogen, and other
organic compounds in wastewaters that tend to com-
bine with a large proportion of the free residual
chlorine. The losses of the liberated iodine at pH<4
are relatively small, but it is preferable to add excess
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titrant before adding iodide and consequently back-
titrating with standard iodine. This often involves the
mixing of the standard titrant (potassium iodide) and
the buffer, prior to adding the sample and subse-
quently titrating with a standard iodine solution. The
use of a titrant, such as sodium arsenite, at this low
pH is not possible and therefore either phenylarsine
oxide or sodium thiosulfate is often employed. The
use of phenylarsine oxide as a titrant is preferred
over others due to its much higher stability. When
employed as a titrant, the interferences from other
oxidizing agents, such as manganese(IV), is avoided
by performing the titration at pH 3.5. Chromate,
silver, and cuprous ions are known to interfere with
the amperometric titration of chlorine in wastewater.
Also, this method cannot be performed in the pres-
ence of high concentrations of cupric ions. Problems
with color and turbidity are easily avoided by the use
of amperometric endpoint instead of the starch end-
point approach. Chlorine dioxide can interfere with
the amperometric titration of both the free residual
and combined chlorine. In cases where the organic
chloramines react very slowly at pH> 3.5, the use of
lower pH (1.0-2.5) is recommended.

The amperometric titrations of chlorine in water
and wastewater are particularly useful in establishing
the correlation between the degree of disinfection
and residual chlorine. This titration is also often used
as a standard method of comparison for the deter-
mination of free or combine chlorine. It is relatively
more sensitive and has a detection limit of
0.01mgl~"', which is superior to the limit of
>1mg ' achievable by most colorimetric and titri-
metric methods. Furthermore, the amperometric de-
termination of chlorine is less affected by common
oxidizing agents, color, turbidity, and temperature
variations. However, the skill and care required for
reliable amperometric titration is much higher than
that required for other methods.

Total Oxygen Demand

Two of the most useful parameters in the assessment
of water quality are biochemical oxygen demand
(BOD) and chemical oxygen demand (COD). Unfor-
tunately, the measurement of these parameters is
time consuming and suffers from some interferences.
The BOD method requires a 5-day incubation peri-
od, while the COD measurement requires a complex
decomposition of the sample solution.

An alternative method known as total oxygen de-
mand (TOD) is based on the use of amperometry. It
involves the passage of a carrier gas containing a
small, but constant amount of oxygen through
a heated tube containing a catalyst and then into a

galvanic type cell that consists of a silver cathode and
a lead anode, covered with a layer of potassium
hydroxide. After attaining a steady-state current, a
small aliquot (20 pl) of water sample is injected into
the carrier gas. Consequently, the oxidizable sub-
stances in the water react with oxygen in the catalyst
furnace, resulting in an oxygen depletion that is de-
tected amperometrically by a decrease in the current.
TOD results often agree favorably with COD values
when the latter are not affected by interferences.
Each TOD measurement takes ~3 min and is ame-
nable to remote and/or intermittent monitoring by
the use of an appropriate sample injection device.

Total Available Heavy Metals

A square-wave amperometric titration has been used
for the determination of the total available heavy
metals in water samples. This method involves the
direct anodic oxidation of mercury in the presence of
excess EDTA. The resulting mercury wave is used to
detect the endpoint of the amperometric titration by
running a polarogram after each successive addition
of an aliquot of EDTA. The successful utilization of
this method lies in the ability to discriminate between
Ca(Il) and heavy metals, such as Cu(Il) and Zn(II).
Thus, in practice, it involves 1:1 dilution of samples
with 0.2moll~ " acetate buffer (pH 4.8), prior to the
amperometric titration. At this pH, heavy metals, such
as Fe(IIl), Hg(II), Ni(II), Cu(II), Pb(II), Zn(II), Cd(I),
Co(Il), and AI(I), are completely (=99%) converted
to EDTA complexes. Furthermore, the presence of
Ca(II) does not interfere with the determination of the
available heavy metals under these conditions. As little
as 1 pumoll ™! of available heavy metals has been suc-
cessfully determined in water samples by this method.

Amperometric Sensors

Origin

Unlike other sensors, most of the available chemical
amperometric sensors evolved from earlier investi-
gation of various electrochemical processes on elec-
trode surfaces, long before the use of the generic term
of ‘chemical sensor’ became acceptable. Of course,
as the emphasis of such earlier work was directed
mainly toward the prediction and understanding
of electrode mechanisms rather than for analytical
purposes, most of these investigations were done
under conditions that were not fully comparable
with a modern sensing device. However, the consid-
erable knowledge gained from the earlier work has
been most beneficial in the design and develop-
ment of amperometric sensors. This has led to the
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development of reliable amperometric sensors for
oxygen and chlorine, as well as to the development of
biochemical sensors for various substances.

Dissolved Oxygen Sensor

By far the most important application of amperome-
try is the determination of dissolved oxygen. An ear-
lier approach for oxygen measurement made use of
the galvanic type cell, which consists of a zinc anode
and a carbon, gold or platinum cathode, and hence
does not require the application of an external po-
larizing potential. Unfortunately, this cell arrange-
ment was prone to poisoning when used in direct
contact with samples containing surface-active sub-
stances and/or suspended solids. The prevention of the
accumulation of deleterious substances on the elec-
trode surfaces was achieved by covering them with a
membrane. As well as keeping the electrode clean, the
membrane establishes a finite diffusion layer that sta-
bilizes the electrode performance. In effect, the mem-
brane-covered electrodes become independent of the
hydrodynamic properties of the sample solution.

The main requirement in the use of membranes
in the construction of oxygen sensors is that the
membrane must be permeable to oxygen, while res-
tricting the passage of water and electrolyte. On this
basis, the use of a single point calibration method
based on the use of air, with the assumed linearity of
response for other measurement, is feasible. Another
calibration method involves the use of solutions
previously verified by the Winkler oxygen titrimetric
method.

One oxygen sensor design utilizes a concentrically
mounted cathode and anode embedded in a plastic
material, with only the surfaces of the electrodes ex-
posed to the sample solution. In operation, a thin
layer of the supporting electrolyte, such as potassium
chloride or potassium hydroxide, is brought in contact
with the electrodes by confinement within the outer
membrane. The dissolved oxygen, which diffuses
through the membrane, undergoes electrochemical re-
duction at the cathode within the confined layer. The
resulting current from the reduction process is directly
proportional to the oxygen concentration in solution.

Another galvanic oxygen sensor utilizes a lead an-
ode, a silver cathode, and 4moll ' potassium hy-
droxide as electrolyte. In addition, a microammeter
is connected in between the anode and cathode to
provide the current readings. The flow of current, as
in other oxygen sensors, is due to the diffusion of
oxygen from the sample solution through the mem-
brane to the silver cathode, where it is reduced:

%02 +HyO + 2™ -20H™ [3]

Microammeter

¥

O-ring
Membrane

Lead anode
Silver
cathode

Electrolyte solution
Figure 5 A galvanic oxygen sensor. The electrolyte is 4 mol |~
potassium hydroxide.

and the lead anode is subsequently oxidized in the
presence of the hydroxide:

Pb + 20H™ —PbO + H,0 + 2¢ 4]

Figure 5 illustrates a typical cell arrangement for a
galvanic oxygen sensor. The electrodes are insulated
from each other with nonconducting plastic and the
surface is covered with a permeable membrane. In
practice, a few drops of the electrolyte is added be-
tween the membrane and the electrodes. The amount
of oxygen that travels through the membrane is pro-
portional to the dissolved oxygen concentration in
the sample. The main requirement in using this sen-
sor is to construct and calibrate the meter in such a
way that the resulting current can be directly related
to the oxygen concentration in sample solutions.

There are also nongalvanic oxygen sensors that are
based on the same principles. This type of oxygen
sensor typically consists of an inert metallic cathode
covered with a gas-permeable membrane and a silver
anode. These sensors are usually connected in series
with a 1.5V battery and an external potential of
0.8 V is applied between the electrodes to initiate the
amperometric measurement of oxygen. One such
sensor employs a gold cathode, a silver anode, and a
potassium chloride gel as the electrolyte.

Owing to the realization in the 1970s that the
current of a microelectrode (<10 um) rapidly reach-
es a steady-state value that is not sensitive to mass
transport, there has also been some considerable in-
terest in developing microelectrode-based oxygen
sensors. The construction and utilization of a micro-
electrode-based Clark-type oxygen sensor has gained
wider use in the past two decades. In addition, the
incorporation of such a micro-oxygen sensor on a
chip for the multiamperometric sensing of oxygen
and other substances, such as glucose and glutamate,
with the aid of immobilized enzyme layers has been
reported. Also, miniaturized oxygen sensors, placed
either on the tip of a catheter or mounted in a mi-
crocell through which the sample is pumped or
stirred into, are commonly used in clinical studies.
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The available amperometric oxygen sensors are
capable of determining dissolved oxygen concentra-
tion in aqueous media reliably when present between
0.1 and 50.0 mgl~ ' and they are readily amenable to
field studies. Due to the membrane coverage of the
electrodes, the sensors can be readily used in solu-
tions containing both ionic and organic contami-
nants, as well as in gaseous environments. When
used for the determination of oxygen in blood and
other biological fluids, the covering membrane has
also been found to be useful in preventing contam-
ination and fouling by other blood constituents, such
as erythrocytes. Potential interferences include sulfur
dioxide, hydrogen sulfide, and other gaseous sub-
stances that can permeate the outer membrane.

A DME has also been used for the amperometric
determination of oxygen in river water and effluent
samples. This involves the application of a constant
potential of — 1.5V versus the SCE. This approach
has been found to be useful in eliminating interfer-
ences from cyanide and sulfide, as well as correcting
for contributions from metal ions, such as iron, cop-
per, zinc, and nickel. The method can be reliably used
for oxygen determination when present within the
concentration range of 0-15mgl ',

The various oxygen sensors have not only gained
wider use in laboratory and in-field analysis, they
have also become popular for online monitoring of
industrial processes.

Chlorine Sensor

Amperometric sensors, of similar design to the
oxygen sensors, are also available for chlorine deter-
mination in water and wastewaters. In this case, the
sensor employs a silver wire cathode, immersed in a
sodium chloride solution in the inner tube, and a
platinum wire anode wound around a porous thim-
ble on a glass tube. The electrode assembly, which
functions as a galvanic cell, is employed in a similar
approach to the dissolved oxygen probe, giving a
current reading upon immersion into sample solu-
tion. The resulting current is also directly propor-
tional to the concentration of the active chlorine in
the sample. This type of sensor has gained consid-
erable use for domestic and industrial purposes.

Biosensors

The immobilization of enzymes, cell cultures, tissues,
and other biologically active substances on various
electrode substrates have been explored extensively
for the development of amperometric biosensors for
various substances. This approach has been useful in
improving the selectivity of amperometric measure-
ments and hence for developing new amperometric

biosensors. Earlier work in this area concentrated on
the construction of enzyme electrodes that employ
oxygen sensors as transducers. The most well known
and widely used enzyme electrode is the glucose
electrode, which has even been used as an implan-
table sensor in clinical studies/monitoring. Several
other transducers that are not based on the use of
oxygen sensors are now widely used in this area and
many new amperometric biosensors are reported
regularly in the literature.

Amperometric Detectors for Chromatography and
Flow Injection Analysis

Two other areas where amperometry has played a
major role since the 1970s are the detection of var-
ious substances in high-performance liquid chro-
matography and flow injection analysis. To a lesser
extent, amperometric detection has also been applied
to ion chromatography of anions and cations.

See also: Enzymes: Enzyme-Based Electrodes. Flow
Injection Analysis: Detection Techniques. Liquid Chro-
matography: Principles. Process Analysis: Sensors.
Sensors: Amperometric Oxygen Sensors; Tissue-Based.
Titrimetry: Overview. Water Analysis: Sewage; Bio-
chemical Oxygen Demand; Chemical Oxygen Demand.
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Introduction

Amphetamines and related compounds have a long
and storied history extending literally thousands of
years in the past with the use of the drug ‘Ma Huang’
in China (identified as ephedrine in the late 1800s).
Amphetamine is a synthetic drug first produced in
1887 followed several years later by methampheta-
mine in 1914 (structures given in Figure 1). The sim-
ple nature of these molecules is deceptive when
compared with the numerous and varied activities
they have within the body. Their central nervous
system (CNS) activity is that of an indirect acting
sympathomimetic and it is their CNS stimulatory
activity that leads to their potential for abuse. In ad-
dition to their CNS activity, amphetamines also have
peripheral activity. Their site of action is dependent

| |
H—(I:—H/H H\H—(lz—H
H—(|3—N\ /N—(|3—H
H—C—H M A h—Cc—n

(+)-Amphetamine (-)-Amphetamine

| |
H—clz—H/H H\H—(li—H
H—clz—N\ N—C—H
CH
H—C—H HC —Cc—n

(+)-Methamphetamine (-)-Methamphetamine

Figure 1 Structures of stereoisomer of amphetamine and
methamphetamine. Note: The references to the stereoisomer of
amphetamine and methamphetamine are often designated using
various different indications of the orientation. Common designa-
tions for the dextro form of the drugs include d, d, b, S, and (+)
and similarly for the levo form the designations /, I, L, R, and (—)
are used.

on the enantiomeric form of the drug present with
the (S)-enantiomer having the greatest CNS activity.
Several of the drugs in this class are on the schedule
of controlled substances while others are commonly
found in over-the-counter medications. Clinically,
amphetamine and methamphetamine are used for
treatment of narcolepsy, attention deficit disorder
with hyperactivity, and as an anorexic. Tolerance and
dependence can rapidly develop therefore leading to
strict prescribing guidelines.

Following administration of methamphetamine,
both methamphetamine and amphetamine are ex-
creted. The excretion profile of these drugs is de-
pendent on both metabolism and excretion; the
longer the drugs remain in the body, the more met-
abolic degradation takes place. The ‘average’ excre-
tion of unchanged drug is ~30% for amphetamine
and 43% for methamphetamine. The actual amount
of unchanged amphetamine excreted in urine is
greatly affected by pH and can vary from as little
as 1% in highly alkaline urine to as much as 74% in
strongly acidic urine. Methamphetamine also shows
widely differing excretion rates that range from 2%
in alkaline urine to 76% in acidic urine. The amount
of methamphetamine excreted in the form of am-
phetamine also varies from 7% in acidic urine to as
low as 0.1% in strongly alkaline urine reflecting the
metabolism of methamphetamine and amphetamine
as long as the drug remains in the body. Metham-
phetamine is demethylated to amphetamine and sub-
sequently to a number of different compounds prior
to excretion. The metabolic pathways of ampheta-
mine and methamphetamine are summarized in
Figure 2.

Here, the use of amphetamines, common analyt-
ical methods used in their analysis, their analysis in
various biological fluids, and the unique aspects rela-
ted to forensic analysis of amphetamines are revie-
wed. A glimpse at the future trends in analysis of the
amphetamines is also provided.

Methods

Analysis of amphetamines is commonly accom-
plished using a number of different methodologies.
These include techniques such as thin-layer chromato-
graphy (TLC), gas chromatography (GC), liquid
chromatography (LC), infrared spectroscopy, and
mass spectrometry (MS). In addition, several different
immunoassays are commonly used for the analysis
of amphetamines.
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glycine; 10, hippuric acid. Note: stereochemistry and ionic state are not indicated in these structures and conjugates, other than
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All immunoassays are based on the principle
of competitive displacement of a labeled drug
from an antigen—antibody complex by unlabeled
drug in the sample. The fundamental difference
in the currently available immunoassays is the

detection method employed. Commonly used meth-
ods include: fluorescence polarization, enzyme im-
munoassay, cloned enzyme donor immunoassay,
enzyme-linked immunosorbent assay, and radio-
Immunoassay.
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In all of the immunoassay methods, the antibodies
are targeted to the amphetamines of interest and
designed to minimize cross-reactivity with related
compounds. While seemingly simple, achieving
specificity is a significant challenge. Since there are
so many compounds found in biological fluids that
are structurally similar to the amphetamines, speci-
ficity is difficult to attain. Tremendous advances have
been made over the past several years in this area,
however, and the newer assay systems are far better
at properly identifying the presence of amphetamine
and methamphetamine while significantly dimini-
shing cross-reactivity to related compounds. An
advantage of immunoassays over other methods is
they are rapid and require no sample preparation. A
sample can be added directly to the reagents and the
presence of the drugs determined in a relatively short
time. Immunoassays are the most popular screening
method because they lend themselves to automation
thus allowing laboratories to process large numbers
of samples. Their biggest disadvantage, however, is
lack of specificity. Quantification based on immuno-
assay is possible, but owing to differing binding af-
finities to substances, including metabolites, the
accuracy of this approach is generally limited. The
most common application of immunoassays is as a
screening tool for the identification of presumptive
positives that are then confirmed by another more
specific confirmation assay.

TLC is more specific in the identification of
amphetamines but is a far more time-consuming
procedure than are immunoassays. With few excep-
tions, in order to analyze a sample by methods
other than immunoassay, the drugs are extracted
from the biological matrix prior to analysis (see
later). In the case of TLC, the development (chro-
matographing the drugs up the plate) is a relatively
slow process that adds to the time required for ana-
lysis. TLC does have the advantage of being able
to identify a wide variety of compounds in a sample
and is not limited to testing for a single compound
or class of compounds as are the immunoassays.
Because of the structural similarities, separation of
the amphetamines from the many different closely
related amines is often not possible with a single
solvent system. Typically, using a number of different
solvent systems does allow for separation and iden-
tification of the individual compounds. Another dis-
advantage of TLC is it does not have the sensitivity
of the other methods. Quantification using TLC is
possible only with substantial effort; therefore, it is
typically used only as a qualitative tool although
some high-performance thin-layer chromatography
methods have been shown to be quite specific and
precise.

LC is a powerful analytical tool and has been used
for the identification of amphetamines in virtually all
biological samples. The resolving power of LC al-
lows for specific identification of the drugs and often
requires less sample preparation than other chromato-
graphic methods. The natural ultraviolet absorbance
of the amphetamines allows for identification by LC,
and if derivatized, fluorescent and electrochemical
detectors yield even more sensitive and specific de-
tection of these drugs. Derivatization of the amphe-
tamines also enhances their chromatographic beha-
vior. Use of appropriate chiral stationary phases or
chiral derivatizing reagents also allows chromatogra-
phic separation of the enantiomeric forms of am-
phetamine and methamphetamine.

Typically, GC has even greater sensitivity than LC
and is used with a number of different detectors in-
cluding flame ionization (FID), nitrogen—phosphorus
(NPD), electron capture (EC), and MS. The FID is
essentially a universal detector because virtually any
flammable compound generates a response.

The NPD, as the name implies, is sensitive for
compounds containing nitrogen. It therefore works
well with amphetamines because of the presence of
the amine group. This detector is also a selective
technique owing to the specificity of detecting only
those compounds containing nitrogen or phospho-
rus, thus eliminating many potentially interfering
compounds in the sample extract. Electron capture is
also a very sensitive detection technique that has
been effectively used for amphetamines. However,
unlike the NPD, EC detection requires derivatization
of the amphetamine with a strongly electronegative
group such as a perfluoroacyl group prior to analysis.

Mass spectrometers are commonly used in combi-
nation with a gas chromatograph. Most GC-MS
analysis of amphetamines is accomplished in the
electron ionization mode. This is typically because of
the wider availability and ease of use of this ioniz-
ation method. Chemical ionization is also used for
analysis of amphetamines, taking advantage of the
relatively high ionization efficiency of the ampheta-
mines when using a reagent gas such as ammonia. A
disadvantage of using chemical ionization, however,
is the higher degree of complexity in using the in-
strument and the lessened degree of characteristic
fragmentation when compared with electron ioniza-
tion of derivatized amphetamines.

Derivatization of the amphetamines is not required
for GC-MS analysis. However, because the mass
spectra of underivatized amphetamines are very sim-
ple and essentially composed of ions at m/z 44 for
amphetamine and m/z 58 for methamphetamine,
derivatization is used to not only yield higher mass
ions but also to provide multiple characteristic ions
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Figure 3 Mass spectra of (A) amphetamine, (B) heptafluorobutyryl derivative of amphetamine, (C) methamphetamine, (D)
heptafluorobutyryl derivative of methamphetamine.

for unequivocal identification of the analyte. The The gas chromatographic behavior of underivati-
spectra of underivatized amphetamine and metham- zed amphetamines, which tends to show tailing
phetamine and the spectra of the corresponding hepta-  asymmetrical peaks, is also dramatically improved
fluorobutyryl derivatives are illustrated in Figure 3. by derivatization. As is true for LC, appropriate
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Figure 4 Gas chromatography of trifluoroacetyl-(L)-prolyl deri-
vatives of amphetamine and methamphetamine enantiomers.
Peaks: A, (R)-amphetamine; B, (S)-amphetamine; C, (R)-meth-
amphetamine; D, (S)-methamphetamine. GC conditions: 120°C
for 2 min, rising to 200°C at 4°C min~ . lons monitored at m/z 237
for amphetamine and m/z 251 for methamphetamine.

chiral stationary phases or chiral derivatizing re-
agents allow chromatographic separation of the
enantiomeric forms of amphetamine and metham-
phetamine by GC. The most common of these meth-
ods involves use of trifluoroacetyl-L-prolyl chloride
(TPC). On standard achiral GC columns, the
enantiomeric forms of amphetamine and metham-
phetamine co-chromatograph unless derivatized with
a chiral reagent such as TPC. When derivatized with
a chiral reagent, they can then be readily separated.
The gas chromatographic separation of the enantio-
mers of amphetamine and methamphetamine is
shown in Figure 4.

Sample Preparation

In most analytical procedures, other than immuno-
assays and a few LC procedures, the amphetamines
must be extracted from their biological matrix. There
are numerous methods for the extraction of amphet-
amines from biological samples; the most common
include liquid-liquid and solid phase. The pK of the
amine group on these drugs is ~ 9.9, thus making the
sample alkaline significantly enhances their extrac-
tion into organic solvents. Simply by adjusting the
sample pH to greater than the pK, the amphetamines
can be efficiently extracted into a small amount of
organic solvent. To provide a cleaner extract, sam-
ples are often back-extracted from the organic
solvent into an acid solution, leaving the purely lipo-
philic compounds behind. After adjusting the pH
again to a high level, the amphetamines are re-ex-
tracted into the organic solvent, yielding a much
cleaner extract than is achieved by the single-step
extraction.

Solid-phase sorbent materials used for the extrac-
tion of amphetamines allow for high recovery and
selectivity. Binding the amphetamines to the column
packing material allows for washing away of the

unwanted components in the sample. Several column
sorbents can be used for extraction including those
based simply on hydrophobic interactions such as
Cig. These use the hydrophobic interactions between
the drugs and the sorbent to extract the compounds
of interest. In the case of the amphetamines, this re-
quires adjustment of the pH to a level that can cause
problems with silica-based columns. Another method
is to use ion exchange where the sample pH is
slightly acidic (commonly 6.0) leaving the amine
group positively charged. The ionic interaction be-
tween the analyte and the column is quite strong
allowing the use of strong wash solvents to eliminate
potentially interfering compounds. The drugs are
then eluted by increasing the pH causing the loss of
charge and therefore strong interaction with the col-
umn. Due to their versatility, the most popular col-
umns are actually bifunctional in that they contain
both ionic and hydrophobic binding capabilities.
Such columns can therefore be used to eliminate
more potentially interfering compounds in the sam-
ple than liquid-liquid extraction or single-mode solid-
phase extraction and generally have the potential to
produce a cleaner extract.

Protein precipitation is common prior to extraction
of drugs from blood samples. Whole blood can also
cause problems with solid-phase extraction by plug-
ging the column, although these difficulties can be
overcome by precipitation or dilution. Although both
liquid-liquid and solid-phase extractions give excel-
lent recoveries of amphetamine and methampheta-
mine, other closely related compounds are often
extracted under the same conditions. In some cases,
the initial concentrations of these compounds are so
high that, even if their recovery is relatively low, they
can pose significant problems in the analysis. One
method of eliminating this interference is to destroy
the unwanted compounds using an oxidizing agent
such as periodate. Hydroxylated compounds such as
ephedrine, pseudoephedrine, and phenylpropanola-
mine are oxidatively cleaved by periodate oxidation,
thus they do not interfere with the assay.

Biological Samples

Urine is the most commonly used biological fluid for
the analysis of amphetamines. Blood is also often
used for this purpose and the choice of specimen is,
to a large extent, dictated by the purpose of the
analysis. Other biological samples used in the post-
mortem setting include vitreous humor and various
tissue homogenates. When testing workplace or
sports testing samples, urine holds a variety of
advantages over blood. The most obvious is that
urine collection is physically less intrusive than
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collecting blood samples. In addition, detection of
amphetamine use is easier in urine for a number of
reasons, including higher concentration of the drugs
and extended detection times compared with those in
blood. As with all urine drug testing, however, the
measured concentration of the drug in urine does not
correlate well with the activity of the drug on the
body at the time of collection. While interpretation
of urine drug testing data is limited, it is further
hampered in the case of amphetamines by the fact
that the excretion rate is greatly affected by the uri-
nary pH. The differences in the rates of excretion can
yield half-lives from 7 to 34 h for amphetamine and
from 12 to 34 h for methamphetamine. An advantage
of measuring drug concentrations in blood is that it
allows the determination of the amount of the drug
available to various tissues. However, the interpre-
tation of the total dose of a drug or time since dose is
complicated by the fact that blood levels are also
significantly influenced by the variable excretion
rates of the drug. Since blood concentration repre-
sents the amount of drug available in the body at the
time of collection, the level can be helpful in deter-
mining the influence, if any, the drug had on the
individual at that time. From a clinical viewpoint,
these questions are often less important than in a
forensic investigation.

The use of hair as a sample for detection of drug
has been used for a number of years. Hair has the
advantage of serving as a record of past drug use.
Since drugs deposited in hair are placed there shortly
following use, as the hair grows, it represents a se-
quential history of use over time. Deposition of drugs
into hair has been investigated and several important
studies have shown the specific drugs and drug met-
abolites incorporated into hair after use. Issues of
differences in hair composition and external con-
tamination have to be considered when analyzing
hair and extensive protocols have been developed to
ensure the drug detected was actually incorporated
into the hair rather than being contamination by
environmental contact. A significant challenge with
analysis of drugs in hair samples is the low levels
found compared to those seen in other biological
samples. Modern instrumental methods, particularly
MS-MS, have allowed hair analysis to become a
more commonly used technique for the detection of
drug use. Sweat has also been used as a sample for
the detection of drug use. Like hair, sweat can be
used to detect use for a longer period of time than the
other sample types. Unlike the other samples,
however, sweat collection is more time consuming.
An absorbent patch is placed on the subject and re-
mains in place for a period of time (commonly a
week), then the patch is removed and analyzed for

the presence of drugs. Evaluation of contamination
has been conducted and the technique has been
shown to identify drug use during the time the patch
was in place. Another sample matrix gaining in popu-
larity is oral fluid. Drugs are excreted into the saliva
which can be relatively quickly collected and tested.
Oral fluid is collected either as an expectorated fluid
which is collected into a small sample container or,
more commonly, using a device with an absorbent
pad that collects the fluid. The pad is then placed in a
buffer, allowed to equilibrate, and is then tested for
the presence of drugs. This procedure holds some
advantages in that the sample collection is less
invasive than collection of blood and less intrusive
than collection of urine. It also avoids many of the
potential problems of sample substitution and adul-
teration possible, particularly with unobserved
collection of urine samples. Several studies have
evaluated the extent of drug found in oral fluid fol-
lowing use, but more work needs to be accomplished
to fully characterize the details.

Forensic Samples

Forensic analysis of samples poses challenges not en-
countered with analysis for research or clinical pur-
poses. Some of the challenges are related to the
forensic nature of the analysis itself and sometimes to
the fact the sample itself may be far different from
those seen in typical analysis (e.g., clotted blood in
postmortem analysis or urine that is several days old
rather than fresh). Almost any sample can be ‘foren-
sic’ since the forensic nature of a sample comes from
the use to which the analytical result is put rather
than from the actual nature of the sample itself. As a
result, virtually any biological fluid or tissue may be a
forensic sample. One critical component of forensic
analysis is the need to document the origin and
handling of the sample from collection until analysis
is completed, maintaining a clear, well documented
‘chain-of-custody’. Urine is the most commonly
analyzed sample for amphetamines and the results
of that testing are often used as evidence in legal
proceedings. Blood is also a good sample for detect-
ing the presence of amphetamines. Since a consider-
able amount is known about amphetamines in terms
of their pharmacology and pharmacokinetics, blood
is a more valuable tool in the determination of
influence of the amphetamines on an individual.
Ante-mortem blood may be analyzed to determine
whether or not amphetamines were used and can be
important in determining the pharmacological influ-
ence of the amphetamines on the individual. This
information can be helpful in determining whether
the individual was intoxicated or under the influence
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of the drugs at the time the sample was collected.
Postmortem analysis of blood is also useful in the
determination of amphetamines and can be of signi-
ficant value in interpreting the cause or potential
contribution of the drugs to the death. Of particular
interest in postmortem analysis is evaluation of the
sample for other compounds that may interact with
amphetamines to produce a potentially lethal com-
bination where neither compound by itself would
have caused the effect. Another complication in
postmortem analysis is redistribution of drugs after
death which complicates interpretation.

Interpretation of analytical results is a critical part
of forensic analyses. Owing to the complex nature of
the pharmacokinetics of the amphetamines, interpre-
tation can often be quite difficult. A critical issue in
forensic analysis is to separate legitimate use of drugs
from illicit use. Another issue, particularly in post-
mortem analysis, is showing the effect of the drug
on the body even if used with valid medical prescrip-
tion. Several factors make the interpretation of
amphetamine results problematic. One of these is
the formulation of the Vicks Inhaler in the USA
which contains 50mg of (R)-methamphetamine
(levmetphetamine). Although this formulation is
not found in all parts of the world, it is readily
available throughout the USA. This over-the-counter
medication is commonly used to treat the nasal
congestion associated with colds and allergies due to
its peripheral vasoconstrictive effects. Methamphet-
amine used in prescription medications is (S)-meth-
amphetamine and illicit methamphetamine is almost
always (S)-methamphetamine or racemic (R,S)-meth-
amphetamine. In commonly used analytical meth-
ods, enantiomers cannot be differentiated from one
another. Therefore, use of controlled methampheta-
mine or the over-the-counter Vicks Inhaler would
lead to the same result. However, the use of LC or
GC with either chiral columns or a chiral derivat-
izing reagent will allow the enantiomers to be sep-
arated and indicate the difference between use of a
Vicks Inhaler and a controlled form of the drug.

Another complicating factor for interpretation of
positive test results is the fact that there are a number
of other drugs that are metabolized by the body to
either amphetamine or methamphetamine. This sit-
uation is difficult to determine in many cases because
the parent drug is either not excreted or is excreted
for only a short period of time in detectable amounts.
Drugs that are metabolized to methamphetamine
and/or amphetamine include: amphetaminil, benzph-
etamine, clobenzorex, deprenyl, dimethylampheta-
mine, ethylamphetamine, famprofazone, fencamine,
fenethylline, fenproporex, furfenorex, mefenorex,
mesocarb, and prenylamine.

Emerging Techniques in
Amphetamine Analysis

In recent years, a novel extraction technique has been
developed and several investigators have implemented
this procedure in the analysis of amphetamines.
Solid-phase microextraction (SPME) exploits the
long-used principle of volatilizing analytes of inte-
rest into the headspace over a liquid sample. Head-
space analysis has been employed for many years for
a variety of volatile compounds, including the am-
phetamines. The uniqueness of SPME (and a related
technique; solid-phase dynamic extraction) is that it
allows concentration of the analyte(s) onto the sor-
bent needle. Following absorption of the analyte(s),
the fiber is placed into the injection port of the GC
and the compounds are thermally desorbed and
analyzed. Modifications of this fundamental tech-
nique are to extend the fiber into the liquid itself thus
allowing analysis of compounds that are not volatile
and can therefore not be collected from the head-
space. Several techniques have also been developed
to derivatize the extracted analytes. A significant
advantage of SPME is the fact that a sample need
only be placed into the instrument and no other in-
tervention is required to analyze samples. Currently,
the most significant drawback to widespread use of
SPME is the time required to analyze each sample.

Analyses of amphetamines, like most other drugs,
are most commonly accomplished using GC-MS,
which remains the gold standard for confirmation
analysis. Concern about the (R)-enantiomer has also
led to chiral separation techniques being used for
definitive analysis of methamphetamine to establish
whether or not the drug was an over-the-counter
form or a controlled form of the drug.

The coupling of GC-MS with other analytical
techniques is being used to assist in the unequivocal
identification of amphetamines and various related
compounds. One example of this is the use of Fourier
transform infrared spectroscopy. The use of multi-
stage mass analysis has arrived in the form of mass
spectrometers that are capable of doing mass analysis
on a compound followed by further fragmentation
and analysis in a second mass analysis. Coupling this
capability with GC (or LC) has dramatically in-
creased the specificity of analysis and affords greater
sensitivity due to the decreased potential for inter-
ference and lower background signal. The dramatic
advantage of specificity gained by MS over other less
specific techniques is dramatically enhanced by
tandem mass spectrometry (MS/MS). MS/MS ana-
lysis is generally referred to as being accomplished
in time or space. MS/MS in space is used to des-
cribe MS/MS in the linear triple quadrupole analyzer.
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Tonization in the source is accomplished and the first
quadrupole is set to isolate a single precursor ion.
This ion is then fragmented in the second quadrupole
that is filled with a collision gas that causes the ion to
fragment. The product ions thus formed can then be
scanned or selectively monitored in the third quad-
rupole.

MS/MS in time is used to describe MS/MS in the
ion trap. Basically, MS/MS analysis in the ion trap is
accomplished by external ionization of the analytes
with the ions then being introduced into the trap.
The ion to be used as the precursor is ‘trapped’ while
all others are ejected from the trap. Energy is then
added to cause fragmentation of the trapped ion and
the resulting product ions are scanned out of the trap
and detected.

As described earlier, high-performance liquid chro-
matography (HPLC) has been used for many years
for the analysis of a wide variety of analytes. Nu-
merous different detectors have been used with
HPLC. Coupling MS with HPLC dramatically ex-
panded following the development of atmospheric
pressure ionization techniques. This was quickly fol-
lowed by development of benchtop instruments
making them less expensive and more widely avail-
able to laboratories. The ability to use less extensive
extraction procedures and no need for derivatization
offers significant advantage to this technique. Other
advantages of HPLC over GC including the ability to
analyze compounds with low volatility, poor thermal
stability, and allowing analysis of conjugates of drugs
and metabolites remain with the analytical advan-
tage of MS with the technique.

Capillary electrophoresis has been used for the
analysis of a wide variety of analytes including the
amphetamines. Practical use of this technique has
grown significantly over the last few years. Capillary
electrophoresis uses either electrophoretic or electro-
kinetic separation, or both. This technique allows
analysis of analytes from various matrices with re-
latively little sample preparation and often no re-
quirement for derivatization. Even separation of
underivatized enantiomers has been accomplished
with capillary electrophoresis. Capillary zone elect-
rophoresis and micellar electrokinetic capillary chro-
matography are the two most commonly used
methods of capillary electrophoresis. Studies evalua-
ting parameters such as pH, stirring, temperature,
addition of salts, and selection of sorbents has lead to
significant improvements. Another advantage of
capillary electrophoresis is the low sample volume
requirements (commonly less than 0.1ml). Dis-
advantages of this technique include the difficulty
of combining with MS and automation allowing
routine analysis of multiple samples in a reasonable

time. Advances in nanospray LC interfaces and sam-
ple stacking techniques together with improved au-
tomation may bring capillary electrophoresis into the
mainstream as an analytical tool.

See also: Derivatization of Analytes. Extraction:
Solvent Extraction Principles. Forensic Sciences: Drug
Screening in Sport; Systematic Drug Identification. Gas
Chromatography: Mass Spectrometry; Chiral Separations.
Immunoassays, Techniques: Enzyme Immunoassays;
Luminescence Immunoassays. Liquid Chromatography:
Column Technology. Pharmaceutical Analysis: Sample
Preparation.
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Introduction

The term amplification usually refers to a process
whereby the power of a signal is increased without
altering its basic information-carrying characteris-
tics. The signal may be electronic, hydrodynamic,
acoustic, or, in our case, chemical.

The Commission on Analytical Reactions and
Reagents of the International Union of Pure and Ap-
plied Chemistry (IUPAC) defines the term amplifica-
tion as follows: ‘An amplification reaction is one
which replaces the conventional reaction used in a
particular determination so that a more favourable
measurement can be made. The sequence can be re-
peated to provide a further favourable increase in
measurement’. This definition avoids the ambiguity
of the terms multiplication and magnification, pre-
viously employed, and it has definitively introduced
the term amplification in the analytical literature.

A number of changes are necessary to adapt this
definition to the present state of analytical methods,
not only in inorganic and organic analysis but also in
biochemical analysis. However, two basic ideas must
be retained: the fact that the use of amplification re-
actions is a way of increasing the sensitivity of the
analytical measurements, and that these reactions
can be carried out in an iterative form.

Historically, as has been indicated by Friedrich
Mohr, the first amplification method was introduced
by Bunsen and Dupré and independently by Golfier-
Besseyre for the determination of iodide by oxidation
to iodate. After elimination of the excess of oxidant,
the reaction of iodate with iodide provided a sixfold
enhancement of the original amount of iodide as iodine.

This method was also employed by Winkler in
1900 and Hunter in 1909, the latter using sodium
hypochlorite as oxidant.

The application of these procedures for the deter-
mination of iodine in organic compounds on the mi-
croscale, carried out in 1929 by Leipert, promoted
the popularization of amplification reactions in ana-
lytical laboratory practice.

In the literature published during the last 25 years,
several examples of amplification reactions can be
found that enhance the analytical sensitivity obtain-
able in the direct determination of cations and
anions, and also in the elemental analysis and the
selective determination of organic molecules.

This article reviews the principles of amplification
reactions and their use for analytical purposes, with
particular reference to the mechanisms involved in
the methods discussed, in order to systematize
present knowledge about these reactions. On the
other hand, new aspects, concerning enzymatic am-
plification reactions and the polymerase chain reac-
tion, have been included to establish the similarities
and differences between these reactions and the clas-
sical amplification procedures.

Principles and Classification

According to the definition of amplification, the increase
in the number of moles of the compound to be meas-
ured by an amplification reaction must be different from
that obtained normally by a conventional stoichiometric
reaction. Thus, the simple weighting effect obtained in
the gravimetric analysis of cations with complex organic
molecules cannot be considered amplification reactions.
In amplification reactions, the mass of the compound is
increased by a selected series of reactions.

There are two basic forms of amplification: (1)
direct amplification, where the compound to be de-
termined is amplified directly and is subsequently
measured; (2) indirect amplification, where the
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compound is associated with some other, which is
then amplified and measured.

Both direct and indirect amplification processes
can be implemented by various mechanisms:

1. Change of oxidation state. The amplification is
based on the change of valency or oxidation state
of the compound to be measured (direct) or that
associated with a preceding one (indirect).

2. Amplification by alternative precipitation. The pre-
cipitation of two salts of the same compound, with
different stoichiometries, is employed as a basis for
cyclic amplification of an anion or a cation.

3. Amplification with a complex of the ion to be
amplified. This combines precipitation and val-
ency-change processes.

4. Transportation. The compound to be amplified is
employed for the transport of an equivalent
amount of a reagent from one place to another.
Amplification by the use of ion exchangers is a
particular case of this general type of amplifica-
tion process.

5. Alternate addition of equivalent amounts of two
reagents. This involves a cyclic process in which a
bare excess of reactant is alternately added to the
specimens to be determined and the stoichiometric
precipitates of the starting concentration collected
after each cycle.

The two last cases are actually examples of ite-
rative amplifications but sensu stricto do not suppose
the use of any alternative reaction.

The parameter that defines the amplification pro-
cedures is the amplification factor, f, the quotient
between the amplified amount of a compound that is
measured, y, and the starting amount, x, to be ampli-

fied (eqn [1]):
f=y/x 1]

Each amplification reaction provides a given factor f
as a function of the reactions carried out. However, all
the above-mentioned procedures can be applied several
times before the measurement step, providing a cyclic
amplification whenever the product of an amplifica-
tion reaction can be transformed by whatever series of
reactions into the original amplifiable compound.

Cyclic amplification complicates the experimental
procedures but increases extraordinarily the ampli-
fied number of moles obtained.

Cyclic processes can be classified as arithmetic and
geometric, depending on the relation between the
amplified number of moles and the amplification fac-
tor obtained in each cycle. When at each single cycle
the same amount of reagent is obtained, this can be
termed arithmetic amplification. Thus, the following

relationship holds between the amplified number of
moles, y, and the starting number, x, as a function of
amplification factor f and the number of cycles, n:

y = fx 2]

Weisz has used the term multiplication to describe
this kind of cyclic amplification, but the term arith-
metic cyclic amplification is preferable to avoid mis-
interpretation.

In other cases, the amount of substance in circu-
lation does not remain constant in each step but in-
creases following a geometric progression and the
amplified number of moles increases exponentially
with the number of cycles as follows:

y=["x (3]

Emich has suggested the term exponential method
for these cases, but it might equally well be called
cyclic geometric amplification.

In the following sections, several applications of
each type of amplification mechanism are discussed.

Applications
Change of Oxidation State

The determination of iodide, after preceding oxida-
tion to IO5 and reaction of the iodate formed with
an excess of 17, is an example of direct valency ex-
change process. Scheme 1 summarizes the experi-
mental procedure involved.

This method, very common in the analytical liter-
ature, gives an amplification factor of 6 and is the
basis of a large number of amplification reactions. It
can be applied using different oxidants, such as chlo-
rine or bromine water, or sodium hypochlorite. A
method has been proposed for the simultaneous
determination of iodide and bromide ions, and also
for the determination of iodine and bromine in
organic compounds. The method is based on the oxi-
dation of both ions to their halates and titration of
the iodate and bromate after reaction with iodide for

105"

+ Oxidant + Excess I~

3l

Scheme 1
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iodate at pH 3.8-4.1 and at a lower pH for the bro-
mate—iodide reaction.

On the other hand, when I~ is oxidized by 104, a
factor of 24 can be achieved as shown in Scheme 2.

Another example of direct valency exchange am-
plification is the method suggested by Emich in 1933
and developed by Schéniger in 1966 for the ampli-
fication of microgram amounts of CO, by a cyclic
geometric amplification procedure (Scheme 3).

The consecutive use of reductions with Pt/C and oxi-
dations on CuO can also provide water amplification
by the series of reactions shown in Scheme 4, which is
one example of an indirect amplification procedure.

Reactions based on the equilibrium of the iodide/
iodate system have been used extensively for indirect
amplification, and a large number of mechanisms can
be differentiated, such as metathesis of anions with 103
or I, precipitation of cations with 1™, reduction with

8105
10, + Excess I
- 121,
Scheme 2
2CO
2C0,

4CO

Scheme 3

H,+ CO

3C0, + H,0

Pt/C

3CO +H,

Scheme 4

I, oxidation with I, oxidation with 104 , oxidation of
thiocyanate-metal complexes, bromination and reduc-
tion with I ™, Sn2 substitution and oxidation with Br,,
and complexation of cations with ethylenediaminetet-
raacetic acid (EDTA) in the presence of Pb(IO3),.

The reaction of anions with AglOs is a typical ex-
ample of ‘indirect amplification by metathesis’ and,
as can be seen in reaction [I], it gives sixfold ampli-
fication:

Cl™ + AglO, =AgCl| + 105 1
105 + 51" + 6H" =3H,0 + 3], 1]

As summarized in Table 1, anions other than Cl~
can be amplified in the same way.

Hassan and Thoria have developed an amplifica-
tion procedure for the determination of organo-
phosphorus  compounds (triphenyl phosphine,
tritolylphosphate, diethylbenzyl phosphates, tri-n-
butylphosphine oxide, and triphenyl phosphate).
The method is based on combustion of the organic
compound in an oxygen-filled flask and the forma-
tion of the secondary form phosphate by adjustment
of the pH value of the combustion product. Calcium
iodate is then added and the IO5 released is treated
with 1™ to obtain an amplification factor of 12.

One example of indirect amplification by metath-
esis of anions with 1~ is the determination of %~
after reaction with Agl (reaction [II]):

S* +2Agl=Ag,S| +2I (1]

I~ is then amplified by oxidation to 103 and in this
case an amplification factor of 12 is obtained.
Precipitation of cations with iodide and further ox-
idation of the precipitates to obtain 105 involves an
indirect method of amplification by valency exchange.
Ag™ can be amplified six times by the reaction
[111]:
Agt + T =Agl| )

oxidant

Agl| = 105 +Agt

103 is then amplified according to Scheme 1.

Table 1 Applications of indirect amplification by metathesis of
anions

Anion Compound added Amplification factor, f
SCN~ AglO3 6
CN~™ AglO; 6
S0%~ Ba(IO3)» 12
F~ Ca(|03)2 6
HPO3Z~ Ca(l03), 12
PO47 Ca(|03)2 18
AsOz~ Ca(l03), 12
EDTA Pb(103)2 12
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Other cations, such as mercury, bismuth, lead,
and thalium, can be precipitated with iodide and
amplified in the same way as silver with an ampli-
fication factor of 6. In the case of thallium iodide,
4 mol of I, are formed because the change in oxida-
tion state from TI(IIT) to TI(I) produces an additional
mole of I,.

Reduction of oxidizing compounds with I~
provides an indirect way for their amplification via
Scheme 1. A typical example is the polarographic
determination of peroxidisulfate (reaction [IV]):

35,05 + 1"+ 60H =650; +105 +3H,0 [IV]

In this case, IO3 is reduced to iodine and iodide and
then amplified by Scheme 1, providing an amplifica-
tion factor of 6. Alternatively, the use of periodate
provides a 24-fold amplification procedure (see
Scheme 2).

When the iodate formed, at the end of the ampli-
fication process, is reduced at a dropping mercury
electrode, a single wave with six times the magnitude
of that found for iodide is obtained, and so a 36-fold
amplification is achieved. The polarographic reduc-
tion of the iodate formed after oxidation of iodide
with periodate involves a 144-fold enhancement of
the sensitivity.

Other oxidizing compounds, such as quinone,
chloramine T, and nitrite, can be amplified in a
similar way with an amplification factor of 6, or 36
when a two-step cyclic reaction is carried out.

Reducing substances can be indirectly amplified
after oxidation with I. An example of this type of
reaction is amplification of thiosulfate as follows
(reaction [V]):

28,05 + L =21 + 5,0 \4

The I~ formed is amplified six times by Scheme 1.

Thiosulfate can be oxidized to sulfate in the pres-
ence of hydroxide and the iodide obtained treated
with bromine water after neutralization of the excess
alkali with H,SOy, providing an amplification factor
of 48.

At pH 12, iodide forms hypoiodite, which oxidizes
$,0% " to SO3~ (reaction [VI]):

L +20H =0I" +H,0 2
$,05” +40I" +20H =250; +4I" + H,0

After acidification, the excess of Ol is converted
to I, which is then extracted. The oxidation of the
remaining I~ with bromine water produces 103,
which reacts with an excess of I~ to form 24 mol of
iodine.

Thiocyanate is oxidized by I, in a hydrogen car-
bonate medium (pH 8.2) to sulfate (reaction [VII]):

SCN™ +4I, + 4H,0=503" +ICN + 71" + 8H"  [VII]
Acidification of the solution of pH 2.5 with H,SO4
causes the reaction between iodine cyanide and
iodide as shown in reaction [VIII]:

ICN + I~ + H" =1, + HCN VI
Thus, the overall reaction [IX]:
SCN™ + 31 + 4H,0 =802 + 61" + 7H* + HCN  [IX]

The oxidation of the remaining I~ with bromine af-
ter removal of iodine with chloroform results in the
formation of 103 from I~ and the oxidation of
HCN to BrCN.

After destruction of the excess bromine with for-
mic acid, the addition of potassium iodide provides
38 mol of iodine, 36 mol from the 6 mol of IO3 and
2 additional moles from the I, formed in reaction
[X]:

BrCN + 21" + H* =1, + HCN + Br™ X]

Other examples of indirect amplification after ox-
idation with I, are summarized in Table 2. Especially
interesting is the method developed by Amin and
Al-Allaf for the amplification of the iodometric deter-
mination of organolead compounds, using Scheme 1,
because in this case alkyllead and phenyllead com-
pounds show different behavior. Phenyllead reac-
tion products with I, are extracted quantitatively
into an organic phase, whereas in the determination
of ethyllead compounds the reaction products

Table 2 Examples of indirect amplification after oxidation with I,

Compound amplified Amplification factor, f
Arsenite 14
Isonicotinic acid hydrazide 6
Semicarbazide 6
Thiosemicarbazide 6
1-Acetylthiosemicarbazide 6
1-Phenylthiosemicarbazide 6
4-Phenylthiosemicarbazide 6
Hydroquinone 6
Thioglycolic acid 6
Uric acid 12
Chloral hydrate 48
Glucose 12
Galactose 12
Arabinose 12
Lactose 12
Maltose 12
Organolead compounds 3-12
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containing iodine are extracted into an aqueous
phase. Thus, both types of compound can be deter-
mined in a mixture. Amplification factors from 3 to
12 have been obtained in each case.

Reducing compounds react with periodate to give an
equivalent amount of iodate that can be amplified, and
so oxidation with 104 at pH 7 provides another path
for indirect amplification. A typical example is the 1:20
amplification of Mn? " by reaction [XI], in which

2Mn*" + SI0*” = 2MnO*" + 5103
2MnO; 4 101" ==2Mn** + 51,
5105 + 25T =151,
2Mn** =201,

XI]

Chromium(IIl) can be amplified in the same way
with f=12; antimony(Ill) with f=6; and sulfur di-
oxide with f=6.

Other organic compounds, aldoses (such as
glucose, mannose, or galactose), and glucose-1-phos-
phate have been amplified after oxidation with 10, .

Besade and Gawargious have carried out the iodo-
metric submicro determination of a-aminoalcohols
with amplification factors of 6, 12, and 18 for
primary, secondary, and tertiary amino groups, res-
pectively, owing to the stoichiometry of the oxida-
tion reactions with 104 .

Triphenylphosphine, triphenylarsine, and trip-
henylstibine can be amplified by oxidation with per-
iodate in acidic or alkaline medium and iodometric
titration of the iodate ion released. Two reaction
routes (reactions [XII] and [XIII]) can be employed,
where Z =P, As, or Sb:

2(CgHs),Z + 210, + 3H,0==6C¢Hs + Z,05 + 2105
X1I]

(CsHs)sZ + KIO, = (CgHs),Z=0 +10;  [XII]]
In both cases an actual amplification factor of 3 is
achieved.

All the above reactions can be carried out using
molybdate at pH 3, as masking agent of the excess of
periodate, as first proposed by Burnel in 1965.

One special case of indirect amplification via io-
dine oxidation is offered by the reaction with
thiocyanate in sodium bicarbonate alkaline medium
(reaction [XIV]):

SCN™ + 41, + 4H,0=50%3" +ICN + 7" + 8H'  [XIV]

One of the seven iodide ions formed reacts, at acid pH,
with the iodine cyanide as shown in reaction [XV]:

I" +ICN+H" =L + HCN [XV]

After extraction of iodine, reaction with an excess of
bromine provides 6 mol of IO3 per mole of SCN ~,
which are amplified in the classical way. On the other
hand, bromine oxidizes HCN providing BrCN,
which reacts with 2mol of I~ to form an addition-
al mole of iodine, and so an amplification factor of
38 is obtained for SCN .

The amplification of SCN ™ can be used as a basis
for the amplification of metals by oxidation of
thiocyanate metal complexes and several examples of
this have been published, such as the amplification of
Pb after formation of Pb(SCN);[N(C4Hy)4], in which
1Pb=114I, or after forming Pb3[Cr(SCN)¢],, in which
1Pb= 1521, and the amplification of bismuth via for-
mation of Bi[Cr(SCN)g] or Bi(SCN)g[N(C4Ho)4]3, in
which cases an amplification factor of 228 is obtained.

Bromination of organic compounds and subse-
quent reaction with iodide provides an indirect am-
plification based on the extraction of the iodine
liberated, reduction to iodide, and iodometric titra-
tion of the iodate formed by Scheme 1. By this meth-
od phenol is amplified 12 times and resorcinal and
phloroglucinol 24 times. Other compounds, such as
salicylic acid, acetylsalicylic acid, and p-hydro-
xybenzoic acid, have been also amplified.

Nucleophilic bimolecular substitution of alkoxyl
and oxidation of the iodide liberated from the distilled
alkyl iodide provides a sixfold indirect amplification
procedure as seen in reaction [XVI], where I0; = 31,:

+HI Br,

ROCH; = CH;l = 10; [XVI]

As previously described, the reaction of ethylenedia-
minetetraacetic acid (EDTA) with Pb(IO3), provides
an indirect amplification procedure based on the for-
mation of 3mol of I, per mole of 103 .

Complexation of cations with EDTA in the pres-
ence of Pb(IO;3), provides indirect amplification,
which has been applied to the determination of Bi,
Fe, In, Hg, Th, Cu, Ni, Pb, Zn, Cd, Co, and Al.

The general procedure consists of the addition to
the sample of a known excess of EDTA and some
lead iodate. The fraction of EDTA that remains
unreacted with the cation liberates an equivalent
amount of iodate, which is then amplified by reaction
with iodide, after filtration.

In a similar way to that reported for the iodide-
iodate system, the bromine-bromate can be used to
provide amplification of several species.

Although the indirect determination of phosphorus,
as molybdophosphoric acid, is not considered an ex-
ample of an amplification reaction by several authors,
because it is based on a favorable stoichiometry more
than on the use of an alternative reaction, Belcher
and Uden have proposed an actual amplification
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procedure, based on the precipitation of molybdenum
with oxine and titration with potassium bromate. In
this case, each mole of oxine consumes 4 equivalents
of standard bromate solution and, taking into account
that MoO,(CsHgON), is formed between molybdate
and oxine, a final amplification factor of 96 for phos-
phorus can be obtained.

Alternative Precipitation

The direct amplification of silver can be carried
out by precipitation with chromate. Ag,CrOy is fil-
tered and then treated with barium chloride for
the precipitation of both BaCrO4 and AgCl. These
precipitates are treated with Ag " and thus 1 mol of
Ag,CrO4 and 2 mol of AgCl are formed.

The process can be repeated, and on each treatment
with BaCl, an amount of silver chloride equivalent to
twice the original silver chromate is produced; after n
cycles 2(n+ 1) moles AgCl can be found.

This procedure can also be applied for the indirect
determination of CrO%~, by measuring the AgCl
obtained.

One other indirect amplification, similar to those
mentioned, is the amplification of phosphate by pre-
cipitation of silver phosphate and its conversion to
silver chromate.

A particular case of the alternative precipitation
method, which Weisz called cyclic amplification by
fixation of both ions of an amplifiable compound,
requires that the substance to be amplified be sub-
jected to a series of stoichiometric reactions in order
to enhance its mass.

Scheme 5 for the amplification of hexacyanofer-
rate(Il), via precipitation of the silver salt and forma-
tion of silver chloride and Prussian Blue by reaction
with iron chloride, shows that it is a particular case of
the alternative precipitation method in which the am-
plification takes place by a cyclic procedure.

This is an indirect procedure, but silver can also be
amplified in a direct way by measuring the final AgCl
formed.

Weisz has applied this type of amplification reac-
tion to the determination of phosphate, hexacyano-
ferrate(Il), chromate, zinc, iron, and silver, and has
obtained amplification factors up to 153 in a series of
cyclic processes carried out in an automated form.

Amplification with a Complex of the lon to be
Amplified

In this method the ion to be amplified is precipitated
with a ligand containing the same ion, and then a cyclic
procedure can be carried out. In general, this kind of
amplification provides a geometric amplification factor.

Cobalt can be amplified by precipitation of
hexaamminecobalt(Ill)-hexanitritocobaltate(III); the
precipitate is then dissolved in NaOH and reduced to
cobalt(Il) with hydroxylamine. The doubled amount
of cobalt produced in this step is converted again to
hexanitritocobaltate(IlI) and precipitated with hex-
aammine cobaltate(Ill) following the cyclic proce-
dure indicated in Scheme 6.

This process provides a twofold amplification in
each cycle. The same system can provide a fourfold
amplification if cobalt is converted to Co(NH;3)2 ™ and
then precipitated as [Co(NH3)s][Co(NH3),(NO;)4]3.

Other examples of the same type are the amplifi-
cation of Ag™ by reaction with (Ag(CN),) ™ to form

C0%+ NO, —>Co(NO,)> ™+ Co(NH3)e

2C0(OH);

+ OH~ +H*

—>=[Co(NH;3)6][Co(NO,)e] NH,OH

2Co2”

Scheme 6

Ag4[Fe(CN)g]

24AgCI + Fey[Fe(CN)gla

+ FeClg

Fe,[Fe(CN)gls + 12AgCl

+ Ag-

Agy[Fe(CN)g] + 12AgCl

Scheme 5
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2 mol of AgCN, and the reaction between Hg(II) and
(Hgl4)* to form 2 mol of Hgl,.

Amplification by Transportation

Based on the principles of cyclic iteration, Weisz
proposed the term transportation to define an am-
plification method in which an equivalent amount
of a reagent is transported, by the compound to be
amplified, from one place to another.

The transportation method involves an arithmetic
increase of the amount of the substance to be mea-
sured, but it is not based on an alternative reac-
tion and so cannot be considered an example of
amplification sensu stricto, considering the definition
of the term by the IUPAC.

The reaction between micromolar amounts of
EDTA and solid mercury iodate is an example of
the transportation process based on alternative pre-
cipitation. EDTA provides the solubilization of an
equivalent amount of iodate and the formation of an
Hg(II)-EDTA complex. The filtrate is treated with
Ag,S and the EDTA liberated is added to the original
sample and brought back into the cycle.

With the aid of ion-exchange columns the ampli-
fication of cations and anions by transportation
can be carried out using the following procedure.
An aqueous solution containing a cation such as
Na‘t, Ca’*, or Mg?>" is applied to a cation-
exchange column (in the acid form) and there it
liberates an equivalent amount of protons. The solu-
tion obtained is introduced to another column (in
the basic form) and liberates an equivalent amount
of sodium ions, which are again passed through
the acid form column, and so on. After n cycles
all the protons on the cation exchangers are eluted
with NaCl and titrated providing z xm times
the starting amount of the ion to be amplified, m
being the charge of the ion considered (Scheme 7).

In a similar way, anions such as CI~ and Br ™~ can
be amplified using anion-exchange resins in the
OH™ and CI™ forms.

In all these cases an arithmetic cyclic amplification
takes place and, experimentally, up to five cycles
have been performed with good results.

Mm= mH* NaCl
H+ Nat*
mH* mNa* nxmH*
Scheme 7

Amplification by Alternate Addition of Equivalent
Amounts of Two Reagents

Weisz has proposed a general methodology that per-
mits cyclic amplification of the mass of a compound
to be determined gravimetrically. This method, called
alternate addition of equivalent amounts of reagents,
is based on the addition, to the compound to be am-
plified (A), of a slight excess of another compound
(B), which forms a stoichiometric product (AB). The
reaction product is then collected and an amount of
A equivalent to that initially employed of B is added;
the product obtained is discarded and the procedure
is reinitialized. After n cycles the mass of the product
to be measured has been amplified 7 times.

Scheme 8 describes the experimental procedure.
The process has been employed for the amplification
of silver (using Cl ™), lead (using CrO3 ), nickel
(using dimethylglyoxime), and copper (using benzoin
oxine).

This procedure demonstrates that chemical ampli-
fication can be obtained without seeking an alter-
native process, but rather only including a ‘touch of
imagination’ in our current chemical process. It has
been included in the present article for that reason.
However, neither alternate addition of equivalent
amounts of two reagents nor the transportation
method is an amplification reaction.

Enzymatic Amplification Reactions

Catalytic reactions constitute a special type of reaction
mechanism in which a chemical amplification takes
place. With very low catalyst concentrations a signifi-
cant amount of reaction product can be measured,
enhancing the analytical sensitivity of the measure-
ments. In general, these reactions are not amplification
reactions. However, in some enzymatic reactions, a se-
ries of enzymes and other co-factors act on each other
in a sequential fashion, providing a cascade reaction
or, in a cyclic process, providing a rapid, amplified
response of the small initial signal, and these processes
can be considered examples of amplification reactions.

Metabolic pathways provide interesting examples
of cyclic amplification processes and there have been
described more than 140 enzymes and other proteins

Collect xAB
XA+ (x+o)B—>xAB + 0B

oB + (x+0)A > 0AB + XA

Discard aAB

Scheme 8
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whose biological activity can produce a chemical
amplification. In general, their activity is controlled
by reversible covalent modification and two partic-
ular mechanisms can be found: substrate cycles and
interconvertible enzyme cycles.

However, the sense of the term amplification in
enzymology is not exactly the same as that previously
considered for inorganic and organic reactions. In
some cases, it is employed to indicate the enhance-
ment of the total rate of a reaction by increase in the
activity of one enzyme and decrease in the activity of
another that acts on the same substrate, but in an
opposite way. On the other hand, the synthesis of an
active form of an enzyme from another can cause
improvement in the effect of an external factor. The
analytical chemist can exploit these situations in or-
der to improve the sensitivity of determinations.

The processes mentioned can be applied in the
analytical laboratory; for example, the determination
of nicotinamide adenine dinucleotide phosphate
(NADP) has been amplified by enzymatic reaction.
The process consists of the addition to the sample of
a mixture of a-ketoglutarate, ammonium ion, and
glucose-6-phosphate, which act as substrates, and
controlled amounts of glutamate dehydrogenase
and glucose-6-phosphate dehydrogenase enzymes. It
initializes the cyclic reactions (Scheme 9), which
provide increasing amounts of glutamate and 6-
phosphogluconate. After the cycling sequence, the
mixture is treated to destroy the enzymes and the
6-phosphogluconate is measured.

With large amounts of the two enzymes, more
than 20 000 cycles per hour can be carried out and an
overall amplification of the order of 10% can be ac-
hieved, enabling the assay of an amount as small as
10~ "’ mol of NADP.

This example indicates the large number of am-
plification processes in biological systems that can be
translated to laboratory scale and provide alternative

o-Ketoglutarate + NHZ Glutamate

NADPH NADP*

6-Phosphogluconate Glucose-6-phosphate

Scheme 9

techniques to solve sensitivity problems in laboratory
practice.

Nucleic Acid Amplification
Technologies

Detection and analysis of DNA and RNA present par-
ticular problems for the analytical biochemist because
of the very low concentration of analyte. Often only
one or two copies of a given sequence are present in
the sample. Without either target or signal amplifica-
tion, detection of such rare sequences is not feasible.

Polymerase Chain Reaction

Nucleic acid amplification enables detection of nu-
cleic acid sequences using laboratory methods
analogous to processes that occur in vivo. The first
such technology to be described was the polymerase
chain reaction (PCR), which uses sequence-specific
oligonucleotide primers and a thermostable DNA
polymerase to carry out in vitro DNA replication.
Repeated cycles of heat denaturation, primer annea-
ling or hybridization, and primer extension by the
polymerase facilitate synthesis of millions of copies
of the original target sequence. DNA amplification
by PCR can be coupled with reverse transcription
of an RNA template to a complementary DNA
(cDNA), thus enabling RNA detection by closely
similar methods (reverse transcription PCR). Quan-
titative PCR methods provide information on gene
expression levels. In situ PCR enables spatial local-
ization of particular RNA transcripts in cells on a
microscope slide. As a result of its preparative and
analytical utility and the ease of assay configuration,
PCR is almost universally used in basic research,
clinical diagnosis, molecular genetics, veterinary sci-
ence, human identification, microbial testing of food
and environmental samples, archeochemistry, and
other fields where there is a need for sensitive anal-
ysis of nucleic acids.

Other Target Amplification Methods

In addition to PCR, there are many other tech-
nologies to amplify nucleic acids. For example, ligat-
ion-based amplification or ligase chain reaction uses
sequence-directed oligonucleotide primers and
thermostable DNA ligase to assay point mutations,
deletions, or insertions in DNA. Strand-displacement
amplification uses the inherent strand-displacement
activity of DNA polymerases to conduct DNA am-
plification at a constant temperature. Transcription-
based methods such as nucleic acid sequence-based
amplification (NASBA) involve in vitro RNA trans-
cription. NASBA and most other transcription-based
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methods have three major advantages over PCR: (1)
RNA templates do not have to be converted to
c¢DNA before amplification; (2) RNA transcription is
isothermal and thus does not require thermal cycling
instrumentation as does PCR; and (3) RNA products
are less stable than the DNA products of PCR,
making contamination of reagents with previously
amplified products less likely.

Signal Amplification in Nucleic Acid Analysis

Various signal amplification approaches have been
developed to allow sequence-specific detection
without a target amplification step. For example,
branched DNA probes contain an analyte-specific
sequence and a sequence tag that is used to bind
probes for signal detection. The assay culminates in
the attachment of an enzyme-labeled reporter probe
to facilitate ultrasensitive chemiluminescent detec-
tion. Reporter probes tagged with a replicable se-
quence provide another means to amplify signal from
an analyte. Thus far, signal amplification has been
limited to relatively abundant targets, while PCR
detection of single molecules is performed routinely.

See also: Forensic Sciences: Blood Analysis; DNA Prof-
iling. Lead. Phosphorus. Polymerase Chain Reaction.
Sulfur.
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Introduction

During the last half-century, analytical chemistry has
undergone a complete revolution. There are clear
needs to establish compositions at forever-decreasing
low levels of concentration and mass, in an ever-
widening range of matrices for purposes as diverse as
health and safety, materials science, the environment,
and microchip technology. At the same time, labo-
ratories have had to learn to cope with the analysis
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of increasingly large numbers of samples. These
pressures, together with improved understanding of
the physicochemical principles of chemical separa-
tion, sensors, and spectroscopy, and the opportuni-
ties offered by progress in computing, electronics,
and automation, have presented analysts with a huge
choice of powerful, sensitive, and productive tech-
niques for tackling their problems.

Some of these techniques permit direct examina-
tion of the sample and have little or no requirement
for reagents. Most, however, are applied to solutions
of samples, frequently after separation or precon-
centration. As the role of classical analysis has
declined from being dominant to relatively unimpor-
tant, there has been a reduction in demand for many
reagents that were formerly widely used, such as the
many organic chelating reagents for metals that were
applied in gravimetric and colorimetric analysis, and
used as spot-test reagents and metal indicators.

The techniques referred to above are still with us,
of course, and it seems that no analytical approach
ever completely disappears, but the range of classical
methods that are still used has decreased very signi-
ficantly, and suppliers of reagents have reacted by
withdrawing many formerly popular reagent chem-
icals from their catalogs.

At the same time, new techniques have created
demands for new reagents, as may be illustrated by
mentioning derivatization reagents for gas and liquid
chromatography, chemicals for electrophoresis, and
nuclear magnetic resonance (NMR) shift reagents.
More will be said about these developments in later
sections of this article.

The present-day practitioner must have a very
broad and detailed knowledge of available tech-
niques, including areas of application, benefits such
as speed, selectivity, and sensitivity, and limitations
such as costs and sources of error, in order to make
skilled judgements about methods and to take
advantage of the range and diversity of the prob-
lem-solving capabilities of analytical chemistry.

It is also important that the chemist should make
an educated selection of the other major tools of his
profession, including chemical reagents. In many cas-
es, advice is readily available from suppliers, espe-
cially with regard to the choice of materials for well-
established analytical methods. However, the rate of
change in analytical chemistry is fast, and when a
new technique is employed there may not be chem-
icals readily at hand that are suited to the purpose,
and they may not become available for many years
until the demand is of sufficient commercial interest.
In the meantime, the analyst is faced with the pros-
pect of purifying materials. This is the subject of the
second article in this entry on analytical reagents.

The Concept of Purity Applied to
Reagents

A pure compound is one that contains no molecules
or ions other than those indicated in its chemical
formula. In reality no such compound exists, of
course, and so it is common practice in the chemical,
pharmaceutical, and related industries to express the
closeness with which substances approach the ideal
by means of specifications controlling the impurities
they contain to maximum permissible concentra-
tions.

Other properties of the substance giving an indi-
cation of its purity level will be included, such as
(depending on its nature) maximum allowable quan-
tities of insoluble matter, nonvolatile matter or res-
idue on ignition, the pH of solution, density, melting
point or boiling range, refractive index, and specific
rotation.

Another indication of degree of purity that is often
used for an organic liquid is to establish that only one
peak is produced under examination by gas or liquid
chromatography using one or more sets of condi-
tions.

It is possible for specifications expressing maxi-
mum limits of impurities to give a misleading view of
purity if it is assumed that the supplier is aware of all
the possible impurities that could be present in a
given chemical and has taken steps to control them.

It is not advisable to assume that all significant
impurities have been controlled, even when the spec-
ification is supported by an emission spectroscopic
examination certificate stating that other impurities
have not been detected. For example, a metal oxide
might contain a significant amount of the carbonate,
and a pure metal could contain a significant content
of occluded oxygen. In general, a supplier will usu-
ally not be aware of the presence of an impurity that
has never been specifically sought. Commercial con-
siderations might also result in the omission from a
specification of an impurity whose limiting concen-
tration would detract from the high standard implied
by the other requirements of the specification.

The analytical chemist’s own knowledge of chem-
istry taken in conjunction with the published spec-
ification does, however, give a good guide to the
purity of materials. First there are common associ-
ations, caused by similarities in chemical behavior,
that are to be expected and indeed do occur in
chemicals. In chlorides, for example, bromides
would be expected to be present, and magnesium
would be expected as an impurity in calcium salts.
Low concentrations of bromide in a chloride and of
magnesium in a calcium compound are good indica-
tors of a high degree of purification.
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All other expected relationships of elements or
ions may be used in assessing the extent of purifica-
tion of inorganic substances. Common associations
include sodium and potassium; calcium, strontium,
and barium; phosphorus and arsenic; arsenic and
antimony; and iron, cobalt, and nickel. There are a
number of less well known but useful associations
that are often described in textbooks of geochemis-
try, including silver with lead and its compounds;
arsenic with copper and its compounds; and manga-
nese in magnesium compounds.

The degree of purity of an organic compound is
less easy to judge from its specification, but a few
very simple relationships can, with experience, be
quite helpful. For example, control of isomers in
substituted aromatic compounds, of homologs, of
decomposition products, of products of simple oxi-
dation such as corresponding acids in aldehydes, or
of reduction such as corresponding alcohols in
ketones, and of by-products from known synthetic
routes.

Finally, it is important to mention the widely dis-
tributed and abundant elements sodium, potassium,
calcium, magnesium, aluminum, silicon, and iron.
These are present to some extent in the vast majority
of chemical products and, although not an infallible
guide, their concentrations indicate the degree of pu-
rification of a chemical and the care with which it has
been handled, stored, and packaged.

Classification of General Reagents

The fitness for purpose of a reagent may be impos-
sible to judge unless it has a small number of appli-
cations. Chemicals such as nitric acid or ammonia
solution have such a vast range of uses that it is un-
usual to find them specially prepared for any partic-
ular application. Suppliers will usually address this
situation by offering a range of, say, three or four
quality standards of the reagents, with specifications
representing different degrees of purification, thus
leaving analysts to select the brands most suitable for
their work.

Thus, for one of the substances mentioned above
that is available in, say, four grades, as a general rule,
the cheapest grade will have the fewest ‘maximum
levels of impurities’, controlled at mg per kg or even
tens of mg per kg. The most expensive will have a
long list of impurities controlled at sub-ug per kg,
possibly ng per kg concentrations.

It is important for the analyst to exercise good
judgement in the selection of his reagents and this
requires an understanding of the usefulness and pos-
sible limitations of chemical specifications. The use
of very high purity reagents may add unnecessary

costs to an analysis, yet the failure to use an appro-
priate high purity chemical is often a false economy
that leads to a greater increase in indirect costs than
is saved by reagent costs being lower.

It is encouraging that, in recent years, many high
purity liquids, ammonia solution, acetic acid, and the
mineral acids, hydrogen peroxide solution, and a
range of organic solvents, have become available
mainly because of the responses of prime manufac-
turers to the stringent requirements of the micro-
electronics companies for high-purity processing
chemicals for use in microchip production. As a con-
sequence, not only have improved materials become
available, but the use of ion chromatography, in-
ductively coupled plasma (ICP) emission spectro-
scopy, and ICP mass spectrometry has enabled
impurity profiles of these chemicals to be established
for a wide range of substances, often for as many as
50 impurities, and most of them at pug per kg level
or below.

This advance has had a knock-on effect for the
long-established analytical reagents grade, in which
significant improvements have been made to the ma-
terials and their specifications. Limits for most im-
purities in analytical grade acids, solvents, ammonia
solutions, and hydrogen peroxide solutions are now
quoted at pg per kg levels.

The quality control analyses of these chemicals are
performed using almost the whole range of trace
analysis techniques available. Among the most im-
portant are atomic absorption spectrophotometry in
all its forms, ICP emission spectrometry, and ICP
mass spectroscopy, ion chromatography, gas and lig-
uid chromatography, ultraviolet and visible absorp-
tion spectrophotometry, voltammetry, and spectro-
fluorimetry.

These reagents, and many of those mentioned
later, are also often assayed. The determination of the
assay of a substance may be useful for many reasons:
it may serve as a confirmation of identity via gross
composition, to ensure that for a hydrated com-
pound the correct hydrate has been manufactured, to
provide concentration values for reagents that are
supplied as solutions, such as ammonia solutions and
mineral acids, and to assay materials that always
contain quantities of water but not as hydrates, of
which perhaps the commonest is sodium hydroxide.

Specifications are guarantees of minimum stand-
ards of purity and are not to be regarded as actual
analyses or typical analyses. This point is frequently
misunderstood and has caused some suppliers to
quote typical or actual batch analyses. Neither of
these conventions has any practical value to the user
unless also backed by published specifications which
ensure that the ranges of typical or actual batch data
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do not include concentrations of impurities that
would be unacceptable for the intended use.

It is also necessary for the user to take into account
that fine chemicals for laboratory use are usually
produced by batch processes rather than by contin-
uous methods of manufacture. Therefore, because
specifications set minimum standards of purity, the
analysis of one or two batches of a given reagent from
a supplier will not give reliable general information
concerning the impurity profile of that product.

The convention of operating to specifications also
introduces the possibility that a reagent supplied as a
lower grade will meet the specification of a higher
grade of the product. This occurs because of batch-
to-batch variation and it would be unwise to draw
any other conclusion. As a general rule, analysts
should select as reagents for regular use only those
materials whose specifications (either published or
agreed with the supplier) meet the requirements.

High-Purity Reagents

Reagents of somewhat higher purity than convent-
ional analytical reagent grade are now increasingly
required for a wide range of analyses in fields as
diverse as the environmental, materials, and life
sciences.

These were first required in the early 1950s when
the UK manufacturers were asked by the Society of
Public Analysts to provide high-purity acids and am-
monia solutions for use in regulatory analyses of lead
in foodstuffs. These ‘low in lead’ reagents were soon
prepared with guarantees that they contained less
than an agreed limit of 0.005 ppm (i.e., less than 5 ug
per kg) of lead as determined by a specific colori-
metric method based on dithizone. This was a signi-
ficant achievement for the time and, as expected, as
analytical sensitivities improved, the suppliers were
able to confirm that the purification processes made
significant overall improvements to the products.
Low-in-lead reagents were manufactured in small
batches but the lessons learned were transferable to a
much larger scale when demand came within the
next decade for high-purity processing chemicals for
semiconductor manufacture.

Reagents of high overall purity include the acids,
ammonia solution, hydrogen peroxide solution, and
organic solvents previously discussed. Several high-
purity solid substances having wide-ranging applica-
tions are also available to standards rather higher
than those of the corresponding analytical grade ma-
terials. These include sodium hydroxide; a number of
pH buffer components; ashing aids used when the
resulting ash will be tested for trace elements;
biochemical reagents such as ammonium sulfate,

sucrose, and urea; and matrix modifiers employed in
graphite furnace atomic absorption spectrometry.
The testing of these items usually involves multiele-
ment techniques such as ICP spectrometry and ion
chromatography plus electrothermal atomic absorp-
tion spectrometry for selected metallic impurities,
spectrofluorimetry, and gas chromatography or lig-
uid chromatography as appropriate.

Ultrahigh-purity acetic acid, ammonia solutions,
and mineral acids prepared by double subboiling
distillation, having ng per kg impurity levels, are
available commercially for use in the most deman-
ding trace analyses.

Standard Reference Materials

The International Standards Organization (ISO) has
defined a reference material as a material or sub-
stance one or more properties of which are suffi-
ciently well established to be used for the calibration
of a method, or for assigning values to materials. The
ISO definition of a certified reference material is a
reference material one or more of whose property
values are certified by a technical procedure, accom-
panied by or traceable to a certificate or other doc-
umentation that is issued by a certifying body.

Certified reference materials are used to provide
reference values to facilitate the development and
validation of analytical methods, and for the cali-
bration, verification, and quality control of analytical
measurement systems.

A standard reference material may therefore be
either a highly pure reference compound or a well-
characterized substance or a calibration standard.

Primary, secondary, and working chemical stand-
ards are high-purity chemicals. They have been de-
fined by the Analytical Chemistry Division of the
International Union of Pure and Applied Chemistry
(IUPAC) as follows:

® A primary standard is commercially available and
has a purity of 99.98-100.02%.

® A working standard is commercially available and
has a purity of 99.95-100.05%.

® A secondary standard is a substance that may be
of lower purity and which can be standardized
against a primary standard.

From the earlier discussion on purity, it will be ap-
preciated that an assay alone will not be sufficient to
establish a primary standard unless it is certified for
use in similar assays. It will generally be necessary to
select material that can be established as highly pure
by examination for all the impurities that may be
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present. The tolerance values placed by TUPAC on
the purity for a primary standard, for example, may
then be interpreted as meaning that the sum of the
impurities is not greater than 0.02% and that on as-
saying by a suitable high-precision method the cal-
culated result falls between 99.98% and 100.02%.

High-purity materials are available as pure solids
for chemical uses such as metals used as reference
substances for metallurgical analysis, and com-
pounds used as primary standards for many types
of titrimetry, and as standards for elemental micro-
analysis. Other available high-purity substances in-
tended for diverse physical properties include ion
activity standards for the calibration of pH and ion-
selective electrodes; standards for various thermody-
namic uses including melting point determinations,
differential scanning calorimetry and bomb calo-
rimetry; and standards for the calibration of spec-
trophotometers.

The majority of chemical reference materials
(CRMs) are widely analyzed materials having one
or more chemical or physical properties sufficiently
well established to be used as reference values for
calibration or performance assessment. Items as
diverse as gas chromatography-mass spectrometry
system performance standards, human or bovine se-
rum, fly-ash, soils, estuarine sediments, rice flour, and
stainless steels are included in the vast range of
CRMs available.

Standard solutions and gas mixtures are also avail-
able for many single- and multisubstance techniques;
for example, drug assay standards, standard solu-
tions of metals in single- or multielement form, and
carbon monoxide and nitrogen dioxide in air.

Finally, there are many authentic specimens and
fairly high-purity organic materials that are used to
confirm chromatographic retention times and infra-
red, NMR, and mass spectra.

There are three methods of establishing a certified
reference value. The first is to use an established ref-
erence method that is based on fundamental princi-
ples and that has high precision and negligible bias so
that the uncertainty limits of the certified value are
small. This work may be performed by one labora-
tory or a small number of laboratories. Another
method often used for organic substances and carried
out by one laboratory is to use two or more methods
that have been shown to be reliable and that are
based on different principles. An important criterion
for acceptance of data when using this approach is
that the values obtained by each of the methods em-
ployed must fall within the permissible uncertainty
interval of the end-use of the substance. The third
method is to use the statistically established ‘consen-
sus’ value obtained from a cooperative study in

which many laboratories conduct analyses of the
substance, preferably using a number of different
analytical methods, including any established refer-
ence method.

Organic Reagents for Inorganic
Analysis

A generation ago, when much of analysis still con-
sisted of classical and colorimetric methods, several
hundred organic reagents were available to the an-
alyst. Although the use of these methods has declined
very considerably, they are still used and several of
the better known organic reagents remain listed in
the suppliers’ catalogs.

Organic reagents found applications as precipi-
tants for gravimetric analysis, extractants for separa-
ting small quantities of metals, colorimetric reagents,
titrants (principally ethylenediaminetetraacetic acid
(EDTA)) and metal indicators for complexometry,
and masking agents to prevent undesirable reactions
from occurring during analysis.

Organic reagents are weak acids or bases, and in
their conjugate base forms they provide ligands that
combine with metal ions to form coordination com-
plexes. The most stable complexes are generally
formed when the ligands are chelating, that is they
have two or more combining functional groups so
that each ligand group occupies two or more co-
ordination positions.

Some organic reagents are selective and react with
very few metals, but the majority are far from
selective. However, highly selective conditions may
often be derived using pH control and masking and
sometimes careful oxidation or reduction of poten-
tial interferents.

Some of the most successful and widely used che-
lating reagents include dimethylglyoxime for the
gravimetric determination of nickel; 1,10-phe-
nanthroline and its derivatives for the colorimetric
determination of iron and copper; dithizone for
the separation and colorimetric determination of
a number of metals but particularly lead, silver,
zinc, cadmium, and mercury; the dithiocarbamates
such as diethylammonium diethyldithiocarbamate
and ammonium pyrrolidinedithiocarbamate, used
for colorimetry but more widely applied now as
selective extractants; and the most successful titrant,
EDTA.

Two flow techniques in particular, the use of liquid
chromatography or ion-exchange chromatography
to separate metal ions followed by postcolumn
derivatization of the metals in the effluent, and the
determination of metals by flow-injection analysis,
have created further applications for suitable organic
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chemical reagents. Colorimetric methods using
organic reagents are also employed in automatic
high-productivity techniques, such as in discrete
analyzers used in clinical biochemistry and water-in-
dustry laboratories. Colorimetric reagents will also
be considered in the next section of this article.

Other types of organic reagent include those used
to form colored ion-association systems, precipitants
forming insoluble normal salts, and the insoluble
salts of chloroanilic acid.

Some dyestuffs form ion-association systems with
large inorganic anions. Brilliant green co-extracts
stoichiometrically with hexachloroantimonate ion,
providing a method for the determination of anti-
mony.

The normal salts of several carboxylic acids such
as oxalic, benzoic, and mandelic acids are insoluble
and useful gravimetric methods were based on this
property. It is also worth mentioning that sodium
tetraphenylmetaborate is soluble, whereas its potas-
sium salt is insoluble, and that selective gravimetric
and titrimetric methods are thus possible.

The insoluble salts of chloroanilic acid may be ex-
emplified by barium chloroanilate, which is still used
for the automated monitoring of sulfur dioxide emis-
sions, after conversion to sulfate with hydrogen per-
oxide. Solid barium chloroanilate reacts with
solutions containing sulfate to form insoluble bari-
um sulfate, thus releasing an equivalent concentra-
tion of chloroanilic acid, which is measured by
ultraviolet spectrophotometry.

The standards of organic reagents vary widely.
Several of the better-known reagents are available as
analytical reagent grade products, but the majority
has lower and variable purity, especially those that
are produced primarily as commercial dyestuffs.
They are usually tested only to ensure that they give
the required color reactions or precipitates and, as
they are normally used to a large extent to the de-
terminand this type of examination is insensitive to
batch-to-batch variation.

Chromogenic Reagents, Including
Indicators

Chromogenic reagents include the various kinds of
chemicals used as pH indicators (for both aqueous
and nonaqueous systems), redox indicators, metal
indicators, giving changes usually in color but also in
fluorescence or luminescence, and reagents used for
visual and/or absorptiometric colorimetry.

The indicator properties result from the different
colors of the conjugate acid-base forms of the
materials used as pH indicators, or of the oxidized
and reduced forms of redox indicators, and the

metal-complexed and uncomplexed forms of the
metal indicators. Fluorescent or chemiluminescent
indicators have advantages for use in colored or tur-
bid solutions, and for remote sensing.

The most common acid-base indicators are either
azo dyes: for example, methyl orange and methyl
red; nitrophenols; phthaleins such as phenol-
phthalein or thymolphthalein; or sulfonephthaleins
like bromophenol blue or bromocresol green. Acid—
base indicators are available that cover visual tran-
sitions usually expressed in intervals of 2 pH units
ranging from pH 0.0 to 2.0 in small increments up to
pH 12.0-14.0.

Redox indicators include indophenols: for exam-
ple, 2,6-dichlorophenolindophenol; azine dyes such as
the well-known thiazine dye methylene blue; indigo
carmine and other indigo derivatives; derivatives of
diphenylamine including diphenylamine-4-sulfonic
acid and variamine blue; and the 1,10-phenanthro-
line—ferrous complex.

Metal indicators include a number of well-known
organic reagents: for example arsenazo III, catechol
violet, dithizone, 1-(2’-pyridylazo)-2-naphthol, and
4-(2'-pyridylazo)resorcinol. Also included among
metal indicators are several commercial dyes such
as chrome azurol S, eriochrome black T, eriochrome
blue-black B, and pyrogallol red. Finally, there are
the ‘designer’ metal indicators containing Mannich
reaction-substituted iminodiacetic acid groups, ex-
emplified by alizarin complexone, methylthymol
blue, and xylenol orange.

As a general rule, these indicators are, with a
few exceptions, somewhat impure and full chemical
analysis shows large batch-to-batch variations.
They are, however, normally tested for their suita-
bility as indicators under standard conditions of
use, and their measured visual or instrumental
transition intervals must usually comply with stand-
ards set to ensure parity of performance between
batches.

Other Developments in Analytical
Reagents

Special-Purpose Reagents

Since the 1960s the trend in reagent supply has been
increasingly toward the introduction of chemicals
intended for specific applications. Reagents were first
provided for techniques such as ultraviolet spectro-
scopy and later for liquid chromatography, elect-
rophoresis and so on, and for special areas of appli-
cation such as histology, hematology, and electron
microscopy, and also for specific purposes like the
NMR shift reagents.



102 ANALYTICAL REAGENTS/Specification

Other special-purpose reagents include many
of the convenience reagents discussed in the next
section and, of course, a huge range of materials for
chromatography including materials for supports,
stationary phases, silylating reagents, and derivatiza-
tion reagents.

In general, the quality control of these items con-
sists of ensuring that they are suitable for the in-
tended purpose. Some, such as the ultraviolet and
liquid chromatography solvents are of intrinsically
high standard, but others, particularly stains for his-
tology, may be chemically far from pure. The analyst
must therefore be particularly cautious if using such
a reagent for any purpose other than that for which it
has been listed by the supplier.

Convenience Preparations

The most familiar convenience reagents are acid-
base and pH indicator papers. Several other types of
indicator papers exist for redox and more specific
test purposes; for example, the estimation of glucose
in blood and urine. The principle has been extended
using a range of colorimetric reactions into the use of
test kits for rapid and semiquantitative analyses,
particularly of waters and soils. Reagents im-
pregnated onto inert support materials in tubes
through which measured amounts of air are drawn
are used in large quantities to monitor workplace
environments. These tubes are available for many
different substances. Color reactions in the tubes give
estimates of the concentrations of the tested species
that are present in the air.

Convenience reagents also include ready-to-use
buffers, bench reagents, and standard solutions and
indicators for titrimetry. Buffers and standard volu-
metric solutions are also available in concentrated
form so that a simple volumetric dilution of the con-
tents of a container will produce the required reagent
concentration.

Standard solutions of inorganic species, both non-
metals and metals, are particularly widely used in
laboratories. Multielement metal standards, for use
in ICP emission spectroscopy and other multielement
techniques, must be backed with a guarantee that
high-purity components are used in their formula-
tion; otherwise, trace impurities in the individual
ingredients may contribute significantly toward total
quantities of the very elements it is required to meas-
ure. Undesirable ‘blanks’ of this kind are easily over-
looked and can seriously degrade analytical
performance.

It is now common for manufacturers to offer
ready-to-use reagents, often as complicated mixtures,
for use in automated analytical procedures such
as in clinical biochemistry and for online process
control.

Methods of quality control (QC) of convenie-
nce reagents vary according to type. Simple solu-
tions are controlled by analysis and for standard
solutions an accuracy of 0.1% is required wher-
ever attainable. Multielement metal standards are
prepared from high-purity starting materials that
have been well analyzed, and are tested by a multi-
element method to ensure that no extraneous con-
tamination has occurred. Prepared reagent mixtures
for specific applications and test kits are subject to
both QC analysis of the individual components and
then, after preparation, have to meet performance
criteria.

See also: Analytical Reagents: Purification. Indicators:
Acid—Base; Redox; Complexometric, Adsorption, and
Luminescence Indicators. Quality Assurance: Quality
Control; Primary Standards; Reference Materials; Pro-
duction of Reference Materials.
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Introduction

Methods for the purification of chemicals belong to
the realm of separation science. Every process for the
separation of one species from others has been em-
ployed for purifying substances. The traditional tech-
niques of distillation, precipitation, recrystallization,
and, for many metals, refining and electrolysis, are
the basic processes of purification and are, for most
industrial and technical purposes, quite sufficient.

Most chemicals for analytical use are purified ad-
equately by the application of traditional methods to
selected starting materials, particularly for the
regular analytical-reagent grades in which impurities
are controlled at mg per kg levels. The success of
these methods depends on the nature of the sub-
stances concerned and the degree of purity of the
starting materials in respect both of overall purity
and of specific impurities that may be difficult to
remove.

The important relationship that generally exists
between the careful study and selection of raw ma-
terials and the purity of the finished products cannot
be too strongly emphasized, and may be assumed to
apply to the methods presented throughout this ar-
ticle.

Another important general consideration for the
improvement of purity is the choice of materials for
the construction of the apparatus in which purifica-
tion operations are to be performed. The most ap-
propriate materials to withstand chemical attack
may nevertheless introduce undesirable impurities
into the product. For this reason it is frequently nec-
essary to run process trials in the equipment until
available impurities have been leached from the ap-
paratus.

For the highest grades of purity and for certain
chemicals, the well-known techniques of distillation
and recrystallization cannot be used, except as the
first stages of purification. This is particularly true
either when exceptional purity is needed or when an
undesirable impurity is not separated by the physical
process applied. In such cases two or more tech-
niques may be successively applied to achieve puri-
fication. Alternatively, it may be necessary to use

different physical processes. The more common
of these include sublimation, chromatography, and
zone refining.

In many liquids, such as the mineral acids, impu-
rities are known to be present in vast numbers of
minute particles and significant purification is ac-
hieved by ultrafiltration under clean-room condi-
tions.

The major impurity in a solid chemical is often
water or the solvent from which it was crystallized,
so that drying, or solvent removal, is another puri-
fication process.

Finally, there are numerous chemical methods for
the removal of impurities. Such methods are aimed at
reducing the concentrations of particular impurities
and so it is not possible to describe them compre-
hensively. Instead, several examples are outlined to
indicate the range of approaches that have been used
successfully.

The variety of techniques available for the purifi-
cation of small amounts of substance is particularly
wide, and those that are used for very narrow ranges
of chemicals or for submilligram quantities are not
considered here.

Distillation and Sublimation
Distillation

Distillation is one of the two most widely used tech-
niques for the purification of liquids and low-mel-
ting-point solids. Simple distillation will only effect
separation from solid impurities, of course, so that
fractional distillation is more common, particularly
for the purification of organic compounds, and with
modern apparatus equipped with computer control it
is possible to achieve very high levels of purity. Frac-
tional distillation is applicable over a very wide range
of quantities of substance from subgram amounts to
the tonnages manufactured by the heavy organic
chemicals industry.

Organic liquids with high boiling points or those
that are liable to undergo partial decomposition
when distilled at atmospheric pressure should be
distilled or fractionally distilled at reduced pressure,
the process being commonly called vacuum distilla-
tion. Some practical precautions that must be taken
in vacuum distillation are dealt with in the first ref-
erence in Further Reading. It is important also to
consider safety aspects that apply to particular chem-
icals, for example, that ethers may contain explosive,
thermally labile peroxides, and should be tested



104 ANALYTICAL REAGENTS/Purification

before use and chemically treated if necessary. An-
other important safety precaution to consider is that
stills accommodating even a few liters of organic
liquid may well need earthing and blanketing with
inert gas to ensure safe operation.

Constant-boiling mixtures, known as azeotropes,
are formed between several mixtures of two or more
compounds. The commoner form of azeotrope has a
constant boiling point lower than that of either com-
ponent, and familiar examples include ethanol with
water, benzene with cyclohexane, and methanol with
methyl acetate. The less common azeotropes have
boiling points higher than those of the individual
components, and these include the well-known min-
eral acids, and mixtures of acetic acid with pyridine,
and of acetone with chloroform. Methods for the
separation of the components of an azeotropic mix-
ture include chemical treatment, such as removing
water with a molecular sieve or by ‘salting out’ the
organic phase from an azeotrope with water; frac-
tional crystallization of the mixture; and distillation
with a third substance that forms a ternary azeo-
tropic mixture. For example, benzene added to the
ethanol-water azeotrope produces a lower-boiling-
point azeotrope that can be distilled off to remove
the water.

The technique of steam distillation is sometimes
used in purification because it is fairly selective in
that relatively few water-insoluble substances are
steam-volatile, and because it facilitates the distilla-
tion of some compounds at temperatures well below
their normal boiling points. The codistilled water is
usually easily removed. Examples of its use include
the distillation of nitrobenzene and naphthalene.

Acids and ammonia solutions intended for use in
trace analysis present particular problems. They are
widely needed, often in significant quantities, for a
wide range of metal determinations. Their chemical
reactivity presents the problem that during purifica-
tion the apparatus employed must be carefully
selected and conditioned to minimize its contamina-
tion of the product, and after it has been purified the
containers for its storage present similar difficulties.

Many years ago, in response to the requirement for
specially purified acids for use in the determination
of lead in foodstuffs, suppliers provided ‘low-in-lead’
reagents that had been redistilled two or three times
in well-conditioned glass or quartz apparatus that
had been specially selected as being essentially lead-
free. Later demands for larger quantities and a wide
range of controlled impurities could be met by
scaling up the process somewhat, but production
by this means is expensive and does not yield product
that meets the needs of current trace analysis capa-
bilities: it delivers product that has roughly pgkg "

impurity levels but not lower, because of carryover
during distillation.

Laboratory-scale preparations of ammonia and
volatile acid solutions intended for use in trace metal
analysis have been successfully performed by iso-
thermal distillation, usually at room temperatures. In
this technique, two beakers, one containing the
chemical being purified and the other holding pure
water, are placed together in a sealed closed con-
tainer for a few days. The volatile component be-
comes uniformly shared between the contents of the
two vessels and nonvolatile impurities remain in the
original beaker.

The most successful method for purifying volatile
acids, ammonia solutions, and solvents, and which is
operated on a small commercial scale, is that of sub-
boiling distillation. The apparatus is constructed
from quartz or, for hydrofluoric acid, of polytetra-
fluoroethylene (PTFE), and infrared radiators vapor-
ize the surface of the liquid without bringing it to the
boil. The vapor is condensed on a tapered ‘cold-
finger condenser’ and the liquid is collected in a suit-
able container, itself constructed from quartz or
PTFE. Apparatus is available that will deliver 20 or
more liters per still per day.

Finally, mention must be made of so-called ‘mo-
lecular distillation’, which has been used to purify
small amounts of compounds of low volatility, often
for use as reference materials. At very high vacuum,
the mean free path of a molecule becomes quite
large, for example, several centimeters. Molecular
distillation makes use of this fact. The liquid of low
vapor pressure is evaporated under high vacuum
with only a short straight-line distance between its
surface and that of the condensing surface. This form
of distillation uses much lower temperatures than
ordinary vacuum distillation and significantly reduc-
es thermal degradation of the product. The distance
between the surfaces of the liquid and the condenser
may be adjusted, for a given temperature of opera-
tion, to be within the mean free path of molecules of
given relative molecular mass.

Sublimation

In sublimation, a solid substance is volatilized by
heating and the vapor is condensed back to the solid
at a cooled surface. The distance between the surface
of the vaporized solid and the collecting surface is
short compared with distances used in distillation.
Sublimation may be conducted at atmospheric pres-
sure but reduced pressure is often employed to en-
hance sublimation and to speed up the process. An
atmosphere of inert gas at low pressure is advisable
for sensitive compounds.
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Purification through sublimation is applicable to a
number of organic and inorganic substances and is
useful for the purification of many simple inorganic
compounds used as working standards in analy-
sis, including ammonium halides, arsenic(IIl) oxide,
phosphorus(V) oxide, and iodine.

Recrystallization

Recrystallization is the second of the two most wide-
ly used methods of purification. The normal proce-
dure is to dissolve the substance to be purified in a
suitable solvent, at an evaluated temperature, to
form an almost saturated solution. It is then allowed
to cool so that the dissolved substance crystallizes
out. The crystalline product is then separated by fil-
tration or centrifugation, leaving impurities behind
in the solution or ‘mother liquor’, and is then washed
free of mother liquor with successive small volumes
of the cold solvent, and dried.

It is good practice to remove insoluble impurities
from the original hot solution by filtration, so that
they will not be included in the product, and this
requires the use of a filter in which the high temper-
ature can be maintained.

Organic compounds in particular may contain
colored impurities and it is frequently possible to
remove these by thoroughly mixing the original hot
solution with activated charcoal before filtration and
crystallization.

When chemical treatments are employed to
remove selected impurities, they are usually also ap-
plied to the first stage of recrystallization. Chemical
treatments are the subject of a later section of this
article.

Second and subsequent recrystallization will usu-
ally improve purity, and for greater effectiveness two
or more recrystallizations from different solvents
should be used if possible.

Two considerations are worth noting. The first is
that rapid crystallization is often recommended be-
cause slow crystallization gives larger crystals,
which, although they look more perfect to the na-
ked eye, quite often contain occlusions of mother
liquor. However, trace chemical impurities tend to
concentrate at crystal surfaces and so a high surface
area is not compatible with best chemical purity.
Preliminary recrystallization with slow cooling to
produce well-formed crystals followed by a second
recrystallization with rapid cooling has often been
employed to overcome both problems.

Some substances have solubilities in certain
solvents that do not vary significantly with temper-
ature: a common example is sodium chloride in wa-
ter. But because the equilibrium between a solid and

its saturated solution is dynamic, prolonged digestion
of such a substance with the solvent has the effect of
recrystallizing it.

Recrystallization does not always achieve the de-
sired degree of purification. The author has experi-
ence of a few compounds that attained higher
concentrations of certain impurities on successive re-
crystallizations. This is to be expected if an impurity
has a crystalline form isomorphous with that of the
bulk material or can in some way enter the host lat-
tice, and this is often not possible to predict.

Zone Recrystallization

Zone recrystallization incorporates practices from
both recrystallization and column chromatography
but is a purification technique in its own right. It is
simple to operate, economical with both the sub-
stance to be purified and the solvents used, and is
almost invariably conducted at room temperature,
although in principle it can be operated at any tem-
perature. It is very suitable for thermally labile sub-
stances and works satisfactorily for compounds of
wide-ranging solubilities.

The chemical to be purified is evenly packed in
comminuted form into a vertical column. A small
volume of solvent liquid is introduced at the top of
the column and allowed to percolate through under
gravity. The solvent addition is controlled in quantity
and rate so that after traveling a short distance along
the column it has filled the interstices and has become
a saturated solution of the bulk substance. Further
small volumes of the solvent are added so that a
number of solvent zones are present before the lea-
ding zone emerges from the column. The impurities
are removed in the liquid effluent. Another solvent in
which the host material is insoluble may be used to
remove the original solvent.

Chromatography

A variety of chromatographic methods are used suc-
cessfully for the purification of small quantities of
organic chemicals and biochemicals, based on both
gas chromatography (GC) and liquid chromatogra
phy (LC).

Gas-liquid chromatography may be used, in prin-
ciple, to separate the components of any volatile lig-
uid in a column similar to, but somewhat larger than,
an analytical column operated at a temperature a
little greater than the boiling point of the substance
being purified. It is normal practice to use partition
(i.e., gas-liquid) chromatography with a packed col-
umn containing an inert support material coated
with a suitable high-boiling-point liquid, of which a
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number are available with different polarities. The
separations are monitored using a nondestructive
detector, such as a thermal conductivity detector, and
the resulting chromatogram is displayed. As the
components emerge from the column they are cap-
tured by condensation in high-efficiency strongly
cooled traps.

Liquid chromatography is rather more widely
applicable than gas-liquid chromatography and in
some forms has the capability to handle larger
amounts of substance. All the main forms of LC
are used, namely adsorption, partition, ion exchange,
and gel filtration, and some newer forms of chro-
matography including metal-chelate adsorption,
hydrophobic adsorption, and, particularly for bio-
chemicals, affinity chromatography.

The variety of types of adsorbents, solvents, sta-
tionary phases, ion exchangers and eluents, gels and
special phases, and the numerous applications of
chromatographic methods, have given rise to a vast
literature on the subject, the review of which is be-
yond the scope of this article. Instead, some of the
most widely used methods and a few of the more
interesting applications are presented, and readers
are advised to consult the chromatographic literature
for more information.

Column chromatography has been practiced on
quite significant amounts of material, and adsorption
chromatography has been used on a commercial
scale for the purification of an extremely wide range
of organic compounds. Among the analytical
reagents purified by this technique are solvents for
ultraviolet spectrophotometry and liquid chromato-
graphy (LC), in processes that may also involve
chemical treatment and distillation.

In principle, LC is similar to GC, but is more
versatile because, whereas in GC only the polarity of
the stationary phase can be varied to bring about or
improve separation, in LC the polarities of both the
stationary phase and the solvent can be varied wide-
ly, and also the elution can be performed with solvent
programming by means of which the polarity of the
eluent can be varied throughout the process as a fur-
ther aid to separation.

LC uses high pressures to elute small samples
through high-efficiency columns fairly quickly, and
this combination of pressure and column efficiency
results in much better separations than are possible
with atmospheric-pressure chromatography systems.
The technique can be used only for the purification of
relatively small amounts of substance.

LC using chiral stationary phases has been used for
the separation and purification of enantiomers and is
attracting great interest, particularly because of the
biological significance of chirality.

The technique of flash chromatography, in which
a larger amount of substance is purified on a
fairly high-efficiency column at a few atmospheres
pressure, has proved quite useful and is employed,
by the pharmaceutical industry for example, for
the purification of small amounts of reference
materials.

Zone Refining

Impurities generally lower the melting points of
solids or the freezing points of liquids. When an im-
pure liquid is gradually cooled, the first crystals to
form are usually purer than the remaining liquid.
This principle is the basis of purification by the tech-
niques of fractional solidification, recrystallization
from the molten substance, and zone refining. There
are instances in which impurities form eutectics with
the host material that have higher melting points
than the pure substance, so that it is good practice to
reject the first crop of crystals as well as the last
fraction of the melt. Fractional freezing has been
used to purify many organic substances, often on a
large scale, including benzene, substituted benzenes,
and other aromatic compounds of relatively low
molar mass.

Recrystallization from the melt is used to purify
several organic compounds for use as reference ma-
terials and working standards. Column crystalliza-
tion is the name given to the technique of filling a
column (usually glass) with the molten substance to
be purified, and then gradually lowering it into a
cooling bath held at a temperature slightly below the
expected melting point. Cooling is stopped before the
material has fully solidified and the remaining melt is
drained off. The technique of recrystallization from
the melt has also been employed for the purification
of a wide variety of organic compounds including
benzoic acid, phenols, aromatic hydrocarbons, and
higher aliphatic acids and alcohols. The technique
gives the most satisfactory results on substances that
are already substantially pure and is therefore often
applied as the final stage of purification.

Zone refining or zone melting is a particular
form of fractional crystallization applicable to any
solid. The apparatus consists of a long tube with an
annular heater that is arranged to pass very slowly
along the tube (or in smaller devices through which
the tube passes) so that a slowly traveling molten
zone is created in the column of material. Several
passages of the molten zone are made and impurities
concentrate at the ends of the column. After the
passage of several molten zones, the substance is
allowed to cool and the ends containing the impu-
rities are discarded.
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The technique is carried out on quantities ranging
from the semimicro, for laboratory investigations,
to the macro commercial scale. It is used in the
production of highest-purity silicon and semiconduc-
tors, single-crystal compounds of technical impor-
tance such as alkali metal halides, and for many
organic compounds. As mentioned earlier, the tech-
nique works best for substances that are already
fairly pure, and in the field of analytical reagents is
particularly useful for converting analytical-grade
substances into superpure grade for use as working
and reference standards. Reagents and reference
substances purified in this way include benzoic acid;
alkali halides; naphthalene, anthracene, chrysene,
and pyrene; morphine; dibenzyl and biphenyl; benzo-
phenone; and 4-aminoacetanilide.

Drying and Solvent Removal

A solvent is usually removed simply by heating the
material at a temperature above the boiling point of
the solvent. If heating to this temperature will cause
decomposition of the substance, heating under
vacuum is the next alternative. In cases where no
heating can be used, the substance is sealed in an
evacuated vessel containing a suitable absorbent; for
example, sodium hydroxide pellets are suitable for
removing acetic acid.

Drying can present particular problems. Inorganic
substances are often hydrates and it is important not
to over dry. These materials are usually left to equil-
ibrate in a sealed vessel containing a suitable hygro-
stat, which is a strong aqueous solution having a
known and suitable vapor pressure. Tables of hygro-
stats are available in the well-known chemical data
books. Labile organic chemicals and biochemicals
are freeze-dried under vacuum, and sometimes are
allowed to just melt and then refrozen with the
vacuum maintained throughout the cycle, which may
be repeated as necessary.

The fractional distillation of organic liquids and
the use of azeotropes to remove water has been
mentioned earlier. In many instances, organic liquids
may be dried directly by adding desiccants. Traces of
water may be removed from some solvents by treat-
ment with activated alumina or, on the laboratory
scale, with sodium, sodium borohydride, or calcium
hydride. Molecular sieves of type 4A, i.e., with a
porosity of ~4 A, are also extremely useful for the
removal of water and a number of other small mol-
ecules from organic liquids.

Drying agents vary greatly in the intensity of their
action, and their suitability to particular substances,
especially with regard to any hazard and the likeli-
hood of causing other contamination.

Filtration

Filtration is employed to remove insoluble impurities
from solutions and melts. The techniques of filtration
of the laboratory and small manufacturing scales
need not be repeated here. It is appropriate to re-
member the wide range of filtration media and aids
that are now available and that filtration may be
performed hot or cold and under temperature con-
trol. For the efficient removal of relatively small
quantities of fine suspended matter, centrifugation
provides a suitable approach.

All liquids contain vast numbers of submicrome-
ter-sized particles that are too small to be visible but
that can be detected and counted with high-sen-
sitivity apparatus. Chemicals used on industrial proc-
essing of ultralarge-scale integration devices must be
essentially free from these particles and suitable fil-
tration membranes are available with porosities as
low as 0.01 pum. It is to be expected that use of these
filters will make significant improvement to the
chemical purity of the product. In acids and ammo-
nia solution, many trace metal impurities are present
in the form of submicrometer particles and ultrafil-
tration in a suitable clean environment is useful for
improving reagents intended for trace analysis at
levels of pg per kg and lower.

Chemical Treatment

Solvent extraction is used for the separation of sub-
stances of different polarity and is employed in free-
ing organic liquids of inorganic impurities. Examples
include the washing of acids from insoluble solvents
with sodium carbonate solution and the purification
of dithizone solutions by transferring its anionic form
into dilute alkali solution, discarding the organic
phase, and then reverting into fresh organic phase by
acidification of the aqueous solution and extraction.
It is also used to remove organic impurities such as
grease from inorganic compounds, and generally for
separating substances of sufficiently different solu-
bilities. In the laboratory it is often employed to free
reagent solutions of troublesome impurities; for ex-
ample, those that could cause high blank values. This
is usually combined with an appropriate chemical
reaction. Thus, some reagents intended for use in a
test for iron can be purified by pretreatment with 4,7-
diphenyl-1,10-phenanthroline and solvent extraction
to remove the complexed metal.

Precipitation has been used widely for selective
purification in much the same way, but in the
author’s experience it is less useful because only
substantial amounts of impurities give filterable
precipitates, and so ‘collectors’ must be added.
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In removing one impurity, therefore, the general
purity of a reagent solution will be decreased.

Ion exchange is also used quite widely to purify
reagent solutions, particularly to remove trace metals
and sometimes anions. Alumina, for example, is a
particularly effective anion exchanger for sulfate ion
and removes it from acidic and neutral solutions.

Controlled-potential electrolysis has also been used
for removing some metals from inorganic solutions, and
reagents for use in voltammetry have been purified to re-
move traces of cadmium, copper, lead, nickel, and zinc.

It is sometimes possible to remove a metal such as
copper from an inorganic solution by stirring in the
presence of a more reactive metal such as zinc. The
copper displaced from solution plates out on the
surface of the zinc. An equivalent amount of zinc
passes into solution, of course.

There are no useful guidelines for chemical process-
ing because of the range of problems encountered, but a
few examples will now be given of approaches that
have been used. Lithium aluminum hydride is used to
reduce traces of carbonyl compounds, including car-
boxylic acids and anhydrides, and peroxides to alco-
hols. It is also useful for reducing amides and nitriles to
amines. Precautions must be taken when using the
reagent, such as ensuring that the substance to be pu-
rified is dry and that reactions are conducted in the cold.

Sodium borohydride is less active but has the
property of reducing aldehydes, ketones, and perox-
ides, and a number of other commonly encountered
impurities. Aldehydes are eliminated from acetic acid
and other lower monocarboxylic acids by refluxing
with sodium or potassium dichromate solution and
fractionation. Alcohols and esters for use as UV
solvents may be treated with sodium borohydride or
with 2,4-dinitrophenylhydrazine before distilling, to
remove aldehydes and ketones.

Traces of nitric acid in hydrofluoric acid have been
prevented from distilling by pretreatment with alu-
minum powder to reduce nitrate to ammonium, and

traces of sulfide in the same acid have been removed
by oxidizing to sulfate with hydrogen peroxide be-
fore distillation.

See also: Distillation. Liquid Chromatography: Over-
view; Chiral; Pharmaceutical Applications. Quality Assur-
ance: Primary Standards; Reference Materials; Production
of Reference Materials. Solvents. Sublimation.
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Introduction

Considering the huge variety of surviving arch-
aeological artifacts and contexts, the range of scien-
tific dating techniques available to the archaeologist
is remarkably small. All are material specific and
seldom (with the exception of dendrochronology) can
an accuracy of better than a few hundred years be
achieved. There are also some obvious lacunae: there
is no method of dating the manufacture of purely
metallic objects, or of the vast majority of lithics, and
in such cases, archaeological dating depends on the
traditional methods of stratigraphy and typology (the
importance of which cannot be underestimated, but
which do not fall within the remit of this article).
Even where material suitable for scientific dating is
found, the event that can be dated may not have direct
significance to artifacts or archaeology. Most scien-
tific dating methods relate to material, not manu-
facture: only in a few cases like thermoluminescence is
the age directly related to a point in a production
process generated. For wood, for example, dates pro-
duced, whether by radiocarbon or dendrochronology,
can only relate to the time at which the plant tissues
present were formed, not when the tree was felled or
used; seasoning, storage, reuse, or even deliberate use
of old materials to deceive cannot be detected.
Equally, a sample can only be used to date an as-
sociated context or material if that association is real

and direct; if a context has been disturbed after for-
mation, or if the sample is residual, as, for example,
bone from an earlier midden included in the fill of a
later ditch, the use of scientific dating methods, no
matter how precise and accurate the measurements,
has no realistic meaning. Despite all these caveats,
the introduction of scientific dating methods into
archaeology has had a revolutionary effect on our
perceptions of the past, has provided us with a firm
chronological framework, and, particularly in the
case of radiocarbon, has led to major reevaluations
of previously accepted chronologies.

This article is intended as a general introduction to
some of the methods used. Radiocarbon is deliber-
ately discussed in most detail as it is probably the
most frequently exploited of the techniques. Many of
the more general points made in the radiocarbon
section do, however, relate equally to other dating
methods.

Requirements for a Functional
Dating Technique

Devising a usable dating technique requires a charac-
teristic that alters in a known fashion with time (usu-
ally by steady increase or decrease), the ability to
measure that change, a means of deriving a clean
sample unaltered in other ways, and a zeroing mech-
anism to effectively start the clock. Not surprisingly,
most dating methods are dependant in some way on
naturally occurring radioactivity, although there are a
number of other mechanisms that have proved usable.

Besides those methods that give a fixed time point
(with or without calibration by other means), there are
some ‘relative’ methods that, whilst not yielding a real
‘date’, can give information on the sequence of events.
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Radiocarbon Dating
Theory

Radiocarbon dating is possible because of the existence
in nature of the radioactive isotope "*C (albeit in small
quantities; the vast majority of natural carbon is com-
posed of the stable isotopes '*C and '*C). This isotope
has the advantages for the study of the human past of a
conveniently long half-life (of ~5730 years, although
by convention radiocarbon results are calculated on
the ‘Libby’ half-life of 5568, the accepted figure at the
time that the radiocarbon technique was devised; the
necessary correction is made as part of the calibration
process described below) and of the ubiquity of carbon
throughout the biosphere. The theoretical basis of the
method is illustrated schematically in Figure 1. '*C is
formed in the upper atmosphere by the action of cos-
mic rays on “*N. The resultant '*C rapidly oxidizes to
14CO, and is swept into the general carbon cycle,
mixing rapidly and thoroughly throughout the atmos-
phere, and via photosynthesis and the food chain into
the biosphere. There is also an exchange into bodies of
water, notably the deep oceans, which hold the vast
majority of the world’s carbon, although oceanic car-
bon distribution is complex. In terrestrial contexts the
consumption of plant material by animals ensures the
rapid spread of 'C throughout living organisms.
During life food consumption constantly replenishes
the '*C lost by decay. On death, however, this replace-
ment ceases and the level of *C falls following the
general formula for radioactive decay given in eqn [1]:

A= A()ef/'Z [1}

where A and Ay are the present and original isotopic
quantities, respectively, 1 is the reciprocal of the
mean life (the average lifetime of a '*C atom), and ¢
is the elapsed time.

If it can be assumed that the rate of '*C production
has not varied over time, and thus that a dynamic
equilibrium has formed, and if it is possible to extract
clean sample carbon, unaltered apart from the de-
cline in *C, and to measure its current “*C concen-
tration, it is possible using eqn [1] to calculate the
elapsed time since the death of the organism. In
practice, the process is far more complicated than
this brief description indicates. Principally, one of the
basic assumptions, that the rate of '*C formation is
constant, is known to be incorrect. The rate has, in
fact, varied over time in response to a number of
effects, principally fluctuations in the cosmic-ray
flux with changes in the geomagnetic field and
in solar activity. Because of this, no radiocarbon
measurement equates directly with a calendar
date, and all such measurements must be calibrated
before use.

Radiocarbon Calibration

Unfortunately, the temporal changes in '*C flux have
been too complex for simple modeling and it has
been necessary instead to find a way of making direct
measurements. Dendrochronologically dated wood
(see section below for an explanation of this proce-
dure) has proved ideal for this purpose; the tissue of
an individual tree ring stops exchanging carbon
within a very short time of being formed, thus

Cosmic rays

14N(n,p)14C
Upper atmosphere

Y

:Hydrogencarbonate

Figure 1 Schematic depiction of the '*C cycle.
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preserving a measure of the '*C concentration in that
year. As discussed below, this can present difficulties
in dating, but it has allowed the production of long
graphs (usually termed calibration curves). Currently
there are internationally agreed and accepted high-
precision calibration curves, based on 10- and
20-year sections of ancient oak preserved in the peat
bogs of Ireland and lowland Europe, back to 10300
BP. This is further extended back to 24000 Bp by
uranium/thorium dating (see below) of corals (al-
though with considerably larger error terms). The
calibration curve has proved to have two main char-
acteristics; an overall, and apparently sinusoidal,
curve (period ~9000 years), with a large number of
short-term variations (wiggles) superimposed. These
wiggles are the main bugbear in the practical usage
of radiocarbon as a dating method. They mean that a
single radiocarbon measurement can calibrate to a
calendar year range larger or smaller than the meas-
urement precision, depending on the slope of the
calibration plot at that precise period, and even that
a single result can relate to two, or more, perfectly
possible calendar age ranges.

While the original radiocarbon analysis has the
Gaussian probability distribution typical of any
such measurements, the necessity to calibrate it
against a nonmonotonic graph destroys this proper-
ty, producing a probability distribution of unpredict-
able, but always irregular, form. As a consequence,
the application of most standard mathematical tech-
niques to the calibrated date ranges is impossible. This
problem, which once made radiocarbon data ex-
tremely difficult to fully exploit, has now been largely
overcome by the use of Bayesian statistics. Use of
this technique has permitted radiocarbon measure-
ments to be easily modeled, compared and combined
with each other, and with results from other dating
methods.

In addition to cosmogenic '*C variations there are
also two distinct readily recognizable anthropogenic
variations in '*C level, at the most recent end of the
curve. These are the fossil fuel effect, a rapid low-
ering of atmospheric "*C levels at the end of the
nineteenth century, due to the widespread burning of
fossil fuels which released ‘old’ carbon depleted in
4C into the atmosphere: and the bomb effect, a
massive increase in *C in the 1960s following the
atmospheric testing of nuclear weapons. Both have
implications for radiocarbon dating, with the fossil
fuel effect making precise dating of much of the last
two centuries impossible. The bomb effect has had at
least one positive side-effect; the resultant spike has
been widely used as an isotopic marker, allowing the
dynamics of the carbon cycle to be more readily
explored.

Measurement Techniques and Sample Sizes

Until the 1980s, measurement of *C activity could
only be made by decay counting (usually termed
conventional dating), in either gas proportional or
liquid scintillation counters, necessitating the use of
large samples (of ~4g of elemental carbon, and
commensurately higher weights of raw material), but
more recently the use of accelerator mass spectro-
metry (AMS) has permitted the direct measurement
of *C ions and has led to a dramatic decline in
sample size to 3 mg or less, thus greatly extending the
range of materials which can be dated.

Since all the counting methods involve the convers-
ion of sample carbon to suitable chemical forms
(usually methane or carbon dioxide for gas counting,
benzene for liquid scintillation, and graphite or
carbon dioxide for AMS), the method is always
destructive. Additionally, extensive cleaning of the
sample is always required to remove extraneous
carbon. Fortunately, most radiocarbon samples are
either of wood or charcoal, both of which are
remarkably stable and do not exchange carbon with
their surroundings, although a prolonged residency
in the soil will obviously result in an amount of in-
trusive material. Bone presents more of a problem as
the inorganic component (mainly hydroxyapatite) is
not a closed system and is liable to isotopic exchange,
particularly with groundwater. For this reason only
the organic (protein) component of bone, mostly
present as collagen, is analyzed. The advent of AMS
has allowed more specific fractions, down to
individual amino acids, to be extracted and dated.
The inorganic fraction of shell is subject to a similar
exchange, but here there are further complications as
both terrestrial and marine mollusca are capable of
directly reworking geological carbonates, and marine
samples are subject to the marine effect discussed
below.

Chemical methods are available to cope with most
natural contaminants, but the use of some modern
materials, particularly of petroleum-derived coatings
as consolidants, can destroy the integrity of materials
as radiocarbon samples.

Sample Materials

Although in theory it is possible to date the death of
any living organism by radiocarbon, there are a
number of practical limitations on the materials that
can be meaningfully analyzed. Firstly, as with all da-
ting techniques, there is the question of sheer dura-
bility; it is only possible to date those materials that
have survived from antiquity. These seldom include
soft tissue, or the more transitory plant fibers,
and even given the extended range of sample types
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allowed by the small sample requirements of AMS,
~90% of archaeological radiocarbon samples are
wood, charcoal, or bone.

Equally important, but frequently overlooked, is the
necessity to analyze only materials where the time of
cessation of carbon exchange relates in some way to an
archaeological event. The most obvious example of the
dangers involved here relates to wood. As already dis-
cussed, the tissues of individual tree rings cease to ex-
change carbon within a few years of their formation.
This has been invaluable for the production of cali-
bration curves, but is an enormous problem in practical
dating terms. The majority of archaeological recovered
wood or charcoal comes from mature trees. For long-
lived species, such materials can have an apparent age
of several hundred years (1000 + years for European
yew) even before felling. Moreover, the potential offset
between the date measured by radiocarbon and the
actual date of use can be huge, and more importantly
unquantifiable. The only answer is to avoid the prob-
lem by identifying all woods before dating and only
analyzing young roundwood or short-lived species.

Obviously there are occasions where this is impos-
sible, particularly where the question is the date of a
wooden object. All that can be hoped for is a terminus
post quem, an oldest possible date, before which the
object cannot have existed. An offset also occurs with
marine materials. Here, because of the time taken for
atmospheric carbon dioxide to absorb into ocean wa-
ters, and poor oceanic mixing, all marine organisms,
and all animals dependant on marine sources for food
(including whale and walrus, both frequently exploit-
ed for raw material), are subject to an age offset in the
region of a few hundred years that varies with exact
location, making it effectively unquantifiable. Hence,
precise dating of the purported medieval whalebone
plaque illustrated in Figure 2 is impossible. An AMS
date on a small sample measured at the Oxford lab-
oratory gave an uncalibrated figure of 1480+80 Bp
(OxA-1164). Adding the expected marine offset of a
few hundred years gives a final result in accord with
the style, although this figure can only relate to the
whalebone itself; the possibility still remains that old
material was used for a more carving.

Age Range

The maximum age definable by radiocarbon depends
on minimum measurement levels. Using conventional
techniques this was limited to around eight half-lives,
extended to ~60000 years by enrichment tech-
niques. With the advent of AMS it was hoped to ex-
tend this to 70 000 or 80000 years, but such figures
have yet to be routinely obtained. Minimum age is
complicated to define; the fossil fuel effect means that

Figure 2 Purportedly medieval Spanish whalebone plaque.
(© Trustees of the British Museum).

results for the past 200 years are virtually indis-
tinguishable, and such results are quoted as modern
by convention. However, the bomb effect makes the
years immediately after 1950 easily identifiable. Pre-
cision varies both with measurement error and with
the shape of the calibration curve. The so-called high-
precision measurements can give results with error
terms of + 18 radiocarbon years or less, whilst results
for full-sized samples measured to normal precision
will give figures of ~440 years for the past 10000
years, with the error term increasing slightly for older
materials or for less than ideal sample sizes. What
these error terms equate to in real calendar years is
entirely dependant on the shape of the calibration
curve at the period in question.

Radiocarbon Conventions

The presentation of radiocarbon measurements has
been rigidly formalized. All measurements are made
relative to a ‘modern’ standard of oxalic acid, the
activity of which has been related to the theoretical
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activity of wood of ap 1950 had no fossil fuel effect
occurred. Measurements are quoted in years Bp, with
present fixed at Ap 1950, with an error term equal to
+10, and using the Libby half-life of 5568 years.
Calibrated results are quoted as cal Ap or cal BC as
appropriate, with the confidence level noted. There
are few such formalized rules for the formulation of
results by other dating techniques, and individual
publications have to be consulted for such details.

Case Studies

Practical use of *C is best illustrated with some ex-
amples. Probably the most publicized recent case has
been the dating of the Turin Shroud, a length of linen
bearing the shadowy imprint of a man, believed by
many to be the shroud of Christ. Independent anal-
ysis of small samples of the linen of the shroud by
three AMS dating laboratories produced concordant
results, with the weighted mean calibrating to a pos-
sible calendar date range of 1260-1390 cal aD (at the
68% confidence level), which ties in closely with the
first known historical appearance of the object in ca.
AD 1350. Given the contentious nature of the mate-
rial, it is not surprising that there has been some
controversy about this result, but the scientific evid-
ence certainly indicates the linen to be medieval.
More typical is a project run by English Heritage to
securely date the various phases of activity at Stone-
henge, a massive megalithic monument in Southern
England. This site has long been acknowledged to be
complex and multiperiod, with probable origins in the
Neolithic, but the actual sequence of construction has
been far from clear. Here, 52 radiocarbon determina-
tions were measured to date the three phases of the
site itself, plus pre- and postmonument use of the area.
The dating of Phase 1, the cutting of the main ditches
and banks, was made easier by the presence of large
numbers of tools made from the antler of red deer,
used during the construction work, in the base of the
ditches themselves. Many of these came from
slaughtered animals rather than being naturally shed,
and can therefore be expected to date to within a few
years of ditch construction. It was more difficult to
obtain samples directly related to other phases (par-
ticularly the construction of the main stone circles),
but nonetheless a combination of radiocarbon meas-
urements and Bayesian statistical analysis has pro-
duced a definitive chronology for this important site.

Luminescence Dating
Theory

There are two forms of luminescence dating of im-
portance to archaeology; thermoluminescence (TL)

dating and optically stimulated luminescence (OSL)
dating. TL was the earliest to be widely used, al-
though OSL is rapidly gaining in importance. Both
methods are dependant on the damage done to some
nonconducting crystalline materials (notably quartz
and feldspar) by naturally produced ionizing radia-
tion, although in neither case is the process fully un-
derstood. The theory behind the techniques is
probably most easily explained in terms of TL.

Thermoluminescence is the light emitted in addi-
tion to the normal incandescent glow when some
crystalline materials are heated. Although the process
is in reality much more complex, it is most
conveniently explained in terms of a simplified mod-
el involving ‘traps’, small imperfections in the crystal
lattice. When the crystal is exposed to ionizing ra-
diation, electrons are released. Most of these will
recombine almost immediately, but some fall into
traps, where they remain until sufficient energy is
input to release them. The depth of the trap (i.e., the
energy required to escape from it) varies, but can be
substantial, equivalent to a long electron residence
period at ambient temperatures. It is usually these
relatively stable traps that are used for dating pur-
poses. On release the electrons can take several
paths, one of which is to recombine with an ion
within the structure. If this occurs at a specific type
of defect (a luminescence center) light (i.e., the TL) is
emitted. Since the number of trapped electrons is
proportional to the exposure of the material to ion-
izing radiation, and the TL is proportional to the
number of electrons released, if the material has since
been exposed to a measurable and constant radiation
flux it is possible to relate TL directly to the time
since the traps were lasted emptied. If the date of this
clearing of the traps has some archaeological signi-
ficance, it is possible to use this property as a mean-
ingful dating technique. In the case of TL dating,
emptying of the traps is caused by heating (most
commonly when clay is fired to produce ceramic).
After zeroing, the material will be exposed to radi-
ation from naturally occurring uranium, thorium,
and potassium (*°K) present in the sample itself and
its surroundings. The concentrations of these iso-
topes are highly variable, so that values must be de-
termined separately for each sample and context, but
all are very long-lived, and providing the material has
remained in the same environment, the radiation flux
can be treated as being constant. It is therefore pos-
sible to use eqn [2]:

Archaeological TL

Age =
8¢~ Annual dose x TL per unit dose

2]

where archaeological TL is the naturally accumula-
ted TL, annual dose is the annual dose rate to which
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the sample has been exposed, and TL per unit dose
is the sensitivity of the sample material to that
radiation.

There are many complications to the method, in-
cluding the anomalous fading exhibited by some
materials and the variability of response by different
materials, which means that the individual sensitivity
of each sample to radiation must be determined. A
number of different measurement techniques, invol-
ving the use of different fractions of the sample, have
therefore been developed; the measuring laboratory
will select the most appropriate.

The theory underlying OSL dating is analogous to
that of TL, but here the zeroing process is the expo-
sure of fine soil particles to light. This means it is
most useful when looking at sediments which have
been bleached by sunlight during deposition, and
which relate to an archaeological event in some way
(such as the first soil deposited in a ditch).

Sample Materials

In archaeological contexts TL is most commonly
used to date the firing of ceramics (including the clay
cores sometimes found in metal castings) and burnt
stone (particularly flint). OSL is used mostly to date
sediment deposits.

Dose Determination

The radiation dose received from the environment is
determined by onsite measurement either with a
gamma-spectrometer or by burying capsules of a
highly sensitive material (usually calcium fluoride)
for a known period. The radiation dose from the
material itself (the internal dose) is found by direct
measurements of the portions of the samples. For
situations where the find spot is not known, or where
ceramics have been constantly used and never buried,
the environmental dose rate can only be estimated.
This is obviously subject to a much greater error, and
such measurements are a form of authenticity testing
rather than dating.

Age Range

The age range for which TL can be used depends on
specific characteristics of sample sensitivity and
environment; for ceramics the lower limit can be a
few hundred years, whilst for flint it is seldom pos-
sible to date anything younger than a few thousand
years. The upper limit is also variable, depending on
the point at which all the available traps are filled
(saturation), and on the stability of the traps, but
ages of 100000-500000 years should be possible.
Precision depends on exact circumstances but can be
as good as ~ +5-10% of the age for dating and

+25% for authenticity testing, where the environ-
mental dose-rate is estimated.

The age range for OSL is again dependant heavily
on site conditions, but is basically similar, as is the
precision, although new measurement methods,
involving the use of lasers, can give precision as
good as +1.5% for young (<2000 years) sites, and
multiple sampling can allow the resolution of events
on the scale of a few decades for the last 100000
years.

Case Studies

An example of the use of TL as a dating method is
provided by the excavations at Pontnewydd Cave in
north Wales, where despite the difficulties caused by
variations in the environmental dose rate because of
the nature of the deposits, TL has established an
early hominid occupation ~200 000 years ago.

OSL has been used to at least partially solve one of
the continuing questions of British archaeology; the
age of the hill figures cut into the chalk hillsides of
Britain. The White Horse of Uffington is one such
figure, dated variously to the Iron Age, Roman oc-
cupation, or later. Excavation of the figure has
proved that, rather than being manufactured by sim-
ply clearing areas of the chalk surface, trenches were
dug and chalk packed into them to form the lines. Silt
from the earliest of these has been dated by OSL to
1400-600 Bc, placing the figure firmly in the late
Bronze Age.

Electron Spin Resonance

A related dating technique is electron spin resonance
(ESR) where the presence of trapped electrons is de-
tected by their response to electromagnetic radiation.
ESR is particularly useful as it can be applied to a
complementary range of materials, including tooth
enamel and shell, which decompose on heating and
are therefore not suitable for TL work.

Dendrochronology

Dendrochronology, or tree-ring dating, as implied by
the name, is only applicable to timber. It exploits the
characteristic of certain species of tree (notably oak
and pine) of producing annual rings the width of
which varies with local weather and water supply
conditions. These patterns of rings can be compiled
by cross-matching measurements from trees of
known felling date, backwards through time, with
wood from other sources, such as building timbers,
to build up master curves of ring width pattern
against age, as illustrated in Figure 3. Samples of
unknown date can then be dated by comparison with
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Figure 3 Schematic demonstration of the construction of a
dendrochronological master curve.

this master. Such curves are normally specific to spe-
cies and to region, although there has been some
limited success with interspecies cross-dating.

Where material from a site with extensive timber
survival cannot be tied directly to one of the existing
master chronologies, it is sometimes possible to con-
struct a ‘floating’ chronology that can be used as a
relative dating tool. There are a few periods where
the growth ring pattern is so distinctive as to produce
a ‘signature’, almost instantly datable on the basis of
a small number of rings, but for the most part den-
drochronology requires large samples (90 + rings).
Even given this amount of material, and a suitable
local master curve, the method is not always suc-
cessful, but where it is it yields a very precise date,
giving not only the exact year, but even the season of
growth of the outermost ring present.

In real terms, this apparent precision may not
mean much; the figure can only apply to the outer-
most ring present, which is not necessarily the
original surface of the tree. In fact, in most circum-
stances, the more vulnerable sapwood at least will
have been trimmed before use. In building timbers it
is frequently only this layer which is removed,
leaving the ‘waney edge’, the boundary between sap-
wood and heartwood. There are well-defined formu-
lae for the numbers of sapwood rings in different
species, which can be applied as a correction if the
waney edge is present, but if it is absent it is impos-
sible to quantify how many years of growth have
been lost.

In addition, as with radiocarbon, dendro-
chronology can only date the formation of the wood,
not its use. A dendro date gives at best the year of
felling. It can give no indication of time elapsed in

seasoning, storage, or possible repeated reuse (a fre-
quent event with large timbers). Furthermore, any
self-respecting forger will select wood of a suitable
age as a raw material.

Dating is possible over the whole calendar range
for which master curves are available, but the size of
sample required means that the method is seldom
applied to samples more than a few thousand years
old.

Another important property of the long den-
drochronological curves now available (see section
on radiocarbon for details) is that they provide a
proxy climatic record for their region; whilst not al-
ways easy to interpret, they do give direct evidence of
the nature of climatic change over time for thousands
of years.

Decay Series Dating (Other
than Radiocarbon)

These methods relate, in general, to the formation of
geological deposits, and are seldom of direct use in
archaeology. They do serve, however, as a means of
defining time periods, for example, for strata trapped
between lava flows, and play an important part in the
understanding of early man.

Potassium-Argon/Argon-Argon Dating

The weakly radioactive *°K, naturally present in
most of the earth’s crust, decays to two daughters,
“OAr and *°Ca, with a half-life of 1250 million years.
“OAr is insoluble in molten rock giving a zeroing
mechanism for lava flows. After resolidification of
the rock, argon gas generated can be trapped within
the glassy matrix. Given a closed system, collection
and measurement (by mass spectrometry) of trapped
*OAr can therefore be used to date the formation of
the lava flow. The long half-life and minute original
quantities of potassium mean that the method is
fairly imprecise (with error terms ranging approxi-
mately from +1000 to +10000 years depending on
age), but it does extend far back into geological his-
tory. A variation on this technique, *°Ar/*?Ar dating,
involves the artificial generation of 3’Ar from the
stable *’K by neutron irradiation. Potassium con-
centration can then be determined by measurement
of the *’Ar. This has the advantage of requiring only
one measurement procedure, of the isotopic ratios of
argon, but more importantly allows a controlled re-
lease of argon by gradual temperature increase,
which can be used to detect sample contamination.
In an uncontaminated sample the *°Ar/*°Ar ratio
will remain a constant; any variation demonstrates
a problem with the sample, due either to a partial



116 ARCHAEOMETRY AND ANTIQUE ANALYSIS/Dating of Artifacts

reheating postformation releasing some argon gas, or
the presence of atmospheric argon that survived the
initial melting.

Uranium Series Dating

Uranium series dating utilizes the two natural ura-
nium decay chains (from parent ***U and #**U) and
their progeny. The zeroing process here is usually the
formation of calcite from carbonates (with uranium
present as an impurity) carried in solution. Since the
primary long-lived daughter, *°°Th, is largely water
insoluble, in any process involving dissolution and
redeposition of uranium there will be effectively no
thorium present in the newly formed crystal matrix,
and, provided the system remains closed, the pro-
portions of generated thorium and other daughters
can be used as a clock. The method is most fre-
quently applied to geological formations of calcite
(speloetherms or travertine) but has occasionally
been applied to deposition of calcite within fossil
bone, although with limited success owing to variat-
ion in uranium uptake and the open nature of the
system.

Age ranges and precision vary with uranium con-
tent of each sample, but in general the method can
cover a period between 1000 and 100 000 years BP to
error limits of ~ +1% of age.

Other Dating Techniques
Amino Acid Racemization

It is possible for asymmetric compounds to exist in
two mirror image but nonsuperimposable forms,
known as optical isomers. The amino acids that build
up proteins are invariably formed in living tissue as
only one form, the L-isomer. After formation, a slow
racemization process begins in which the 1-form is
converted to the alternative p-form, until a dynamic
equilibrium is reached in which the amounts of the
two forms are equal. Provided that the equilibrium
point has not been reached, the portion of the p-form
present can be used as an indication of age. The rate
of conversion is heavily dependant on a number of
factors, principally temperature, humidity level, and
degree of chemical breakdown of the tissue involved
(diagenesis).

Amino acid dating has been applied with varying
degrees of success; because the rate constant varies so
much with local conditions, it can only be deter-
mined by calibration using similar materials from the
same area, dated by other independent means. The
assumption has to be made that both sample and
calibration material have been subjected to the
same conditions (for example, boiling of bone will

radically alter the rate constant for that time) and
there have been some heavily publicized incorrect
ages generated as a result of wrongly estimated rate
constants, notably with regard to the first human
occupation of the Americas. Despite these draw-
backs, the method, which requires sample sizes of
less than 1g, can be useful.

The timescale that can be covered depends on the
amino acid used and the environmental conditions,
but ages in excess of 50 000 years are certainly the-
oretically possible. Precision is heavily dependant on
that of the calibration results and no general figures
can be quoted.

Obsidian Hydration

This technique is only applicable to the volcanic glass
obsidian, and depends on measuring the thickness of
the opaque hydration layer that slowly develops on
any fresh surface. As this is a diffusion process, the
rate is heavily dependant on temperature and results
must be calibrated for particular areas using dates
determined by other methods, making estimates of
precision impossible to generalize. Efforts have been
made to apply similar procedures to surface change
on other lithics and on glasses, but never with the
same degree of success.

Archaeomagnetism

It is well known, even if the process is not well un-
derstood, that there have been extensive temporal
changes in both the strength and direction of the
earth’s magnetic field (including occasional total po-
larity reversal). Most clays and soils contain a small
percentage of finely dispersed particles of iron oxide.
These grains are small and frequently have a single
magnetic axis. In raw clay these particles are ran-
domly aligned, but on firing above a critical temper-
ature (the blocking temperature) some acquire
sufficient energy to adjust direction to that closest
to the external magnetic field, hence producing a very
small but permanent thermoremanent magnetism
with an intensity proportional to that of the current
geomagnetic field, and in the same direction. This
property is only useful as a means of dating if the
sample is found iz situ (so that the original magnetic
direction can be determined) and if there is an exis-
ting reference graph of changes in field direction and
strength against time for the locality, dated by other
means.

Large samples are required, in the form of blocks
of baked material several cubic centimeters, but
as the method is useful mainly for dating kilns
and hearths this is seldom a problem. Sedimentation
processes can produce a similar remnant magnetism,
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although with a field strength an order of magnitude
less, which can be used for dating provided there has
been no postdepositional disturbance.

Precision is highly variable, depending on the ra-
pidity of field change and on the precision of the
calibration samples.

Selection of a Suitable Dating
Technique

In general, the constraints of methods and materials
are such that there is little conflict about dating
methods. The preferred technique will depend on the
context, the materials available, and the prospective
error term with each method. For many sites the
ideal answer will be a combination of methods, fol-
lowed by the use of Bayesian statistical techniques to
analyze the results.

See also. Electron Spin Resonance Spectroscopy:
Principles and Instrumentation. Glasses. Liquid
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Introduction

The application of scientific knowledge and the use
of analytical techniques have been implemented in
archaeometric and conservation science researches
for many years. Specimens are often subjected to
analytical scrutiny to help provide a fundamental
understanding of the materials used in the produc-
tion of ancient objects, and to assess the stability of
artifacts. The goal is to inform our generation of past
technologies, social history, and to ensure the con-
tinued protection of items important to our cultural
heritage. Each year many hundreds (if not thousands)
of research papers report the results of arch-
aeological and conservation research that utilize
modern analytical instruments. The numbers of ar-
ticles increase each year, and as such it is impossible
to list all areas of research in this short section.
Therefore, the main aim of this article is to describe,
briefly, some of the many analytical techniques cur-
rently used (1) in the archaeological study of metals
and ceramics, (2) in the conservation and restoration
of metals and ceramics, and (3) to identify corrosion
and/or deterioration products.

Chromatography: Amino Acids. Mass Spectrometry:
Overview; Stable Isotope Ratio.
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Archaeological Examination of
Metallic and Ceramic Specimens

Metals and ceramics are the focus of archaeological
research as they are often thought to be among the
most rudimentary substances in humanity’s tech-
nological and social development. There are many
reasons to initiate archaeological research; however,
it can be argued that the main aims of study of me-
tallic and ceramic specimens are to determine their
origin, authenticity, and function, and to explore past
manufacturing processes. Perhaps the largest single
reason for the study of these specimens is to ascertain
their provenance (the geographic origin of the raw
materials used). The data obtained from provenance
studies are used to identify the raw materials used
during production, to date and/or authenticate
specimens, and to provide information about an-
cient trading patterns. The basic premise in prove-
nance determination is that each material source can
be distinguished by its chemical composition. Con-
sequently, one of the major applications of analytical
science to archaeology has been to determine the
major, minor, and trace element composition of
archaeological specimens. Coupled with the analysis
is the need for the analytical scientist to interpret the
analytical data correctly. Difficulties associated with
this task should not be underestimated, as imitations
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of recognized ceramics can cause subtle problems in
provenance studies. Moreover, archaeometallurgists
note that chemical provenancing of metal specimens
can only be achieved when factors such as the ad-
dition or contamination of trace elements in metal
alloys, and the high temperatures and extreme redox
conditions used when processing the ores, are con-
sidered. Indeed, analytical interpretation can be fur-
ther complicated if the composition of the surfaces of
specimens are altered as a result of chemical weath-
ering, corrosion, restoration or previous treatments.

Conservation of Metals and Ceramics

When archaeological specimens are buried, it is not
uncommon for a stable equilibrium to be established
between the specimens and their surroundings. After
excavation, many specimens rapidly deteriorate as
a result of disturbing their equilibrium conditions.
Conservators, and conservation scientists, examine
artifacts to assess their stability, or to restore mate-
rials that have undergone, or are likely to undergo, a
chemical or physical change. Clearly, the analytical
scientist examining the specimen must have some
knowledge of the types of material under study and
be able to recognize known, stable specimen com-
positions.

After excavation and study, it is common to house
ceramic and metallic specimens in museums, or to
ensure appropriate environments are created to store
or display specimens. Here, the goal is longevity, in
other words, to safeguard specimens for future gene-
rations. This is a formidable challenge as all mate-
rials degrade naturally and at best we can only hope
to prolong the lifetime of such specimens. The rate of
change of materials can be slow (over hundreds of
years), or indeed it can be very rapid (changes have
been observed on metallic and ceramic surfaces over
a matter of months). The surfaces of specimens com-
monly undergo significant chemical and physical
alterations as a result of exposure to pollution and to
changes in environmental factors such as light, tem-
perature, and relative humidity. The synergistic ef-
fects of such factors are often very difficult to predict,
and the chemical processes invoked, or exacerbated,
on the surfaces of materials are difficult to elucidate.
For example, a rather insidious problem has been
observed when storing metals and ceramics in certain
wooden cabinets or drawers. Acids and aldehydes
(carbonyl pollutants) emitted from the materials used
to make the furniture are known to react with the
surface of ceramic and metal specimens. Since the
first documented report of carbonyl pollution-in-
duced deterioration on shells in 1899, a wide range

of multifarious, complex corrosion products have
been observed on thousands of metal and calcareous
specimens. Efflorescences of various compositions
have been observed, and identified, on porous ce-
ramics, and complex corrosion crusts have formed
on the surface of metals such as lead, copper, and
bronze. Analytical science has a tremendous role to
play when attempting to understand the mechanisms
of deterioration of such specimens. First, the deteri-
oration product has to be identified before the chem-
ical deterioration processes can be elucidated.
Preventive conservation strategies are also imple-
mented to examine the stability of materials and their
surrounding environmental conditions in a bid to
retard further decay.

Analytical investigations also focus on new ways of
protecting susceptible materials that have not yet
shown signs of degradation. The continued efforts to
replicate archaeological artifacts and antiques and
subject them to accelerated deterioration experiments
provide useful results in the development of new
treatments. Much can be learned from understanding
how compositions deteriorate due to their inherent
incompatibility or instability to external agents.

Instrumental Considerations

As outlined above, there are a number of difficulties
associated with the analysis of archaeological spec-
imens. In summary, many specimens are:

1. unique or valuable, hence the analysis needs to be
nondestructive or the sample taken from the spec-
imen needs to be extremely small;

2. inherently inhomogeneous and the surface of the
materials can differ substantially from their bulk
compositions (for example, if they are glazed or
decorated);

3. unstable due to removal from their burial
environment; and

4. deteriorated or corroded.

As a result, a compliment of techniques will often
be chosen to obtain solutions to the questions posed
by archaeologists or conservators. The choice of in-
struments used should be assessed on a case-by-case
basis, considering factors such as the amount of
sample preparation required, cost and availability of
instrumentation, sample size availability, complexity
and sensitivity of instrumentation, and the ability to
perform nondestructive testing.

The mode of analysis must also be considered.
Qualitative analysis is performed to provide chemical
information about the elements or compounds con-
tained in a specimen whereas quantitative analysis
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permits determination of the exact concentration of
analytes in a sample. Should quantitative informa-
tion be required standard reference materials should
be prepared, or need to be commercially available, to
calibrate instruments. Matrix matching between
standards and samples should be encouraged, where
possible, to prevent matrix interferences during ana-
lysis. However, this can be difficult when specimens
of unknown origin and composition are examined.
The need for a high level of accuracy and precision in
the analytical method is a prerequisite, especially in
provenance studies when sources of materials are
distinguished from one another by examination of
trace elements. The introduction of an artificial
spread of data by using a technique with poor pre-
cision must be avoided.

Interestingly, much of the debate about the ‘best’
analytical technique to employ, and also the most
appropriate chemometric approach to be used on
the data is fruitless if the analytical scientist does
not consider the data in the context of the archaeo-
logical or conservation questions to be answered.
To solve complex problems in this area of research
collaboration between analytical scientists, archaeo-
logists, conservators, restorers, and art historians is
crucial.

Instrumental Techniques

It is perhaps not a surprise to learn that most modern
analytical instruments have their place in archaeo-
metric and/or conservation research. Many tech-
niques are used extensively to study ceramic and
metallic specimens or to identify pitting, weathering
crusts, inclusions, efflorescence, and corrosion prod-
ucts on the surface of samples taken from specimens.
In addition, the homogeneity of materials of mixed
composition is examined, the results of previous res-
torations are assessed, and the major, minor, and
trace element compositions of samples are recorded.
A selection of instruments commonly used in
archaeology and conservation research is given be-
low. Detailed descriptions of the instruments can be
found in the relevant articles in this encyclopedia.

Visual Examination of Surface
Topography

Optical Microscopy

The optical microscope is the primary analytical
technique of conservators and archaeologists to
investigate surface topography, and to assess deteri-
oration products of ceramic and metallic specimens.
Although not a sophisticated analytical technique,

the optical microscope is widely available in museum
and conservation laboratories. Automatic scanning
interference microscopes (for example, Nomarski in-
terference microscopy) are also used to obtain sur-
face maps when estimations of the vertical height
differences of surface features are required.

Scanning Electron Microscopy

The use of electrons instead of a light source provides
much higher magnification (>10000 x ) of speci-
mens, unique imaging, and the opportunity to per-
form elemental analysis and phase identification.
Scanning electron microscope (SEM), which provides
a maximum lateral resolution of 10 nm, is used ex-
tensively to examine closely spaced topographical
features of metallic and ceramic samples. The in-
creased depth of field allows a large amount of the
sample to be in focus at any one time, thus several
areas of a sample can be examined without alteration
of the field of view. Weathered and unaltered areas of
a surface can be compared in one sample. Its main
disadvantage is that samples are required for analysis
and ceramic materials need to be coated to prevent
charging. However, the combination of high magni-
fication and resolution together with the large depth
of field make it possible to study samples less than
0.1 mm in size.

Environmental Scanning Electron Microscopy

When surface coating of ceramic materials is not
appropriate environmental scanning electron micro-
scope (ESEM) can be used. Whereas conventional
scanning electron microscopy requires a relatively
high vacuum in the specimen chamber to prevent
atmospheric interference with primary or secondary
electrons, an ESEM instrument uses a thin membrane
to separate the specimen chamber from the vacuum
system. Thus, nonconducting samples can be analy-
zed without charging, and hydrated specimens can be
analyzed without fear of dehydration in the vacuum.

Elemental Determination of Surfaces
by Electron Beam Methods

Energy Dispersive Spectroscopy

Elemental analysis of surfaces in SEM is performed
using energy dispersive spectroscopy (EDS), which
measures the energy and intensity distribution of
X-ray signals generated by the electron beam striking
the surface of the specimen. The elemental compo-
sition at a point, along a line, or in a defined
area, can be easily determined to a high degree of
precision. Elemental maps are often used to locate
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areas rich in elements present in concentrations
greater than 1% by weight. The electrons penetrate
a depth of 0.02-1.0 um into the sample and so care
must be taken to prepare samples appropriately if
information about the bulk is required. EDS is used
extensively for examination of metallic and ceramic
specimens, and their associated weathering crusts or
corrosion products.

Electron Probe Microanalysis

Electron probe microanalysis (EPMA) (also known as
wavelength-dispersive electron microprobe analysis)
is used in the analysis of artifact composition; this
technique is similar to X-ray fluorescence (see below)
and is useful for studying small changes in compo-
sition within the body of an artifact as the penetration
depth is up to 5 um. Excellent qualitative or quanti-
tative determination of elements can be obtained with
an atomic number greater than §, although instru-
ments that can detect elements only above oxygen are
common in conservation laboratories. Lower detec-
tion limits (down to 100mg kg~ ') than EDS can
be achieved by EPMA, which can detect minor and
trace elements in a sample. Standards can be used to
obtain quantitative information. Samples prepared
for analysis are generally flat, and the microprobe
analyzer is designed to allow small amount of x and y
translation rather than the full specimen manipula-
tion that is typical of SEM (for example, full rotation
and tilt). It is extremely useful for identification of
elements in metallic or ceramic specimens, and to
examine elements used to color, opacify, and clarify
glass. Care must be taken with the analysis of glasses
as the beam can heat the sample and cause the
migration of alkali ions at the surface of the glass. As
with EDS, the process is nondestructive for metallic
samples, although nonconducting materials need to
be coated and prepared as polished sections before
insertion into the vacuum.

Auger Electron Spectrometry

Auger electron spectrometry (AES) is not used as
widely as SEM-EDS or EPMA. It has a limited use in
the field of archaeology and conservation, possibly
due to the limited penetration depth of the sample
(less than 100 A is not unusual), although research
has been successfully undertaken with glass speci-
mens. The sample (maximum size ~18 mm x 12 mm)
can be scanned to survey the elemental composition
of the analyzed surface, or to quantify elements
present to detection limits of 0.1%. The lateral dis-
tribution of elements on the surface can be resolved
to 0.3 um.

Elemental Determination of Surfaces
by X-Ray Methods

X-Ray Fluorescence Spectrometry

The composition of a specimen is often determined
by X-ray fluorescence (XRF) spectrometry, which
performs rapid, qualitative, and semiquantitative de-
termination of major and minor surface elements.
Although both wavelength- and energy-dispersive
(ED) analyzers can be used to detect the secondary
X-rays, ED-XRF instruments are more common for
the compositional determination of archaeological
and conservation samples. Detection limits of
~0.1% are expected; therefore, the analysis is dif-
ficult for trace elements. A laboratory XRF system,
commonly used to quantify elements in metal and
ceramic samples (noninsulating materials need to be
coated), is considered to be an indispensable tool. As
with all these surface analytical techniques, care has
to be taken that weathering products (thick patinas
or corrosion crusts) do not obscure bulk analysis
results. Thus, samples are normally prepared to
provide a flat polished surface to produce quanti-
tative results.

Whole objects can be analyzed at ambient condi-
tions using either a radioactive source (used for field
investigations) or an X-ray tube. The advantage of
the radioactive source is that it reduces the overall
weight of the instrument, but the sensitivity is re-
latively poor due to the low photon output of the
source. Legislation also restricts the transport of ra-
dioactive sources. In contrast, an instrument utilizing
an X-ray tube as the source has found much greater
use in conservation as the sensitivity is increased by
an order of magnitude. This set up is commonly used
for the analysis of whole archaeological objects, al-
though care must be taken as radiation burns have
been observed, and lead-containing glass has been
known to discolor.

X-Ray Photoelectron Spectrometry

X-ray photoelectron spectrometry (XPS) is used to
determine major and minor element compositions of
metallic and ceramic surfaces. It can also be used to
determine the oxidation states of ions on the surface
of a sample. However, it has a limited depth pene-
tration of 2-20 atomic layers and so the measure-
ments taken will be greatly influenced by the method
of sample preparation. The ability to characterize
elements with atomic numbers less than 10, coupled
with the ability to analyze samples smaller than
1.5 cm?, make this technique particularly useful for
the colorants and clarifying agents used in glasses
and ceramics. For example, it has been used to
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identify the oxidation states of copper on blue color
Egyptian glass.

Elemental Determination of Surfaces
and Bulk Materials by Particle
Methods

Particle-Induced X-Ray Emission

Particle-induced X-ray emission (PIXE) is a tech-
nique that induces characteristic XRF by bombard-
ing the surface of the sample with photons or helium
ions. As a result of its low detection limits (between 1
and 100 ppm) for samples weights of a few milli-
grams, and the higher sensitivity obtained compared
to XRF, PIXE is used to detect trace elements as well
as major and minor elements. Thus, it is a technique
of great importance in provenance studies. Indeed, it
is often described as one of the most powerful meth-
ods for identifying the technology processes in arch-
aeometallurgical investigations. Normally, samples
are placed in a vacuum chamber and most instru-
ments can accommodate samples sizes up to 3 mm?.
Further advantages of this technique are that the in-
strument can be modified, separating the vacuum
system from the sample chamber, permitting exam-
ination of specimens without sampling or charging.
The penetration depth is ~ 10 pum, and as such it can
indicate the bulk sample composition if surfaces are
polished to remove tarnish, patinas, or weathering
crusts prior to analysis. However, ion beams pro-
duced by accelerators in PIXE are expensive, and
thus there are limited instruments available in cons-
ervation laboratories.

Neutron Activation Analysis

Neutron activation analysis (NAA) is an important
technique for performing both qualitative and quan-
titative multielement analysis of major, minor, and
trace elements in the surfaces and interiors of a
sample. For many elements NAA offers sensitivities
that are superior to those attainable by other meth-
ods, on the order of parts per billion or better. In this
technique neutrons interact with the target nucleus
via a nonelastic collision, and a compound nucleus
forms in an excited state. The excitation energy of
the compound nucleus, due to the binding energy of
the neutron with the nucleus, will be lost almost
instantaneously as it de-excites to a more stable
configuration through emission of one or more char-
acteristic prompt gamma rays. In many cases, this
new configuration yields a radioactive nucleus that
also de-excites (or decays) by emission of one or
more characteristic delayed gamma rays, but at a

much slower rate according to the unique half-life of
the radioactive nucleus. The process is nonde-
structive (although the tube placed into the reactor
only has a diameter of ~ 5 cm), if radiation times are
chosen carefully so that samples do not remain ra-
dioactive for long periods of time. Further advan-
tages of this technique are that minimal sample
preparation is required and very small samples can
be examined to obtain low detection limits. One di-
sadvantage is perhaps accessibility as nuclear re-
search reactors are required. Despite this, NAA is
frequently applied to study the provenance, color-
ants, and opacifying agents in glass and ceramics,
and metal specimens.

Secondary lon Mass Spectrometry

The ultrahigh vacuum technique of secondary ion
mass spectrometry (SIMS) is the most sensitive of all
the commonly employed surface analytical tech-
niques. There are a number of variants of the tech-
nique; for example, static SIMS is used to examine
submonolayer elemental analysis, dynamic SIMS is
used to obtain compositional information as a func-
tion of depth below the surface, and imagining SIMS
is used for spatially resolved elemental analysis.
Specimens commonly examined by SIMS are
~2.5cm in diameter and 1cm thick. When ceramic
materials are examined, sample charging is prevented
by flooding the surface of the sample with an electron
beam. Dynamic SIMS is of great interest and has
been used to study changes in elemental composition
from weathered or corroded surfaces of samples into
the bulk matrix.

Compositional Analysis of the Bulk
Using Powdered Samples or Solutions

X-Ray Diffraction

X-ray diffraction (XRD) is frequently used to study
the crystalline phases present in powdered ceramic
samples, or to examine their weathering products,
efflorescence samples on the surface of deteriorated
ceramics, and metallic corrosion products. The char-
acteristic patterns produced are identified by com-
parison with those held in a database of known
inorganic and organic phases. Although a wide range
of diffractometers are available in museum cons-
ervation laboratories from the Debye-Scherrer cam-
era (for single crystal analysis) to diffractometers that
allow analyses of whole objects, most instruments
used in archaeological or conservation labs are
designed to analyze small samples of powders (des-
tructive analysis).
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Atomic Absorption Spectrometry

Atomic absorption spectrometry (AAS) (in combina-
tion with XRF) has been used to examine a variety of
metal alloys including European Medieval brass ob-
jects, glass specimens (Egyptian, Renaissance Vene-
tian, and medieval Scottish cathedral glass) and to
determine the composition of corrosion crusts on
metal surfaces. It is also used to track changes in the
composition of specimens after accelerated aging ex-
periments. The specimens need to be drilled into the
bulk to produce sample weights between 0.015 and
0.5 g. Samples are digested to produce solutions that
are analyzed to determine the concentration of metal
ions in solution. The technique offers excellent detec-
tion limits permitting trace element analysis (~0.1-1
ng ml~' for a furnace and 10ng ml~'=1pg ml~’
for a flame atomizer). However, a disadvantage of the
system is that elements are detected sequentially as
the light source used is changed for each element.
Thus, it is not suitable for screening tests, and some
prior knowledge of the elements expected is desirable.

Inductively Coupled Plasma-Atomic Emission
Spectrometry

The sample being analyzed is introduced into the
plasma as a fine droplet aerosol. Light from the dif-
ferent elements is separated into different wave-
lengths by means of a grating and is captured by
light-sensitive detectors. This permits simultaneous
analysis of up to 40 elements and inductively coupled
plasma-atomic emission spectrometry (ICP-AES) is
consequently a multielement technique. In terms of
sensitivity, ICP-AES is generally comparable to flame
atomic absorption, for digestion of sample sizes bet-
ween 0.1 and 0.5g. The disadvantage is similar to
AAS in that it is a destructive technique; however, it
has been extensively used for the determination of
deterioration products removed from the surface of
specimens, and to assess the effect of accelerated
aging experiments. To reduce detection limits further,
and for the analysis of complex unknowns ICP-mass
spectrometry (MS) is used. Laser ablation ICP-MS
has been used for the direct sampling of metals. The
sample preparation required is reduced significantly;
however, the penetration depth is only 10 pm, so care
has to be taken not to misinterpret the results.

Lead Isotope Ratio Analysis

The ratios of the four lead isotopes (Pb>**, Pb*°°,
Pb?%7, and Pb**®) in a lead ore specimen will depend
upon the geological age of deposition of the ore.
Thus, the lead isotope ratios are used to source the
deposit used to produce archaeological objects con-
taining lead. Destructive sampling of the specimen is

necessary, although specimen sizes can be as small as
1mm?>. The sample preparation is lengthy and
involves the initial dissolution of samples in hydro-
fluoric and perchloric acids and dissolution of resid-
ual solids in dilute nitric acid. The lead is then
precipitated from the nitric acid as lead sulfide,
which is evaporated onto a filament coated with sat-
urated boric acid, and subsequently heated to
produce a fused boric oxide/lead sulfide bead. The
concentration of the lead isotopes in the specimen are
then determined using ICP-MS. The technique has
been applied to study lead alloys, and ancient glass
materials with high lead oxide contents such as red
and yellow opaque glasses.

lon Chromatography

Water-soluble salts in stone, ceramics, and pottery
are commonly assessed using ion chromatography
(IC). The technique has also been used extensively to
determine the composition of efflorescence salts on
the surface of deteriorated ceramics and glass spec-
imens, and to investigate the change in composition
of specimens after accelerated aging experiments.
Sample quantities range from 1 mg to a few grams,
depending on the concentration of soluble ions in the
sample. Detection limits are in the low parts per
million range for most anions and cations (better
detection limits can be achieved if ultraclean water
sources are used to prepare the eluent, standards, and
samples). Thus, the technique is commonly used to
study differences in trace element compositions.

See also: Activation Analysis: Neutron Activation.
Atomic Absorption Spectrometry: Principles and
Instrumentation. Atomic Emission Spectrometry:
Inductively Coupled Plasma. Mass Spectrometry: Arch-
aeological Applications. Microscopy Techniques: Scan-
ning Electron Microscopy. Surface Analysis: X-Ray
Photoelectron  Spectroscopy; Particle-Induced X-Ray
Emission; Auger Electron Spectroscopy. X-Ray Absorp-
tion and Diffraction: X-Ray Diffraction — Powder. X-Ray
Fluorescence and Emission: X-Ray Fluorescence
Theory.
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Introduction

Examination, conservation, and restoration of
paintings (easel painting, wall paintings, and murals)
have been undertaken almost as long as painting
has been practiced. Since early articles reported the
result of analyses of artists’ materials in the late
eighteenth century, the subject has emerged as a
serious scientific area of research. It is perhaps fair
to comment that the expansion of knowledge of
artists’ materials correlates with the development
of improved analytical instrumentation capable of
determining the composition of materials on a micro-
scopic level with accuracy and precision. As the level
of sophistication of instruments, and data manipu-
lation techniques, increase so does our interpretation
of analytical data providing a greater understanding
of the materials used, their stabilities, and past tech-
nologies used to produce artworks. The main em-
phasis of this article is to discuss, briefly, many of the
analytical instruments involved in the conservation
of art works such as easel and wall paintings, murals,
and illustrated manuscripts. This short article is not
intended to be an exhaustive list of techniques used,
but to indicate the great importance of analytical
science in this area of research. Thus, in addition
to the introductory sections, the article contains
five short sections dedicated to (1) microchemical
tests, (2) optical investigations, (3) the identification
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of traditional and synthetic pigments, (4) identifi-
cation of resins, waxes, and glues, and (5) the use
of lasers in modern day studies of art. Further rea-
ding is recommended to explore the many detailed
case studies that employ specific analytical tech-
niques.

Why Do We Study Works of Art?

Many studies implemented focus on identification of
pigments and binding media used in an artwork, or
they study the artwork as a whole. It is often argued
that the most important reason for identification of
pigments is for the purpose of restoration. Where
possible, original pigments (or a combination of safer
alternative pigments) should be used to in-paint
damaged areas of a painting. However, the types
of pigments used in paintings also provide informa-
tion to:

1. establish its origin, thus aiding provenance stud-
ies;

2. detect forgeries (for example, the year in which a
synthetic pigment was synthesized can act as a
marker, or the pigments identified are assessed to
see whether or not they would have been used on
a work of art by a particular artist at a certain
period of time);

3. identify which pigments should be used in cons-
ervation of a painting;

4. assess the stability of the painting should it expe-
rience increased exposure to light, heat, relative
humidity, or pollution (for example, inorganic
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pigments are generally more photostable and can
be exposed to a higher light lux than organic
pigments, which are prone to photochemical
degradation);

5. understand the development of artistic styles.

Organic materials used as painting media (such
as drying oils, waxes, gums, resins, egg, milk, and
animal glues) are also subject to analytical scrutiny.
Before the development of synthetic pigments artists’
techniques differed more in the binding media
than in the pigments used, thus examination of bin-
ding media has considerable importance for the
study of paintings and their associated techniques.
Identification of the exact organic component used
is difficult even when the artwork is in a pristine
condition. The analysis is made even more difficult
when the materials examined have undergone some
form of deterioration over time. In addition, artists
frequently experimented with different, less com-
mon, formulations and additives. For example, in
the late eighteenth and early nineteenth centuries,
terpeniods (balsams, resins, turpentine), prepolymer-
ized plant oils, and waxes were commonly added
to modify oil paint. Many of these oil paintings
are now showing evidence of failure such as
shrinkage, darkening, and flaking. Identification of
the presence of additives that may have exacerbated
the deterioration in small paint samples is a difficult
analytical task. For these reasons identification of
binding media is one of the most difficult questions
addressed by analytical scientists working in this area
of research.

Preventive conservation of the full artwork is
becoming increasing more important in recent
years. Unfortunately, damage to artwork is com-
mon and forms of deterioration include structural
damage such as detachment and loss of paint layers,
distortions in the canvas, and structural decay
of the painting’s support. Chemical changes can
cause discoloration of paint and varnish layers,
and changes in the chemical composition of the
support. The changes can occur naturally over
time or they can be invoked or exacerbated by
changing environmental factors such as temperature,
relative humidity, light, and pollution. The full pain-
ting is studied to determine whether or not the
artwork will be stable under certain environmental
conditions imposed during storage or display. Often,
test panels are prepared, dried under normal and
accelerated aging conditions, and the materials
are studied before and after aging to help predict
the future stability of materials, or to select appro-
priate conditions to protect the artwork for years
to come.

What Are the Analytical
Considerations?

There are different categories of examination that
must be considered in any conservation or restora-
tion treatment. First, information is gathered about
the history surrounding the artwork from the mate-
rials and techniques used in its construction, to
previous conservation or restoration treatments. The
analytical procedure is initiated at the next step,
which involves the technical examination of the art-
work. One of the main considerations is in the se-
lection of appropriate instrumentation. The choice of
instruments used in the study will be based upon
consideration of factors such as the ability to per-
form nondestructive analysis, the instrument’s detec-
tion limits, the sensitivity of the response, sampling
requirements (including the preparations involved),
availability of instrumentation, and cost. To date, a
large range of equipment has been used to examine
works of art and often more than one technique is
used to solve a particular problem. Knowledge of the
limitations of each instrument used is imperative as,
for example, the analytical scientist must be able to
distinguish between the absence of an expected anal-
yte due to loss or deterioration rather than detection
limitations. It is equally important to realize that the
selection criteria must also consider the form of
analytical data required to answer the carefully
derived, relevant problem.

Sampling is a controversial topic when working
with valuable works of art, or where extremely small
amounts of a sample are taken from a work of art.
Nondestructive methods of analyses are usually the
goal of the restorer or conservator. However, even
when artworks can be examined noninvasively there
are handling, storage, transport, and security issues
to be considered if the artwork needs to be removed
from its location and taken to a laboratory for ana-
lysis. For these reasons, where possible, samples are
removed in situ from artworks to carry out the iden-
tification. In general, sampling is often permitted for
paintings (microscopic samples are removed from
damaged areas); however, it is almost never permit-
ted for manuscripts owing to their fragility. Finally, it
is important to ensure that the microscopic sample
taken from the artwork is representative of the ma-
terials used in the painting, and that the samples are
retained with the conservation documentation.

Microchemical Tests

In conservation laboratories microchemical tests
are used to identify metal ions in pigments. Before
the test is applied it is necessary to remove insoluble
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organic resins that have encapsulated the pigment
by wet-ashing the sample with hot perchloric acid.
If the residue is not water soluble at this stage a
drop of aqua regia is added and the wet-ash stage is
repeated. Metal ions present in the digested samples
can then be determined. For example, lead ions
precipitate as thin yellow hexagonal plates when a
very dilute drop of aqueous potassium iodide is
mixed with a very dilute solution containing lead
ions. For those metal-containing pigments that do
not dissolve in either perchloric acid or aqua regia
(for example, chromium oxide, cobalt blue, quartz,
smalt, titanium white), insolubility is in itself an in-
dication of the pigment used, although further tests
are required for conclusive identification. A wide
range of screening tests are also available for the
study of oil or proteinaceous binding material in
paint cross-sections.

Optical Examination of Pigments

Because of its low cost and widespread availability,
polarized light microscopy (PLM) is one of the most
common and useful instrumental aids for the iden-
tification of pigments from detached paint samples,
their cross-sections, or dispersions. A number of
characteristics are used in combination to identify
pigments including shape, size, transparency, associ-
ation, homogeneity, color, pleochroism, refractive
index, bifringence, sign of elongation, and extinc-
tion. The technique is particularly useful for identi-
fying amorphous substances such as smalt, cobalt
blue, Van Dyke brown, and charcoal, and to differ-
entiate between pigments that have the same com-
position but differ in source or processing, e.g.,
whiting as chalk, limestone, or precipitated calcium
carbonate. It should be emphasized, however, that
correct answers will only be obtained after the an-
alytical scientist masters the skill of PLM.

The Use of Modern Analytical
Equipment to Identify Traditional and
Synthetic Pigments

A wide range of analytical techniques is necessary to
provide an unambiguous identification of pigments
in a sample. Elemental techniques are often used,
such as scanning electron microscopy (SEM) with
energy-dispersive spectroscopy (EDS), X-ray fluores-
cence (XRF) spectrometry, scanning electron micro-
probe analysis (EPMA), X-ray photoelectron spec-
troscopy (XPS), particle-induced X-ray emission
(PIXE), neutron activation analysis (NAA), atomic
absorption spectrometry (AAS), inductively coupled

plasma-atomic emission spectrometry (ICP-AES),
and inductively coupled plasma-mass spectrometry
(ICP-MS). Further information on the use of these
techniques in archaeological or conservation re-
search is given elsewhere. Often, more than one tech-
nique is required to confirm the range of pigments
contained in any one sample, for example, where
inorganic pigments can be dissolved they are
examined using AAS, ICP-AES, or ICP-MS. Solid
samples are more commonly examined by techniques
such as XRFE, PIXE, or SEM-EDS. Although less
common, NAA has been used to examine underlying
paint layers of a sample. Immediately after irradia-
tion a series of photographic films are placed in
contact with the surface of a painting. Upon
development the films show the distribution of
pigments that contain radioactive materials at the
time of exposure. Different autoradiographs are
obtained depending on the decay times of the radio-
active elements in the sample. This form of analysis
is used to study elements in various pigments used
in the seventeenth century such as Mn, Cu, Na, As,
P, Hg, Co.

Other techniques are used to identify pigments
based on their molecular fragments. These tech-
niques include UV-visible reflectance spectroscopy,
infrared (IR) spectroscopy, mass spectrometry, and
X-ray diffraction (XRD). Some thermal methods ex-
ploit differences in physical characteristics that are
sensitive to the bulk properties of a paint sample.
Differential scanning calorimetry (DSC) and thermal
gravimetric analysis (TGA) are often used. Finally,
separation techniques such as liquid chromatography
(LC) have been used to identify a wide range of dyes.

Overall, it is important that the chosen techniques
produce informative data from microscopic samples,
even a single grain of pigment if necessary, and that
signals from other materials do not interfere during
the analysis. The choice of which technique to use
depends on whether or not it can be applied in situ,
its specificity, sensitivity, spatial resolution, and im-
munity to interference. For example, IR is highly
specific and particularly useful for organic pigments,
but it is prone to interference from binders and sup-
ports. SEM-EDS provides good spatial resolution
but is not normally applied iz situ, or without coa-
ting the pigment with a good electrical conductor.
XRF is not as useful for organic pigments as they
contain light elements. Noncrystalline pigments such
as van dyke brown, bitumen, lamp black, and smalt
are amorphous and cannot be analyzed by XRD. The
experiences and knowledge of both the analytical
and conservation scientists are therefore important
when deciding on the most appropriate analytical
technique to employ.
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Separation Techniques for the
Analysis of Organic Binding Media

Materials used as ancient painting media are com-
plex mixtures of organic compounds including
resins, oils, waxes, animal glues, egg, and milk em-
ployed alone or in combination. The molecular
structures of many of these individual components
invariably become even more complex with age, as a
result of oxidative changes, the joining of molecular
units by polymerization, and the cross-linking and
molecular scission of some components. As the iden-
tification of binding media in paintings is one of the
most difficult questions addressed by analytical sci-
entists, the procedures used to elucidate the compo-
sition of such mixtures must include separation steps.
Thin-layer chromatography is used to identify oils,
resins, and waxes using silica stationary phases. For
oils (such as linseed, walnut, and poppy seed) and
egg yolk, a liquid phase containing hexane and di-
ethyl ether is used to separate the analytes in the
sample and the spots are developed using iodine
vapor. For the study of resins such as shellac, copal,
and seedlac, chloroform is used as the liquid phase
and spots are developed with 20% antimony penta-
chloride in chloroform. A 9:2:1 mixture of chloro-
form—diethylether—formic acid solution is used to
resolve waxes such as beeswax and paraffin wax af-
ter development of the plate using 20% antimony
pentachloride in chloroform.

Analysis of oils and proteinaceous binding mate-
rials are often performed by gas chromatography
(GC) with flame ionization detection. Before analysis
the oils are first transformed into their corresponding
free fatty acids, and the proteins into their amino
acids. The hydrolyzed samples are then derivatized to
produce volatile products before they are injected
into the GC instrument. With its lower detection
limits, higher sensitivity, and ability to identify un-
knowns, GC-mass spectrometry (MS) is the most
widely accepted technique for the analysis of tradi-
tional binding media in oil paintings. It is also used
for the determination of modern synthetic binders
that contain high molecular weight polymeric
materials such as polyvinyl acetate; thermally labile
fragments are introduced to the system via a
pyrolysis analyzer. Considerable success has also
been achieved for the analysis of proteinaceous me-
dia (collagen, animal, and fish glues) by LC after
hydrolysis of the samples and derivatization with
phenyl isothiocyanate. For example, using this meth-
od high quantities of hydroxyproline are used to in-
dicate the presence of collagen, animal or fish glues,
whereas trace quantities of this analyte indicate the
presence of egg white or egg yolk.

To assess the stability of, and the effect of changing
environmental factors on, binding media reconstruct-
ed paint formulations are often subjected to acceler-
ated aging tests. Chemical and physical changes in
the components are studied to help determine how,
for example, the mechanisms of oxidation and cross-
linking of an oil paint are affected by increased tem-
perature and humidity over time. Changes in the
molecular weight distribution of additives have been
assessed using size-exclusion chromatography with
refractive index and ultraviolet detection. To assess
subtle changes in composition it is common to use
more sophisticated (often coupled) techniques. For
example, direct temperature resolved mass spect-
rometry and electrospray Fourier transform MS have
been used to examine chemical changes in the
triglyceride composition of oils as a result of
oxygenation and cross-linking. Thermally assisted
hydrolysis and methylation pyrolysis GC-MS has
been successfully used for the analysis of traditional
oils and natural resins, a technique that is not only
very sensitive but also involves minimal sample prep-
aration.

Pigment and Media Analysis Using
Laser-Based Technologies

Laser-based analytical techniques — such as laser in-
duced fluorescence (LIF), laser induced breakdown
spectroscopy (LIBS), and Raman spectroscopy — are
also used for the identification of pigments, binding
media and varnishes. In all techniques a low-intensity
laser is used to excite an extremely small area of a
paint sample. The signals generated provide infor-
mation that can be directly related to reference sam-
ples of the molecular structure of pigments, inorganic
and organic binding media.

Using LIF both inorganic and organic fluorescent
species can be identified by interpretation of the
broadband fluorescence spectra they produce. The
spectrum obtained is characteristic of the species un-
der examination. However, one limitation of LIF is
the analysis of pigments that have low fluorescence
quantum yields, they are almost impossible to detect
especially in the presence of fluorescent impurities.

LIBS is strongly recommended for elemental ana-
lysis of cross-sections as the majority of encrustations
and overpaint layers, as well as pigments, contain
metals. One of the main advantages of this technique
is that extremely small samples can be examined
(0.1 nm) compared to traditional methods of analysis
by Fourier transform infrared where a few milli-
grams are needed, even with a diamond cell instru-
ment. No further sample preparation is required as
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the sample is ablated creating a microscopic crater
only several tenths of a microgram in diameter and
0.1um in depth. Thus, the technique is normally
attributed as noninvasive. LIBS offers exceptional
selectivity as a result of sharp line emission spectra.
The individual frequencies and relative proportions
of the atomic emission lines provide characteristic
fingerprints for most elements providing un-
ambiguous identification. Although there may be
interference from background emission from the
organic matrix in which the pigment is dispersed.

Raman microscopy has become a powerful tool in
the investigation of pigments and organic media in
paintings. The high spatial resolution of the micro-
scope makes it possible to examine individual grains
of pigment in a sample. Fluorescence from binders
can be minimized using an aperture at the secondary
focus of the scattered radiation. If the pigment itself
fluoresces the excitation wavelength of the laser can
be altered to a lower frequency to significantly reduce
the fluorescence. On excitation of the sample the in-
elastic, Raman, scattering gives rise to many bands,
which are known collectively as a Raman spectrum.
The spectra are highly specific in wavenumber, in-
tensity, and bandwidth to the sample, and thus
provide a unique fingerprint of the sample. In a typ-
ical setup a microscope is coupled to a spectrometer
with a sensitive diode array or CCD detector. There
are some limitations; for example, certain organic
pigments are photosensitive, or fail to yield a Raman
spectrum owing to their small particle size and/or
high degree of dilution (such as a lake). The nonde-
structive nature of Raman microscopy, together with
the possibility of in situ, highly specific analysis,
makes it especially useful for analysis of illustrated
manuscripts where sampling is not normally permit-
ted. Moreover, illustrators, even in medieval times,
preferred to use inorganic pigments since these colors
where known to be less fugitive.

See also: Activation Analysis: Neutron Activation. Arch-
aeometry and Antique Analysis: Metallic and Ceramic
Objects; Organic and Biological Materials. Mass Spect-
rometry: Archaeological Applications. Paints: Water-
Based; Organic Solvent-Based.
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Introduction

This article concerns the application of analytical
biochemical techniques to preserved organic remains
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Table 1 Summary of the main methods used in the identification and characterization of a selection of ancient organic materials

Material Methods used

Purpose

Bone and teeth aDNA
Bone and teeth
Parchment
Parchment

Pottery residues
Pottery residues
Stone tool residues
Resins

Soil lipids

Stable isotope analysis

aDNA

Immunochemistry

GC/MS, GC-IR-MS, Pyr-GC-MS
Immunochemistry

Immunochemistry

GC/MS, GC-C-IR-MS, Pyr-GC-MS
GC/MS, GC-C-IR-MS, Pyr-GC-MS

Identification of species of origin, phylogenetic analysis, sex
determination, pathogen identification

Determining diet and place of origin

Identification of species of origin

Identification of species of origin of proteins

Identification of lipid origin, especially plant and animal fats

Identification of species of origin of proteins

Identification of species of origin of proteins

Identification of plant of origin

Identification of lipid origin, especially manure

recovered from archaeological or historical contexts.
The preserved material is often greatly altered com-
pared to its modern counterparts; therefore, modified
extraction procedures are required, as are a number
of tests to determine the degree of preservation. This
research area has grown rapidly in recent years,
driven by advances in technology, especially in the
ability to measure very small samples, which is nec-
essary as many of these methods are destructive, and
the material of interest is often rare. The goal of re-
search in this area is to both correctly identify and
isolate biomolecules of interest, and then derive in-
formation of archaeological or historical interest
from them (Table 1). Because of this focus, this area
of archaeological science research is often termed
‘biomolecular archaeology’.

Ancient DNA (aDNA)

DNA has been successfully recovered from a range of
ancient organic materials, including tissue, bone, and
teeth. The methods used are derived from standard
biomolecular techniques of DNA extraction, ampli-
fication, cloning, and sequencing, but are modified to
account for the degraded state of the DNA. The goal
of this area of research is twofold; to first recover
intact DNA, and to then sequence the DNA. The
may be done to simply determine biological species,
or it can be used to determine the phylogenetic af-
finities of ancient samples.

aDNA Application: Human Bone and Teeth

aDNA extracted from human bone and teeth can
potentially be used to determine the sex of an
individual, provide phylogenetic information, indi-
cate familial relationships, and identify the presence
of disease pathogens. However, much of this poten-
tial is yet to be realized as this area has been greatly
hindered by the problem of contamination by mod-
ern human and pathogen DNA. aDNA is often
present (if at all) in significantly smaller quantities

than in modern bone and teeth, and is often fragmen-
tary. As there is so little aDNA the sequences need to
be amplified using polymerase chain reaction (PCR),
which is where the errors can occur. PCR is designed
for modern DNA, and therefore can better amplify
modern intact molecules than fragmentary ancient
ones. Contamination of samples can occur in both
the field and the museum, as modern DNA can be
introduced to the bone or tooth through handling the
samples, or during cleaning of the samples. Contam-
ination in laboratories is also a problem, although
most modern laboratories have adequate procedures
in place to limit this.

Researchers have endeavored to extract and
amplify mitochondrial DNA (mtDNA) as well as
sections of nuclear DNA from ancient samples.
mtDNA is inherited maternally, so the sequence
can show maternal lineage, and modern (living) hu-
man mtDNA sequences have been used to attempt
to reconstruct the genetic history of Europe, focus-
ing on whether extant peoples are descendents of
Palaeolithic or Neolithic peoples, or even later migra-
tions. This area of research is problematic even with
modern humans, and with the problems of contam-
ination it is nearly impossible with ancient samples.
Recent research has shown, for example, that
damage to the DNA can cause changes in the se-
quences that mimic other mtDNA sequences, so for
example, a ‘European’ mtDNA sequence could be
altered upon burial to resemble a ‘Near Eastern’ se-
quence. The great success of this research has been
the successful extraction and sequencing of a number
of Neanderthal mtDNA sequences, which showed
that Neanderthals had significantly different mtDNA
sequences than all of the living humans currently
sequenced, and were therefore our ‘cousins’ and not
direct ancestors.

Nuclear DNA sequences could provide significant
information on phylogeny, familial relationships, and
genetic disorders, but aDNA is often so fragmentary
that it is difficult to sequence. Also, researchers
are currently working on understanding the modern
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human genome, so we cannot hope to understand the
functions of past gene sequences until we understand
modern ones. Some work has been undertaken on
trying to use DNA to sex individuals, looking for the
presence of the Y chromosome to indicate a male
sequence. Again, contamination is a very significant
problem here and this method is controversial.

A third area of aDNA research is the attempts to
identify and amplify pathogen DNA from bone.
Again, this method is in its early stages and almost all
of the results published so far have been challenged.
A major problem with this analysis is that the
pathogen DNA is likely to be present in extremely
small concentrations, if it has survived at all. A
number of researchers have attempted to identify the
pathogen that causes tuberculosis (Mycobacterium
tuberculosis) with some success. However, it is im-
portant to note that the presence of this pathogen
does not mean that the person actually had the dis-
ease, but could simply have been a carrier.

Due to contamination problems, most aDNA re-
searchers will not use curated human skeletal mate-
rial for analysis, but will only work on currently or
recently excavated material. Preferably, bones will be
excavated by people whose DNA sequences are
known, either someone from the DNA laboratory or
by a designated excavator.

aDNA Application: Animal Bone and Teeth

Following the same procedures outlined above for
human bone and teeth, it is possible to identify the
species of unidentified bone fragments, as well as
produce phylogenetic information on certain species.
For example, the sequences of living and ancient
cattle samples from Europe and the Near East have
been sequenced to determine when and where cattle
were domesticated. If these analyses are undertaken
in laboratories that have not analyzed modern ani-
mal samples, then there is much less concern about
contamination. For this reason aDNA analysis of
faunal samples has been among the most successful
applications of this method.

aDNA Application: Species Identification of
Organics

By extracting and then amplifying intact DNA from
organic materials it is possible to determine the spe-
cies of origin of that organic material. This is done
using a range of species-specific PCR primers. These
primers, as well as methods to characterize the DNA
extract, have to be modified to account for the very
fragmentary nature of the aDNA. With these meth-
ods, and providing that the DNA is still reasonably

intact, it is possible to identify the species used, for
example, in producing parchment. Researchers have
also been able to extract aDNA from animal cop-
rolites, providing information on the range of plant
and animal species the organism consumed.

Stable Isotope Analysis

Stable isotope analysis (SIA) method uses the stable
isotope ratios of various elements as biological trac-
ers. Human and animal body tissues are composed of
elements that are ingested through food or water.
The isotope ratios of stable isotopes of some of these
elements (e.g., C, N, S, O, H, Sr, and Pb) from food
and water are preserved in bone and teeth. There-
fore, we can measure the isotope ratios of those el-
ements in bone and teeth and then, by comparing
those values to known isotope values of possible
foods and water sources it is possible to determine
aspects of past diets (palaeodiet) as well as the
location where that human or animal consumed the
food and water (migration).

Extraction procedures vary depending on the ele-
ment of interest, and focus on purifying a specific
component of bone and teeth. As with any study of
preserved organics, contamination and degradation
of the materials of interest is a problem. Therefore,
extraction procedures are designed to both extract as
much intact molecules as possible, and then charac-
terize that component to determine the extent of
degradation and contamination.

Measurements of the stable isotope ratios are con-
ducted using mass spectrometers. For the light stable
isotopes of carbon, nitrogen, oxygen, sulfur, and hy-
drogen it is possible to use continuous flow isotope
ratio mass spectrometry. Here, the sample is com-
busted (C, N, S) in the presence of oxygen, or pyro-
lyzed (O, H) using glassy carbon, in an elemental
analyzer in a stream of helium. The resultant gases
are then passed through an isotope ratio mass spec-
trometer, which measures the relative amounts of the
two stable isotopes of interest. For the heavier iso-
topes of strontium and lead it is necessary to purify
the sample in a clean laboratory, as the concentra-
tions in bone and teeth are on the order of parts per
million or parts per billion, and then the solution is
analyzed wusing inductively couple plasma-mass
spectrometry (ICP-MS). It is also possible to use a
laser, coupled to an ICP-mass spectrometer, to ablate
bone and tooth samples, which reduces the needs for
extensive sample preparation and allows targeted
sampling of very small areas of bone and teeth.

By convention, light stable isotope values are re-
ported using the delta notation, in parts per thou-
sand. For example, the isotope ratio of the stable
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isotopes of carbon, >C and '*C, are reported as '°C
values according to the formula:

8C = (((PC/™ Coample) /(P C/* Cyandara)) — 1) - 1000

SIA Application: Bone and Tooth Protein to
Reconstruct Palaeodiet

Stable isotope analyses as used in modern and arch-
aeological dietary studies endeavors to determine the
dietary sources of carbon and nitrogen found in body
tissues by measuring the ratios of the two stable car-
bon isotopes, '*C and '>C, and the ratios of the two
stable nitrogen isotopes, '’N and '*N, in foods as
well as in the body tissues of interest. The ratios of
these isotopes are compared to known standards and
are presented as 6'°C and 6"°N values. Most of this
research focuses on isotope measurements of the best
preserved organic component of bone, the protein
collagen (which comprises ~20% of modern bone
by weight). Collagen carbon and nitrogen is largely
derived from dietary protein and likely reflects die-
tary inputs from approximately the last 10 years of
life. Carbon isotope values indicate whether dietary
protein came from marine or terrestrial sources, and
it can also distinguish between C3 and C4 photosyn-
thetic-pathway plants. Mammal collagen 6"°N val-
ues indicate the trophic level of an organism in a food
web, as there is an increase in the 6'°N value of ~2—
4% each step up the food chain. Collagen 6'°C and
0"N values are specific to regions and ecosystems,
and can also vary through time, related possibly to

climatic effects. Therefore, it is important to take the
ecosystem approach to isotope analyses and measure
the 0'3C and 6"°N values of fauna associated tem-
porally, as well as spatially, with the humans of in-
terest (Figure 1).

Additionally, studies of infant and juvenile bone
and teeth 6"°C and 8"°N values can tell us about the
age of weaning in past populations, as infants that
are breastfeeding have 6'°N values that are higher
than their mothers, which then drop to lower values
when the child is weaned onto solid food.

Sampling protocols for carbon and nitrogen iso-
tope analysis are fairly simple, as is the extraction
procedure. This method requires the extraction of
the protein collagen from bone, and then the further
purification of this collagen for isotope analysis. SIA
often requires only a few hundred milligrams of
bone, less if the bone is well preserved.

SIA Application: Bone and Tooth Mineral to Study
Migration

Bone mineral and dental enamel oxygen isotope val-
ues reflect the oxygen isotope values of the water that
a mammal consumes. If that mammal is migratory
between climatic zones that have very different
oxygen isotope ratios then the different values may
be recorded in the bone or enamel. Therefore, oxy-
gen isotopes have the potential to identify migrating
species or humans. There are many exciting possi-
bilities with oxygen isotopes of bone and enamel, but
there are also serious concerns over contamination
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Figure 1

Typical carbon and nitrogen stable isotope ratios of collagen extracted from various species. In this example the terrestrial

animals consume only C3 plants (herbivores and omnivores) or animals that consume only C3 plants (carnivores and omnivores). The
marine organisms are distinguished from the terrestrial organisms through the §'C value, which is less depleted in 'C. The §'°N

value indicates the trophic level of an organism in the food web.
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of bone and enamel by soil and groundwater oxygen.
Generally, enamel has been shown to be much more
immune to contamination than bone.

The measurements of the concentrations of various
trace elements in bone and teeth has been used to
determine past diets, but this area has largely been
discredited in recent years, due to probably insur-
mountable problems with diagenesis and the uptake
of new elements from the soil into the bone.
However, promising advances are being made using
the isotopes of some of these elements, like lead and
strontium, to determine geographical place of origin
of individuals. Currently, bone is not an appropriate
material for this analysis, due to contamination
problems, but tooth enamel is more resistant to
diagenetic changes, and in some cases, can be used
for this analysis. Usually, the whole tooth is used for
these analyses, as trace element concentrations across
the tooth need to be measured to test whether there
has been soil contamination.

Organic Residue Analysis

Organic residue analysis (ORA) focuses on the char-
acterization, primarily for identification purposes, of
ancient organic residues that have been preserved,
often because of an association with an inorganic
material. As with the other areas discussed here, re-
searchers in ORA need to modify their analytical
techniques for application to degraded and damaged
surviving organics. There has been much erroneous
identification published in the literature stemming
from an inadequate appreciation of the degraded
state of preserved organic molecules, and not
recognizing that modern techniques need to be mod-
ified for ancient samples.

This area uses a variety of analytical methods. To
identify and characterize lipids the main analytical
technique employed is gas chromatography (GC), of-
ten is association with mass spectrometry (GC-MS).
Newer advancements include the use of pyrolysis-
GC-MS and the measurement of the stable isotope
values of individual compounds in GC-C-IR-MS. To
identify proteins a range of immunochemical identi-
fication techniques are used, including enzyme-linked
immunosorbent assay and radioimmunoassay.

ORA Application: Lipid Residues in Pottery

The most successful use of these identification meth-
ods is in the identification of preserved organics in
pottery. It is likely that these residues are incorpor-
ated into the pottery through cooking, and survive as
they are associated with the mineral structure of the
pot, although the mechanisms are poorly understood.

GC-MS analysis of pottery can identify the pres-
ence of lipids derived from plant or animal sources,
using the presence and ratios of various fatty acids. It
is not possible to further define the source of the fats
using reference values for these ratios from modern
fats, as archaeological samples are greatly degraded,
which changes the relative amounts of fatty acids.
However, further identification of the source of the
lipid fatty acids is possible through the use of GC-C-
IR-MS. This significant advancement in the field
measures the §'°C values of fatty acids of interest,
allowing the identification of ruminant versus non-
ruminant fats, as well as lipids derived from milk. A
great success of this method has been the identifica-
tion of the earliest use of milk in Britain.

Other compounds in pottery that can be identified
using GC-MS are beeswax, identified by the distribution
of n-alkanes and long-chain palmitic wax esters. Plant
oils can also be possibly identified, and identification is
often enhanced through the use of GC-C-IR-MS.

Sample preparation is relatively simple. A subsam-
ple of the potsherd is ground to powder and the lipids
are then removed with the use of solvents such as
chloroform and methanol. The resulting lipids are then
derivatized before being introduced into the GC-MS.

ORA Application: Protein Residues in Pottery

A significant recent advancement in this field is the
application of immunochemical methods to identify
proteins preserved in pottery. As with the lipids, the
proteins appear to bind to the pottery and are pro-
tected and preserved. The proteins are degraded,
however, so it is not possible to use antibodies pre-
pared using modern proteins. Instead, new antibod-
ies must be created using degraded proteins, either
taken from archaeological samples, or artificially
degraded in the laboratory. There is great potential in
this method, as it could allow the identification of
specific species, whereas GC-MS and GC-C-IR-MS
only identify to broad categories. Unfortunately, re-
latively few pots have preserved proteins.

ORA Application: Organic Residues on
Stone Tools

Residues from plants and animals can be preserved
on tools made from stone such as flint or obsidian.
However, the processes involved in preserving the
organics are also poorly understood, and indeed
there has been some debate that stone is incapable of
preserving residues, apart from exceptional circum-
stances. Theoretically, the residues are deposited
during the use of the tool, whether that is through
the processing of plant or animal foods, or both.
Most of the published literature in this area relies on
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the use of immunochemistry to identify species of
origin of preserved proteins (e.g., blood proteins).
This has been confounded by the use of antibodies
made from modern materials as well as the use of
general antibodies that can give false positive results.

ORA Application: Other Residues

It is also possible to characterize other residues found in
the archaeological record. Two such residues of interest
are natural products such as resins and bitumens and
the other are lipids preserved in soils in archaeological
sites. Resins from birch bark, pine, and spruce trees
have been identified in the archaeological record using
GC-MS. These resins have been used to, for example,
haft stone tools, and seal and repair pottery. Identifi-
cation of lipids in soils is a relatively new area, and the
use of GC-C-IR-MS has been a major advancement in
this area. It is possible to identify the use of manure on
fields, which can pinpoint the first farming in a region,
as well as help identify farming methods. Additionally,
it has been possible to characterize the embalming ma-
terials used to preserve Egyptian mummies.

See also: Archaeometry and Antique Analysis: Dating
of Artifacts; Metallic and Ceramic Objects; Art and Cons-
ervation.

A Raab and J Feldmann, University of Aberdeen,
Aberdeen, UK

© 2005, Elsevier Ltd. All Rights Reserved.

Introduction

The metalloid arsenic belongs to the same group as
the essential elements nitrogen and phosphorus. Like
nitrogen and phosphorous, it forms stable oxygen
bounds, but in anaerobe environment it prefers sulfur
as binding partner. It forms stable penta- and
trivalent compounds, whereby inorganic arsenic
compounds are often found together with other
chalcophilic elements like copper or iron. Organic
arsenic compounds, containing one to four arsenic—
carbon bounds, are widespread in biological sam-
ples. Inorganic compounds of arsenic are widely used
in the metallurgy and in the semiconductor industry,
organo-arsenic compounds are among others used as
pesticides and herbicides.

Arsenic speciation is the analytical activity that
leads to the identification and quantification of a
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specific form (molecular or complex structure or
oxidation state) of arsenic in a given environment (as
derived from the IUPAC definition on speciation). It
includes sampling, sample preparation, identifica-
tion, and quantification of the species, under study,
without the induction of changes to this species. In
the following only such techniques are considered
that allow a characterization of functionally defined
species. Other techniques defining operational char-
acterized species, like the differentiation of species
into soluble and insoluble in a given solvent, are not
considered.

The knowledge of the arsenic species present in a
given matrix, e.g., water, has a large impact on the
health of living beings, since the toxicity of arsenic is
strongly depending on its molecular form. Inorganic
arsenic species were used as early as 500 Bc for their
toxic properties and their ascribed beneficial health
effects. Arsenic compounds were among others used
for the treatment of syphilis. They are still used
in some traditional medicines, like Chinese ones,
and arsenic oxide has recently been under trial for
the treatment of acute promyelocytic leukemia.
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Nevertheless, the research into the negative health
effects of different arsenic compounds is predomi-
nant, especially into the toxicity and carcinogenicity
of different arsenic species for humans.

Arsenic Species

The inorganic arsenious acid (As™) and arsenic acid
(AsV) and their salts are water soluble and present
with their high toxic and carcinogenic potential
(Table 1) a widespread problem for the water indus-
try trying to provide safe drinking water. Both species
are metabolized by most organisms to methylated
organo-arsenicals, with often a lower toxic, but not
necessarily a lower carcinogenic, potential. Organo-
arsenicals exist as do the inorganic species in the
penta- and trivalent oxidation state, whereby the pen-
tavalent state is the more stable one in oxidative envi-
ronments, like dimethylarsinic acid (DMAY) and
methylarsonic acid (MAY). Recently, the trivalent
methylated intermediates (MA™, DMA™) enjoyed
major attention, since these species show higher toxi-
city than inorganic precursors. The metabolic path-
way of inorganic arsenic to DMAY was first described
in 1945 by Challenger. It includes the alternating
reduction of pentavalent to trivalent arsenic followed
by oxidative methylation. Whereas in humans and
most mammals the arsenic metabolism ends with the
excretion of the stable pentavalent DMAY, fish and
others produce and/or store arsenobetaine, contain-
ing four arsenic—carbon bonds, and marine algae
among others produce arsenic compounds containing
a ribose moiety. Recently, labile arsenic—peptide com-
plexes, tri(-glutamylcysteinylglycinyl)trithioarsenite
(As™(GS)3) and arsenite-phytochelatin(3) (As™-PCs)
were identified in mammals and plants, respectively

(Figure 1). These different arsenic species have a wide
range of acute toxicity and carcinogenicity toward
humans, which makes the determination and quan-
tification of the arsenic species present in, e.g., food
or water, mandatory for health and safety reasons.

Analytical Strategies

Arsenic speciation can be divided into three subtasks
each depending on the others:

® sample preparation (collection, preparation, and
storage);

® separation of the arsenic species from other mol-
ecules (species) present in the sample (by hydride
generation (HG), gas chromatography (GC) or
liquid chromatography (LC)); and

® detection (element specific and/or molecule spe-
cific).

These tasks are described in the following in more
detail.

Sample Preparation

The main focus during sample collection, prepara-
tion, and storage has to be the preservation of the
arsenic species present in the original or at least to
conserve the major functional group information of
the species. Most of the pentavalent arsenic species
present in biological or environmental samples iden-
tified so far, in, for example, urine, are quite stable.
Samples containing them can be collected, prepared,
and stored without risk of species changes as long as
contamination and a change of pH and salinity is
avoided and the storage conditions are not reductive.

Table 1 Selected arsenic species occurring in the environment (E) and biota (B) and their determined acute toxicity for male mice in

mg per kg body weight

No. of R Trivalent species B E LDsg Pentavalent species B E LDsq
0 As(OH)3 V N, 4.5 (rat) H3zAsO, J J
AsHj J J 3
1 MA™ V N, MAY J J 1800
1 MeAsH, J J
2 DMA" J J DMAY J J 1200
2 Me,AsH N, J
3 MezAs (TMA'"") N J 8000 TMAO J J >10000
3 DMAE N ?
3 DMAA J J
3 Me,As—sugar—OH, —SQ,, etc. N W) >12000
3 Arsenolipids J ?
4 TMA* v N 900
4 MesAs-sugars J
4 AsC N N 6540
4 AsB J N, >10000
4 AsB-2 v ?
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Figure 1

Trivalent arsenic species need a reductive sample
environment; this is especially true for methylated
species, since these are extremely labile and sensitive
to oxygen. A similar problem is presented by arsenic
species containing sulfur, whether it is dime-
thylarsinothioic acid (DMASY), where there is a
direct arsenic sulfur bond, or arsenic species com-
plexed by sulfur containing amino acids (e.g.,
As"™(GS)5). Gas samples containing volatile arsenic
species (Me,AsH; _ ) can be stored for weeks in the
dark, but they oxidize in the presence of ultraviolet
(UV) light within hours.

Depending on the intended technique used for
separation of the arsenic species most samples need

MezAs-sugars

3
|+ CH,OH
AT—/ 2
CHs

A
T
H,c— A
CH,

HyC™
3 AsC

COO-

AsB

Molecular structures of some selected organoarsenic species occurring with some commonly used abbreviations.

to be transferred into liquid form without distur-
bance of the arsenic species. Sample matrices like
water or urine do not require much sample prepa-
ration except maybe filtration, but other matrices
like plant or tissue samples require the use of
extraction methods prior to the separation. The ex-
traction method(s) used have to be tested whether
they enable the extraction of the arsenic species
without changing the oxidation state or in case of
complexes binding partners. Many arsenic species,
like DMAY, arsenobetaine, or arsenosugars are stable
enough to survive relatively harsh extraction condi-
tions. For these methanol/water in combination with
ultrasonication is an often-used extraction method.
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Other arsenic species, like the trivalent methylated
intermediates of arsenic metabolism predicted by
Challenger, were for many years fairly elusive, be-
cause of their instability against oxygen and harsh
extraction conditions. The recently identified ar-
senic—glutathione and arsenite—phytochelatin com-
plexes suffer from the same problem, and can only be
stabilized in acidic extracts.

Generally, the sample should be measured after
sample collection as quickly as possible with as lim-
ited a sample preparation as possible. If sample
storage is necessary for some time, subsamples
should be stored under different conditions to allow
the identification of species transformation during
storage (e.g., oxidation, methylation, or demethylat-
ion). Lower temperatures, —20°C to 4°C, are gene-
rally more useful than the addition of preservatives
and acid, which may have an influence on the
speciation.

Over the years a wide range of analytical tech-
niques were employed for the speciation of arsenic,
including different separation techniques. Which
technique is used depends among others on the ques-
tion to be answered and the species to be identified.

In addition, it should be mentioned that the highest
emphasis until now is on water-soluble arsenic spe-
cies, which is reflected in the remainder of the article.
But it should not been forgotten that lipid-soluble
arsenic species (like arsenolipids) exist. However, they
need different extraction protocols using mainly lipo-
philic solvents like methanol/chloroform and differ-
ent separation techniques.

Separation of Arsenic Species

The separation technique suited depends on the com-
plexity of the sample matrix and the number of ar-
senic species present in the sample.

Hydride Generation Coupled to Gas
Chromatography (HG-GC)

HG in its simplest form allows the speciation of
inorganic As™ and As". For the speciation of samples
containing more than these two hydride-active spe-
cies, a combination with GC is necessary. Every ar-
senic species, with the exception of those carrying
four carbon bonds, can be transformed into arsines
by borohydride. Most of the arsines are volatile and
can be separated by GC. Depending on the pH used
during hydride formation a distinction between tri-
and pentavalent arsenic is in most cases possible.
Trivalent arsenic species form hydrides already at pH
7, whereas pentavalent ones are only reactive at pH 1
(Table 2). Measuring the same sample with both pHs

Table 2 Arsenic species and the arsines formed by treatment
with borohydride

Species Solution pH 1 Solution pH 7 (buffered)
As(OH)3 AsHj AsHj

H3A503 AsH3 -

MA! MeAsH, MeAsH,

MAY MeAsH, -

DMA" Me,AsH Me,AsH

DMAY Me,AsH -

TMAO MezAs MesAs

DMASY MeoAsH MeoAsH

gives therefore the ratio of penta- to trivalent arsenic.
It has to be kept in mind that the efficiency of the
hydride formation is species dependent and there
might be pentavalent arsenic species present in the
sample that form hydrides already at pH 7, like
DMASY. HG is routinely used for the determination
of inorganic arsenic species and in combination with
cryotrapping and GC for the separation of mono-
methylated and dimethylated arsenic, since these
species are easy to volatilise. Dimethylated arseno-
sugars, which can as well form volatile arsenic
species during HG, have not yet been successfully
separated by this technique.

Gas Chromatography

The volatile hydrides formed during HG with
borohydride can be separated on a nonpolar GC
column depending on their boiling point. Addition-
ally, gaseous arsines can be trapped cryogenically and
separated directly (Figure 2).

Liquid Chromatography

Over the years especially anion and cation exchange
chromatography, ion-pair chromatography, and size
exclusion chromatography showed their value in the
speciation of arsenic-containing compounds. All
these chromatographic methods have the additional
advantage that they are well suited for the online
combination with most detectors used to detect ar-
senic species. One example for the separation of the
most important arsenic species is shown in Figure 3.

Most arsenic species are either cationic or anionic
at a given pH and can therefore be separated by ion
chromatography. A two-method approach (anion
and cation exchange chromatography) can result in a
2D map of retention times for more than 10 arsenic
species (Figure 4) that assists in identification. Using
carefully chosen separation conditions the main ar-
senic species present in biological samples can be
separated. More labile arsenic complexes are mostly
separated by size exclusion chromatography, which
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Figure 3 Separation of multispecies standard of As(lll), DMA(V), MA(V), and As(V) on a short strong anion exchange column
(150 mm PRP X-100, Hamilton, 30 mol |~ " phosphate buffer adjusted with ammonia to pH 6.0). Concentration of each species 5, 10,

15, and 30 ug arsenic per liter.

is a gentler separation method but suffers from low
resolution especially since most arsenic species are
present as relatively small molecules. Reverse-phase
chromatography can be used successfully for the
separation of these labile arsenic complexes (e.g.,
As"™(GS)5) as well. This kind of separation has a
much better resolution power than size exclusion
chromatography, but is sometimes difficult to com-
bine with elemental detectors like inductively cou-
pled plasma-mass spectrometers, since it uses organic
solvents as mobile phase.

Several points need consideration in addition to
the ability to separate the arsenic species of interest
from other species present in the sample with the
chosen chromatographic conditions. One of them is
the stability of the species in the eluent and on the

column; another is the recovery rate of the species
from the column. A good example for these potential
problems is the separation of As™(GS)s;, which is
unstable in alkaline conditions and does not elute
from a strong anion exchange column except after
disintegration to As'.

It is not only necessary to have an inside know-
ledge of the separation power of the different tech-
niques, more importantly, it is also necessary to
know which arsenic species will be hidden by using
the separation technique chosen.

Capillary electrophoresis (CE) has been used to
separate a number of arsenic species, but up to now
problems with matrix effects and the high detection
limits do not permit its application to biological and
environmental samples.
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Detectors for Arsenic Species

There are two different approaches to detect arsenic
species; one is the use of an element-specific detector
and the other the use of a molecule-specific detector.
Both have their positive and negative points. Using
an arsenic-specific detector (ICP-MS) in combination
with the chromatography enables the detection and
identification of arsenic-containing species by com-
paring the retention times with those of known
standards, but not the identification of the molecules
per se which is possible by using a molecule-specific
detector, like ES-MS (electrospray mass spectrome-
ter). The use of ICP-MS and ES-MS, the most often
used detectors for arsenic speciation, is described in
some detail in the following paragraph, with some
additional information on the other often used de-
tectors.

ICP-MS

Most chromatographic techniques can be coupled
online to an ICP-MS without any problems. In the
harsh ionization conditions of the plasma, molecules
disintegrate rapidly and form readily single charged
element ions that are separated by their mass charge
ratio and detected. The signal intensity of the ele-
ment is mostly independent of the molecular species
prior to ionization, which enables quantification
without the need to use identical standard species.
Especially in the quantification of arsenic compounds
from biological samples, which often contain un-
known species, this feature is very useful. ICP-MS is
also a quite sensitive technique that often achieves
detection limits of a few nanograms or picograms per

sample volume/mass. Using ICP-MS as detector for
arsenic speciation with its low detection limits has
also some considerable drawbacks. Among these is
the complete loss of molecular information, which
allows the identification of species only by retention
time and comparison with a known standard when
coupled with GC or high-performance liquid chro-
matography (HPLC). This presents the main problem
when biological samples are analyzed, since known
and well-characterized arsenic species are rarely
available.

ES-MS

ES-MS gives in contrast to the ICP-MS molecular
information, mainly the molecular mass of the pro-
tonated molecule (in positive mode), and depending
on the instrument used it can give information about
molecule fragments formed in the high vacuum of the
instrument. ES-MS is a so-called soft ionization
method during which normally one proton is trans-
ferred onto the neutral sample molecule producing,
therefore, a single charged cation for small molecules
while larger molecules can add multiple protons re-
sulting in multiple charged cations. They are sepa-
rated by their mass-to-charge ratio (m/z) from other
molecules. Using either an instrument able to work in
the MS/MS mode or repeatedly measuring the same
sample with different fragmentor voltages (FVs) does
often give useful information about the species. It has
to be kept in mind that most biological and environ-
mental sample matrices often contain a number of
species that show up at the same m/z ratio as the
arsenic species, therefore making the task of identi-
fying the species in the sample quite difficult to
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impossible without additional information. The
signal intensity in ES-MS spectra depends on the
molecule itself, the exact separation conditions (es-
pecially pH and buffer concentration), and on the
concentration of co-eluting molecules. Since these
factors have an unpredictable influence, quantifica-
tion by ES-MS in raw sample (extracts) is only pos-
sible in standard addition mode when the species is
available as pure standard compound.

Other Detectors

Atomic fluorescence spectrometers (AFS) are some-
times used online for the detection of hydride-for-
ming arsenic species. Nonhydride-forming species,
like arsenosugars, can only be determined by AFS
after online digestion, although recently a report has
revealed that even these arsenosugars may form
volatile arsine species. X-ray techniques, like XANES
or EXAFS, can be used to determine the electronic
environment of the arsenic. These techniques are of-
ten applied to determine whether arsenic is bound to
sulfur or oxygen atoms. Proton and carbon nuclear
magnetic resonance (NMR) can be used for the iden-
tification of the organic part of an arsenic species,
when the sample is concentrated enough. Samples
intended for NMR measurements must be pure; oth-
erwise the assignment of the signals to the hydrogen
and carbon atoms in the molecule is not possible.
The arsenic nucleus itself is not useful for NMR
measurements, since its large quadrupole moment
causes extensive line broadening even in highly sym-
metric molecules like AsF .

Arsenic species might not be separable and detect-
able due to:

® co-elution with other more abundant arsenic spe-
cies;

® decomposition of labile compounds during extrac-
tion or separation;

® irreversible reaction with the stationary phase; or

® formation of macromolecules that stick to the
columns.

Arsenic Speciation in Environmental
and Biological Samples

Determination of Arsines in Landfill Gas

For example, bacteria living in landfill sites can
metabolize the arsenic present in such sites to volatile
arsines. For the determination of these highly toxic
ultratrace compounds by GC it is necessary to have a
series of cleanup steps if GC is coupled to electron
impact mass spectrometry (GC-MS) or ICP-MS,
since the samples contain dozens of different organic

Table 3 Estimates atmospheric lifetime of volatile arsenic com-
pounds in moisturized air at a starting concentration of 10 ugm ~2

Dark, 20°C ~ Dark, 50°C UV, 30°C (5000 lux)
AsHz >2000h >600h 150.0h
MeAsH, 1440h 600h 1.5h
MeoAsH 480h 84h 0.1h
MesAs - 30h 0.1h

compounds in high concentrations. Due to the low
concentration of volatile arsenic compounds a pre-
concentration method is necessary. Cryotrapping
(CT) on a packed column filled with nonpolar chro-
matographic material (SP-2100 on Chromosorb)
with subsequent separation of the different species
according to their boiling point can be used to pre-
concentrate and select the fraction containing arsenic
species. The fraction is collected and injected again
onto a second column. This time the column has a
higher separation power and a different polarity, so
that an unequivocal identification of the volatile
metal species can be made by fragmentation patterns
of the eluting molecules using GS-MS. Once the
structures are fully established using this method,
capillary-GC can be coupled directly to ICP-MS
without the use of a molecule-specific detector. ICP-
MS is much more sensitive for the different metal
species, which makes the cleanup steps redundant.
Figure 2 illustrates the sensitivity of the CT-GC-ICP-
MS with detection limits at the subpicogram level.
Using a NaOH cartridge, CO, can be absorbed be-
fore the gas sample is cryotrapped (Figure 2). This
technique was routinely used for the stability testing
of volatile arsenic species in moisturized air at room
temperature and at 50°C in the dark and under
intense UV radiation. Concentrations of ~10pug
arsenic per m> are a realistic concentration in order
to find out whether volatile species have a high
enough atmospheric lifetime to diffuse in the vicinity
of point sources such as landfill sites. The stability of
arsines depends on the methylation grade, tempera-
ture, and more significantly UV radiation in the
environment (Table 3).

Arsenic Metabolites of Inorganic Arsenic in
Mammals

Ingested arsenate and arsenite are taken up in the
intestine and transported by the blood into the liver,
which is the major site of arsenic metabolism before
excretion by urine.

The main excreted forms are dimethylarsinic acid
(DMAY) and methylarsonic acid (MAY); in addition,
several minor arsenic compounds can be found in
urine depending on the amount of ingested arsenic



and duration of exposure. LC coupled to ICP-MS is
the most sensitive way to study arsenic species in
urine with detection limits of less than 1 ng As per ml.
Anion exchange and cation exchange chromatogra-
phy are the main separation techniques. Since ICP-
MS is an element-specific detector the availability of
pure, precisely characterized standard compounds
for identification is essential as the careful check,
even if a chromatographic signal contains more than
one arsenic compound. Using only anion exchange
chromatography can lead to misidentification of cat-
ionic species such as arsenobetaine as arsenite, since
both compounds are very difficult to separate on
such a column (Figure 4). For the identification of co-
eluting cationic species the use of cation exchange
chromatography is essential. Nevertheless, misiden-
tification can be anticipated using only ICP-MS as
detector. Unknown species like dimethylarsenothioyl
acetic acid, recently found in urine, can only be
identified using elemental and molecular detectors
and the characteristic fragmentation pattern of the
species (Figure 5).

Arsenic in Biota

Plants have developed a whole range of ways to deal
with high arsenic concentrations in their environ-
ment; some even actively accumulate arsenic to ex-
tremely high levels. To avoid toxicity they reduce
either the uptake of arsenic (in soil/water mostly
present as arsenate) by reducing the transporters for
phosphate that are used for the uptake of arsenate.
Another way to deal with the high toxicity is to me-
tabolize the inorganic arsenic into less acutely toxic
organic species or they sequester arsenic into the
vacuole with the aid of specific peptides (phytoche-
latins, PCs) and store it there. The arsenic complexes
of these peptides synthesized by plants in response to
arsenic exposure were only recently identified. Since
these arsenic species are not covalently bound and
contain the more labile trivalent arsenic their stabi-
lity under standard extraction and storage conditions
is limited. Arsenic—PC complexes are unstable under
the influence of oxygen and disintegrate into the
peptide and arsenite, which is then partially oxidized
to arsenate. A successful extraction of these com-
plexes is possible under acidic conditions at 1°C using
fresh plant material. The separation of As-PCs is also
hampered by their low stability under most separa-
tion conditions. Using size exclusion chromatography
with ICP-MS detection does not provide conclusive
proof, even ES-MS is not too helpful since the separa-
tion power of size exclusion chromatography is very
limited. The complexes are successfully separated
using reverse-phase chromatography with organic
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Figure 5 (A) Separation of newly identified arsenic species (3b,
dimethylarsenothioyl acetic acid) in urine by using strong anion
exchange chromatography (PRP X-100 Hamilton) coupled to
ICP-MS for arsenic selective detection (m/z 75) and parallel to
ESI-MS for the protonated molecular mass (m/z 197, 199) and
major fragments (m/z 137). (B) Gentle ionization at 100V. (C)
Molecular fragments of m/z 107, 109 (As=S) and m/z 91
(As=0) at 240V fragmentor voltage. (Reproduced with permis-
sion from Hansen HR, Pickford R, Thomas-Oates J, Jaspars M,
and Feldmann J (2004) 2-Dimethylarsinothioyl acetic acid iden-
tified in a biological sample: The first occurrence of a mammalian
arsinothioyl metabolite. Angewandte Chemie International Edition
43(3): 337-340; © Wiley VCH.)
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Figure 6 Separation of As—PC complexes, ESI-MS data of As—
PC species, m/z 75 (arsenic) measured by parallel use of ICP-
MS, separation with MeOH/formic acid gradient on a C18 ODS2
column (Reprinted with permission from Raab A, Feldmann J,
and Meharg AA (2004) The nature of arsenic-phytochelatin com-
plexes in Holcus lanatus and Pteris cretica. Plant Physiology 134:
1113-1122; © American Society of Plant Biologists.)

solvent (Figure 6). This separation method is well
suited for the combination with ES-MS; it even im-
proves the sensitivity of this technique somewhat, but
is difficult to combine with ICP-MS. Combining
reverse-phase chromatography online to an ICP-MS
is possible, as done in this example, by addition of
oxygen to the plasma and using a low-flow nebulizer
for the ICP-MS with a flow splitter after the column
to avoid too high amounts of organic solvent rea-
ching the plasma of the ICP-MS.

Emerging Techniques

Arsenic speciation in biological and environmental
samples is anything but routine analysis. This is in-
dicated in the small number of certified reference
materials available with certified concentration of
arsenic species. Attempt so far to produce standard
reference materials for arsenosugars have failed and
these are compounds that are considered as relatively
stable arsenic species during extraction and separa-
tion procedures. The real challenge today is to iden-
tify  unknown arsenic-containing compounds
detected by LC-ICP-MS. For this purpose other
techniques such as ES-MS or MALDI-MS are used to
identify the molecular mass of the species. Multiple
dimensional chromatographic separations (size ex-
clusion chromatography +ion exchange + reverse
phase) can help to solve the problem of co-eluting
species for stable arsenic species as has been demon-
strated successfully for the identification of a series of
complex organoarsenicals in seaweed. FT-ICR-MS
and qTOF-MS may bring a new dimension in the
field of arsenic speciation, due to their accurate mass
measurements using the mass defect of arsenic
(m=74.92159gmol ~') as an indicator of an

arsenic-containing compound. It is expected that tra-
ditional biochemical methods such as gel electro-
phoresis will find more use in this field, especially for
the determination of arsenic—protein complexes. In
addition to this new fleet of conventional techniques,
X-ray absorption methods such as XANES or EX-
AFS can be utilized for the detection of very labile
arsenic species directly in the unchanged organism,
when they are present in concentrations of more than
20mgperkg. It is just emerging that besides the
wealth of organoarsenic species, many labile coordi-
nation species may occur, which may play a key role
in the complex biochemistry of arsenic.

See also: Atomic Emission Spectrometry: Inductively
Coupled Plasma. Atomic Mass Spectrometry: In-
ductively Coupled Plasma. Liquid Chromatography:
Overview. Mass Spectrometry: Electrospray.
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Introduction

Asbestos minerals are subdivided into two classes,
with six distinct types of fiber (Table 1). The serpen-
tine group consists solely of chrysotile, popularly
known as ‘white asbestos’, which once accounted for
more than 95% of the asbestos used worldwide. Its
crystal morphology is snake-like, with a tendency to
form bundles. It is softer and more flexible than the
other types of fiber. Chrysotile has a low iron content
(~1.5%) and limited durability in the lung. The am-
phibole group consists of five chemically and morph-
ologically diverse fibers primarily represented by
crocidolite and amosite asbestos. Crocidolite, some-
times called ‘blue asbestos’, occurs as needle-like fib-
ers that are high in iron content (36%) and are more
durable than chrysolite in human lung.

Because of both natural and industrial processes,
asbestos fibers have been widely dispersed and are
present in the ambient atmosphere, the hydrosphere,
in the soil of many areas, and in lung tissue after

Table 1 Mineral types and chemical formulae of the asbestos
varieties

Mineral Asbestos Nominal chemical formulae®
group variety

Serpentine Chrysolite MgeSis016(0OH)g°

Amphibole®  Amosite (Fe®*Mg);SigO.5(OH),

Amphibole  Crocidolite NagFe® " (Fe? " Mg)3SigO22(OH)2

Amphibole Anthophyllite ~ Mg;SigO22(OH)»

Amphibole Actinolite Ca,Fe3 * MgSigO.,(0OH)»

Amphibole Tremolite CapMgsSigO22(OH),

#Most natural asbestos can deviate a little from this nominal
composition.

®Minor substitution of silicon by Al may occur, and minor sub-
stitution of magnesium by AP+, Fe2*+, Fe®*, Ni#*, Mn?*, and
Co?" may also be present.

°In some varieties of amphibole the particular elements can be
partially substituted by K, Li, Mn, Al, Cr, Ti, Pb, and Zn.

occupational exposure. The establishment of asbes-
tos fibers as carcinogenic and causing pulmonary and
pleural diseases has led to the development of inc-
reasingly sensitive analyses for their detection and
identification.

Optical microscopy (OM), polarized light micro-
scopy (PLM), phase contrast microscopy, scanning
electron microscopy (SEM), transmission electron
microscopy (TEM), and scanning transmission elec-
tron microscopy (STEM) are the methods normally
used for identification and quantification of the trace
amounts of asbestos fibers that are encountered in
the environment and lung tissue. Energy-dispersive
X-ray spectrometry (EDXS) is used in both SEM and
TEM for chemical analysis of individual particles,
while selected-area electron diffraction (SAED) pat-
tern analysis in TEM can provide details of the cell
unit of individual particles of mass down to 10 ~'° g.
It helps to differentiate between antigorite and
chrysotile. Secondary ion mass spectrometry, laser
microprobe mass spectrometry (LMMS), electron
probe X-ray microanalysis (EPXMA), and X-ray
photoelectron spectroscopy (XPS) are also analytical
techniques used for asbestos chemical characteri-
zation.

Sampling Methods

Sampling should normally be undertaken using pro-
cedures described in International Standards Organ-
ization (ISO) documents.

Moreover, careful cleaning of all glass and plastic
equipment like glassware or bottles is very impor-
tant, especially in the preparation of suitable blank
control filters. There may be serious social and
economic consequences from the finding of a few

fine fibrils.

Airborne Dust Sampling

Airborne dust is placed on a filter by drawing
through it measured volumes (minimum 2m?®) of
air. Usually filters with a pore diameter of 0.2 to
1, 2 um are used for collecting airborne dust during
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filtration. The type of filter used depends on the mi-
croscope used for further analysis.

Water Sampling

Water samples are normally collected in clean, sterile,
pretreated plastic bottles. If there is an excessive
amount of suspended organic matter in the water,
pretreatment of the samples using ultraviolet light
and an ozone bubbler or sodium hypochlorite is nec-
essary. Filtration is carried out using standard labo-
ratory glassware, usually through a 25 mm-diameter
filter of an appropriate material. The filter type de-
pends on the microscope used for further analysis.

Bulk Material Sampling

A solution or suspension must be prepared from bulk
material or soil contaminated with asbestos fibers in
a suitable liquid. In the case of contaminated soil a
few kilograms should be taken as the minimum for
analysis. Insoluble bulk samples of 2-3 g are ground
to fine powder and mixed with distilled water. The
way of filtration is the same as for simple water
samples.

Lung Tissue Sampling

Four to six grams of tissue blocks of formalin-fixed
lung parenchyma are subjected to two different
ashing techniques. To exclude any sampling errors,
each tissue sample of peripheral disease-free lung is
cut into 4-6 mm? cubes, which are mixed afterwards
and randomly divided into two parts. One part is
processed by wet ashing, the second one by hot
ashing. In wet ashing 2-3 g lung tissue is digested in
45ml of 13% solution with sodium hypochlorite
(NaClO). In hot ashing it is heated in an oven at
600°C for 15 min. The ash is then suspended with
distilled/deionized water and filtered as in water sa-
mpling. The hot ashing may have some drawback due
to the fact that not all asbestos fibers can withstand a
temperature of 600°C for 15 min and might break.
Wet digestion cannot completely digest the tissue.

Optical Microscopy

For OM examination tortuous-pore cellulose nitrate
(CN), acetate, or mixed ester (CE) membrane filters
with a pore size of 0.8 or 1.2 um are recommended.

A low-power stereo binocular microscope is used
to characterize and select suspected asbestos types
fibers for further examination. Evaluation of the fi-
brous nature, color, luster, elasticity, flexibility, and
other handling properties allows the detection and
subsequent identification of asbestos in bulk materi-
als at levels down to ~10mgkg .

Microscope slides (72 mm x 25 mm x 0.8 mm ap-
proximately) and coverslips should be of the best
optical quality and of the correct thickness for ob-
taining quality images (usually 0.17mm). In the
case of counting a particular fiber, an assumption
has to be made about the cross-sectional profile of
the fiber type; chrysotile is usually assumed to be
cylindrical in shape, while the amphiboles are con-
sidered to have a thickness-to-width ratio of ~1.6:1.
Discrimination of asbestos fibers using the morph-
ology and refractive index in such cases is aided by
prior identification of the fiber types present in the
bulk material using PLM or other methods.

Polarized-Light Microscopy

PLM is used to assess optical properties such as
birefringence, pleochroism, and the extinction posi-
tion. PLM can be used to differentiate asbestos from
nonasbestos fibers.

Phase-Contrast Optical Microscopy

Phase-contrast optical microscopy (PCOM) is used
mainly for assessment of the refractive index in com-
parison with liquids of standard index. Next PCOM
is widely used to measure fiber concentration. Before
examination of the sample, acid treatment may be
used to remove carbonates from cement matrices, or
organic solvents may be necessary to remove plastic
binder materials. OM operates at magnifications of
only 400 x and will not resolve fibers below 0.25 um
in diameter. Furthermore, PCOM cannot distinguish
asbestos fibers from other fibers (e.g., gypsum,
mineral wool, fiberglass, cellulose, etc.).

Preparation of filters Membrane filters of CE are
placed on clean microscope slides and left to a short
burst of acetone vapor. Then the filter is cleared by
collapsing the filter structure. A drop or two of tri-
acetin is applied to the filter surface, and a cover slip
is carefully placed on it. The filter is ready for eval-
uation after a brief period of warming.

An optional procedure is to use an aqueous solu-
tion of dimethylformamide and acetic acid (so called
Eukitt) for clearance of the filter structure, after
which it is dried by warming at ~65°C for a few
minutes before a drop of Euparal resin is applied and
the coverslip is gently placed on top.

Fiber counting Airborne fiber concentrations deter-
mined using OM refer strictly to those fibers that are
longer than 5 um, have diameters less than 3 um, and
have an aspect ratio of less than 3:1. The aspect ratio
may be slightly different in some countries. All the
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fibers are counted that are encountered during a sys-
tematic microscopic search of a small proportion of
the filter. Thus PCOM is nonspecific for asbestos.
The graticule (e.g., Walton—Beckett) is used to define
a counting field and count fibers. Rules for split fib-
ers, touching particles, fibers partially within the
graticule, and other artifacts are also specified in the
documentation of the method. Analysis using PCOM
is limited to morphological observations and to some
extent to refractive index assessment. Airborne fiber
concentrations are calculated proportionately from
the number of fibers counted, the effective area of the
filter, the area searched, and the volume of air filtered
and are usually expressed in fibers per milliliter or
fibers per liter.

Scanning Electron Microscopy

For SEM analysis a Nucleopore poly(carbonate) (PC)
membrane filter (diameter 37 mm, pore size 0.2 pm)
is used. After filtration each piece of the filter is
coated with a very thin layer of gold Routine SEM
viewing is combined with an energy-dispersive X-ray
microanalyzer (EDX). The particles and fibers are
identified by their relative elemental peak intensities
(based on magnesium, silicon, iron, and calcium),
compared with their respective mineral standards
placed in the computer bank (Figures 1-3).

SEM Operating Conditions, Counting, Fiber Type
Determination

SEM should be operated at magnifications of 2000-
100000 x with an acceleration voltage of 20-40kV.
Mineral fibers are counted on the screen. All
inorganic particles having a length-to-width ratio at
least 3:1 and parallel sides are defined as perfect fib-
ers and counted. Cleavage fragments should not
be counted. At a magnification of 5000 x, 13-25
inorganic fibers are counted or a minimum of 400
viewing fields are analyzed in order to reach an an-
alytical sensitivity of 0.1 million fibers per gram for
chrysotile. The fiber dimensions are measured with
magnifications up to 100000 x, and all inorganic
fibers longer than 1 um are recorded.

EDX analysis is used to determine the fiber type. It
should be carried out at higher magnifications (up to
50000 x ). The absence of silicon or the presence of
other elements such as aluminum or potassium can
be used to demonstrate that a fiber is not asbestos,
although care must be taken that there is no con-
tamination of the fiber or of the EDX spectrum.

The proportions of the X-ray counts in the peaks
of the spectra are not the same as the elemental pro-
portions in the minerals.
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Figure 1 EDX spectrum of different types of asbestos fibers:
(A) chrysotile; (B) crocidolite; (C) actinolite. The presence of an
Au peak is the result of the sample preparation — filter coating
with gold. The conditions of measurement: SEM with EDX;
magnification, 2000-50 000 x , acceleration voltage, 20-30kV.

Transmission Electron Microscopy

Capillary PC membrane filters of maximum pore size
0.4 um or CE or CN membrane filters of maximum
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Figure 2 An example of an OM micrograph of asbestos fibers.

pore size 0.8 pm are used for TEM analysis. Details
of TEM are given in ISO standards.

TEM Filter Preparation

There are two ways of transferring the fibers from
the filter to an electron-transparent membrane on a
suitable TEM grid.

Direct methods In direct methods a PC filter, with
fibers on it, is simply coated with carbon in a high-
voltage carbon evaporation device. When CE or CN
filters are used, they must be cleared and etched be-
fore coating with carbon. Care must be taken not to
overheat the filter in the process by prolonging the
arcing or by placing the filters too close to the arc as
the filter may not then dissolve in the later stages of
preparation. Small segments of carbon-coated filter,
~2 or 3mm square, are cut from the filter and placed
carbon side up on a TEM standard grid. Either this is
placed on a Jaffe washer with a suitable solvent or a
single drop of the solvent is carefully placed on the
filter, where it is kept for ~30 min. Typical solvents
are acetone for CE filters and chloroform or N-
methyl-2-pyrollidine for PC filters. TEM grids with
the carbon film less than 75% of the grid squares
should be rejected from the analysis.

Indirect methods Indirect methods are used where
there is an excessive amount of organic fiber along
with the asbestos, or some other soluble mineral fiber
in an airborne sample. In these cases, treatment of
the sample in a low-temperature oxygen plasma in-
cinerator, or dissolution of the sample in a suitable
solvent, followed by redeposition of the cleaned
sample on a second filter can make the analysis

(B)

Figure 3 Examples of SEM micrographs of asbestos fibers: (A)
amphibole; (B) tremolite.

considerably easier. Subsequent preparation for TEM
analysis follows the procedures of the direct method.
Fiber counts for determination of regulatory asbestos
fiber concentrations in the assessment of health risk
will not usually be obtainable using indirect analysis
methods. On the other hand, the indirect methods
may be the only option for some types of environ-
mental samples.

TEM Operating Conditions

TEM operating at an acceleration voltage of between
80 and 120kV with a resolution of <1.0nm and
with a range of magnification from ~500x to
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100000 x is routinely used. The viewing screen
should have suitable calibrated markings to allow
measurement of fibers directly on screen. The TEM
should be capable of producing an electron diffrac-
tion (ED) pattern from a mineral particle of area
0.6 um? or less, selected from an image at 20 000 x
magnification. A SAED aperture may be used to limit
the area producing the pattern. A specimen holder
that is capable of being tilted through + 30°to — 30°
about an axis in the specimen plane combined with a
rotation of 360° in the vertical axis is required for
zone-axis ED.

The EDX system will normally be similar to that
described for SEM for energy range and resolution.
Additional specifications are required for asbestos
analysis in that a background-subtracted sodium Ko
peak from a 50 nm-diameter crocidolite fiber should
have an integrated count rate of at least one count
per second when irradiated by a probe of dimension
250nm or smaller at an acceleration potential of
80kV. The peak-to-ground ratio in this analysis
should also be at least 1.0.

Analysis and inspection of SAED directly on screen
is often enough for identification for chrysotile and a
‘possible amphibole’, but computer-aided measure-
ment and analysis are required for detailed diffrac-
tion pattern indexing.

Fiber Counting

The method of counting of asbestos fibers in TEM
preparations differs from those of SEM or PCOM in
that it does not rely on counting fibers within
individual fields of view but depends on the system-
atic searching of complete grid openings in the TEM
grid at a high magnification. The fiber lengths of
interest are usually those longer than 0.5 pm, which
for chrysotile fibrils implies a diameter range from
30 nm upward.

The rules for fiber or structure counting in TEM
have gradually become more complicated with the
recognition of the needs of different types, and ma-
trices of different types containing various arrangem-
ents of fibers. In addition, there has been a need to
recognize that the fiber numbers in such arrangem-
ents need to be counted carefully to provide reliable
comparisons between samples and laboratories. It is
necessary to read the ISO draft documents to count
fibers properly.

TEM Identification of Fibers

The identification of fibers as asbestos using TEM
can be almost unambiguous, but it involves the most
complex, difficult, and costly procedures. The proc-
ess of identification involves three aspects of fiber

characteristics: morphology, crystal structure, and
composition.

Fiber morphology is a very distinctive feature for
chrysotile. Chrysotile fibrils are generally uniform in
diameter, at ~25nm, and have a tubular structure
that is almost unique and that appears, in a clear
TEM image, as a lighter core to each dark fiber.
Chrysotile is very susceptible to being damaged by
the high energy of the electron beam, and so the tu-
bular structure is easily destroyed and may not be
visible. Similarly, chemical attack, even from quite
dilute acid solutions, can leach magnesium from the
fibrils and damage the tubular structure. The amphi-
bole asbestos minerals are generally lath-shaped,
parallel-sided, needle-like fibers. These usually show
features such as extinction contours, multiple twin
plane dislocations, and multiple chain defects (Wads-
ley defects), which are all characteristics of asbestos
amphiboles rather than the more normal prismatic
amphiboles. The amphiboles are very stable under a
electron beam and are chemically very stable, and so
they do not usually show any serious signs of
damage.

EDX analysis in TEM is more definitive than in
SEM and can be used to identify fiber chemistry
quantitatively. The particles or fibers can be treated
as thin films for the purposes of the calculation of
atomic or mass fractions. This means that the effects
of mass absorption and fluorescence can be ignored,
although simple particle size effects need correction.
In general the net integrated EDX peak areas can be
treated as directly related to atomic or mass fractions
with a proportionality factor derived from specific
size ranges of similar reference minerals in an
individual electron microscope. Such exact analysis
is not always necessary, and simple comparison of
spectra with those of reference minerals may be suf-
ficient in many cases, although in this case the iden-
tification is recognized as being of a lower order of
certainty than quantitative TEM analysis. Calibra-
tion of EDX equipment, as for SEM, is essential.

TEM ED

Qualitative SAED consists of observation of the pat-
tern of diffraction spots obtained on the TEM vie-
wing screen from a randomly oriented fiber or
particle. Such a pattern indicates that the material
is crystalline. Chrysotile fibrils, with their cylindrical
form, will usually give the same characteristic pat-
tern, corresponding to a 0.73 nm spacing for (002)
planes, and a layer line repeat of 0.53 nm, as well as
streaking of the (110) and (13 0) reflections. These
observations and measurements can be made directly
from the screen if the appropriate calibrated screen
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markings are available, but records should be made
of a certain number of fibers in any sample. A range
of other nonasbestos minerals can display a tubular
morphology, including halloysite, palygorskite, talc,
and vermiculite, and although their tubular forms are
rare, their absence can only be proved using quan-
titative SAED or EDX.

SAED identification of amphibole asbestos fibers is
only achieved in a formal sense by quantitative zone-
axis interpretation, and even then it may not be
possible in every case. Most randomly oriented fibers
will show a diffraction pattern with a 0.53 nm layer
spacing, but this is not by itself diagnostic for an
amphibole. If multiple twinning, parallel to the ¢
crystallographic axis, is present in the fiber, ef-
fectively resulting in several parallel crystals with
different axial orientations, then apparently random
spot distributions along the layer lines will be visible.
If these observations can be made, then the fiber may
be identified as an amphibole asbestos. If accurate
measurement of the SAED pattern is to be made,
then it is necessary to use an internal calibration
standard such as a thin coating of gold on the un-
derside of the TEM specimen. An Energy-dispersive
spectrometer or electron probe X-ray micoranalyzer,
if present in the TEM, can be used as well.

Scanning Transmission Electron
Microscopy

STEM is a combination of scanning-transmission
and transmission modes of operation in an electron
microscope. Fibers are sought in the transmission
mode at a magnification of 10 000-60 000 x ; this
allows a maximum speed for the searching opera-
tion. Additionally, the ED pattern is generated in that
mode. The scanning-transmission mode is used to
measure the fiber dimensions at a magnification of up
to 20 000 x on the monitor screen and to obtain the
X-ray spectrum for elemental analysis.

Secondary lon Mass Analysis

The asbestos samples are prepared from a suspension
in hexane spotted on indium foil. Ton images (from
~150 pm), mass spectra and the energy distribution
of positive secondary ions are obtained. Either sili-
cone or magnesium positive ion images may be used
to indicate the asbestos fibers.

X-Ray Photoelectron Spectroscopy

The asbestos samples are mounted with double-sided
tape. The area of analysis is 600 um. An electron

flood gun operating at a few electronvolts and a nick-
el mesh covering the sample/sample holder arrangem-
ent are used for charge compensation. The Mg/Si
concentration is calculated to recognize the fiber type.

Laser Microprobe Mass Spectrometry

LMMS uses a pulsed beam of photons to evaporate a
sample in a small region, as small as 0.5 um in di-
ameter. A fraction of the evaporated atoms is ionized
by the laser beam, accelerated to a kinetic energy of
3 keV, and then analyzed using a time-of-flight mass
spectrometer. The instrument provides detection of
all elements and isotopes, with detection limits in
microgram per gram range from a total sample con-
sumption of 0.1 pg per spectrum. Absolute detection
limits are thus in the femtogram range. Quantitative
analysis is based on the use of sensitivity factors, and
the accuracy is limited to ~20% relative. A sample
for transmission geometry LMMS must be in the
form of a particle or a thin film. Typical applications
include analysis of particles as small as 200 nm in
diameter.

General Analytical Considerations
Confidence Level of Identification

As is clear from the foregoing sections, there is a
wide array of different observations and measure-
ments available for every single fiber. Electron mi-
croscopy can be used to detect very thin fibers and
allows us to identify different types of fibers. There-
fore, nonasbestos fibers can be eliminated from the
measurement. The disadvantage of the STEM meth-
od lies in the time and cost consideration. OM has
more drawbacks, for example, a limited resolution.
To be identified as chrysotile, fibers must exhibit their
characteristic morphology and also contain magne-
sium and silicon, whereas anthophyllites have addi-
tional peaks of calcium or iron in their X-ray spectra.
In several samples the identity of chrysotile and am-
phibole fibers is confirmed qualitatively using TEM
(at 80 kV, magnification 20000 x ) and SAED.

In counting thin chrysotile fibers, the SEM method
may produce lower results than the TEM technique,
but for coarser amphibole fibers such an effect is not
likely. A large number of amphibole and nearly all
chrysotile fibers are undetectable using OM. Defi-
nitive identification of a chrysotile can only be made
if a characteristic SAED pattern is recorded for a
tubular morphology fiber and the EDX spectrum is
quantitatively consistent. Not all these elements may
be either necessary or desirable for any or all fibers in
every sample. This means that the level to which each
fiber has been identified needs to be recorded to
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Table 2 Classification of fibers with tubular morphology

TM  Tubular morphology, not sufficiently characteristic for
classification as chrysotile

CM  Characteristic chrysotile morphology

CD  Chrysotile SAED pattern

CQ Chrysotile composition by quantitative EDXS

CMQ Chrysotile morphology and composition by quantitative
EDXS

Chrysotile SAED pattern and composition by quantitative
EDXS

Nonasbestos mineral

CDQ

NAM

Table 3 Classification of fibers without tubular morphology

AD Amphibole fiber by random orientation SAED (shows
layer pattern of 0.53 nm spacing

AX Amphibole by qualitative EDX. Spectrum has elemental
components consistent with amphibole

Amphibole by random orientation SAED and qualitative
EDX

AQ Amphibole quantitative EDX

AZ Amphibole by one zone-axis SAED pattern

ADX

ADQ  Amphibole by random orientation SAED and quantitative
EDX

AZQ  Amphibole by one zone-axis SAED pattern and
quantitative EDX

AZZ Amphibole by two zone-axis SAED patterns with
consistent interaxial angle

AZZQ Amphibole by two zone—axis SAED patterns with
consistent interaxial and quantitative EDX

NAM  Nonasbestos mineral

UF Unidentified fiber

avoid differences and ambiguities in results and to
allow interlaboratory comparisons to be made. Table
2, from the draft ISO standard, illustrates the differ-
ent levels of possible identification that may be made
for tubular fibers found in environment samples. It is
important to recognize also the influence of the
chemical history of each fiber in the identification
since the chemistry of chrysotile is not stable, even in
the mildest of acid conditions. The amphibole as-
bestos minerals have an even more complicated
hierarchy of identifications based upon four levels of
SAED analysis and three levels of EDX analysis
(Table 3). The resulting 11 possible classifications for
any fiber are made even more complicated by the
need to incorporate the distinction between asbestos
and nonasbestos varieties of the amphiboles.

XPS, EPXMA, and LMMS are especially used to
characterize the surface of modified asbestos fibers.
Alteration of asbestos surfaces by either acid leaching
or deposition of a chemical coating reduces the haz-
ards associated with asbestos exposure.

Fiber Counting: Accuracy and Precision

There is no independent method available to deter-
mine the accuracy of fiber counts, although mass

estimates based upon fiber counts may be traceable
to other mass estimates of standards. All the quan-
titative analyses described here rely upon procedures
of fiber counting that have been shown to involve a
series of uncertainties that require careful consider-
ation in the interpretation of results.

If it is assumed that both the deposition of fibers on
the filter and the selection of fields for counting are
random, then there will be a variability in the results
that can be described by a Poisson distribution. For
fiber counts of ~350 this leads to 95% confidence
intervals in the results of ~+15 (30%) and a coef-
ficient of variation of ~15%, although for smaller
fiber counts the variability will be much larger. In
addition to this variability there is an unavoidable
degree of nonuniformity of the asbestos deposit on
the filter. There is also subjective variation between
microscopists in interpretation of fiber structures and
in their ability to detect and identify fibers. Overall
counting performances cannot then be expected to
produce a coefficient of variation better than ~25%
for counts of ~ 50 fibers.

Good quality control procedures are essential to
keep these subjective variations to acceptably low
levels, and satisfactory performance in both internal
and external fiber counting exchange schemes is usu-
ally recommended by regulatory authorities.

Sensitivity and Detection Limits

The analytical sensitivity of fiber counting methods is
usually accepted as being a single fiber found in the
course of a standard search. With conventional
methods, this may translate to airborne fiber con-
centrations of ~0.1 fiber per liter in ambient samples
of ~1 m?, or ~1000 fibers per liter for water sam-
ples of ~11.

The detection limits are determined by the number
of fibers in suitably prepared blank filters and by the
random nature of the filter and of the search. In some
electron microscopy preparations, where no fibers are
found in the blank controls, the detection limit has
been taken as 3.69 times the sensitivity (the upper
95% confidence limit for zero in a Poisson distribu-
tion). Otherwise, as in PCOM, where a nonzero blank
control is common, a higher detection limit prevails.
Thus a series of blank filters might produce an average
fiber count of five fibers in a standard analysis, which
for routine air samples (~0.5 m?) could translate into
a detection limit of ~0.01 fibers per milliliter.

See also: Air Analysis: Sampling. Microscopy Applica-
tions: Environmental. Microscopy Techniques: Light Mi-
croscopy; Specimen Preparation for Electron Microscopy;
Scanning Electron Microscopy. Surface Analysis: Low
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Energy Electron Diffraction. Water Analysis: Overview.
X-Ray Fluorescence and Emission: Energy Dis-
persive X-Ray Fluorescence.
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Glossary
Amphibole

The asbestos
minerals

Membrane fil-
ters

Aspect ratio

Electron diffrac-
tion

Energy-di-
spersive X-ray
analysis

Fiber

Selected-area
electron diffrac-
tion

Serpentine

Twinning

Zone-axis

ATMOSPHERIC ANALYSIS

Group of rock-forming ferromagnesium
silicate minerals, closely related in crys-
tal form and composition.

Naturally occurring fibrous, crystalline,
silicate minerals belonging to the ser-
pentine and amphibole groups.

Filters of cellulose esters or polycarbon-
ate with pore sizes of 0.2-1.2 um. Used
for filtration of asbestos-bearing solu-
tions or suspensions.

Ratio of length to width of a particle.

Technique in electron microscopy by
which the crystal structure of a speci-
men is examined.

Measurement of the energies and in-
tensities of X-rays using a solid-state de-
tector and multichannel analyzer system.

Elongated particle that has parallel or
stepped sides; for the purpose of ISO, a
fiber is defined to have an aspect ratio
equal to or greater than 5:1 and a min-
imum length of 0.5 pm.

Technique in electron microscopy in
which the crystal structure of a small
area of a sample is examined.

Group of common rock-forming miner-
als having the nominal formula.

Occurrence of crystals of the same spe-
cies joined together at a particular mu-
tual orientation, such that the relative
orientations are related by a definite law.

Line or crystallographic direction
through the center of a crystal that is
parallel to the intersection edges of the
crystal defining the crystal zone.

See

AIR ANALYSIS: Sampling; Outdoor Air; Workplace Air
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Introduction

Atomic absorption spectrometry (AAS) is a technique
in which free gaseous atoms absorb electromagnetic
radiation at a specific wavelength to produce a
corresponding measurable signal. The absorption
signal is proportional to the concentration of the free
atoms present in the optical path.

The physical phenomenon, first observed by Fou-
cault in 1849, was converted into a popular ana-
lytical technique by Walsh essentially with the
development of the hollow cathode lamp as the
source of spectral energy for absorbance measure-
ments. This permitted relatively cheap atomic ab-
sorption spectrometers to become available.

This article examines the basic theory of energy
states of atoms, the quantitative analysis by atomic
absorption, and the main components of the atomic
absorption spectrometer.

Atomic Structure and Spectra

For a strong absorption of electromagnetic radiation
the lower energy state of the analyte atom must be
highly populated and all selection rules must be
observed. In order to examine these criteria, both
energy states involved in the transition of the atom
should be known. The upper energy state is not
known for all elements, but even in such cases im-
portant conclusions may be drawn from the spectral
term of the lower energy state, which is usually the
ground state of the atoms. Therefore, the derivation

of the electronic configuration of the atoms will be
discussed.

The distribution of electrons in an atom is
governed by two atom-building principles:

(a) The orbitals (energy levels) are occupied in order
of increasing orbital energy.

(b) All electrons in an atom must be present in a
different microstate, i.e., the electrons must be
distinguishable at least in one of their quantum
numbers (Pauli’s exclusion principle).

The principal quantum number #n defines
the shell in which the electron is located; the
maximum number of electrons taken up in a
shell is 2#*. Within the shell the electrons reside
in orbitals of different symmetry, described by
the angular momentum quantum number [, which
can take values of 0, 1, 2,..., n. An orbital can
accommodate up to two electrons having opposite
spins. Each of the electrons is characterized by
the inner quantum number j that can take values
of [+1/2.

The general atom-building principles (a) and (b)
are supplemented by rules that depend on the magne-
tic and chemical behavior of the elements:

(c) The special stability of the electronic configura-
tion of the noble (inert) gases allows the classification
of electrons into two main groups: core electrons,
present in a noble gas shell, and valence electrons,
present in subshells. Core electrons are not involved
in chemical reactions and do not contribute to the
generation of spectroscopic terms, which means that
the elucidation of electronic configurations is greatly
simplified, e.g.,

Se(0) : 1s225%2p°3s?3p°4s23d 4p* = [Ar]4s23d" 4p*

(d) The special stability of the half-filled and com-
pletely filled d and f subshells has the consequence
that the configurations predicted by the rules (a)
and (b) only are less stable than the configuration
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predicted by the supplementary rule (d):
Cr(0) = [Ar]4s23d* = [Ar]4s'3d° = [Ar]3d 45’
Cu(0) = [Ar]4s23d’ = [Ar]4s'3d"" = [Ar]3d'"4s!
Gd(0) = [Xe]6s24f® = [Xe]6s24f5d" = [Xe]4f' 5d" 65

After applying the atom-building principles and
the additional rules (¢) and (d), the configuration
obtained often does not contain the subshells in or-
der of increasing principal quantum number. Stand-
ardization is easily achieved by altering the position
of the subshells in the written configurations. A phy-
sicochemical reason for the natural order of principal
quantum number 7 is given by the fact that the elec-
trons with higher n-values ionize first.

In order to elucidate the spectroscopic terms be-
longing to a given electronic configuration, the first
step is to ascertain the electron configuration using
the atom-building principles (a), (b), and the addi-
tional rules (c), (d). The number of Pauli-allowed
combinations N,; (number of microstates) should be
also calculated so that the correctness of the terms
obtained can be checked. For a subshell partly filled
with electrons, N, is given by the expressions:

B 1Xx2x - x(4l+2)
Nons (1Y) = Ax2x — xN)(Ix2x - x ({425 —N))
for ISN<(4l+1) 1]

where N is the number of electrons in the orbitals.

N (2I*2) =1 for completely filled shells  [2]

If more than one partially filled subshell is present,
the product of the N, values calculated for all these
subshells gives the number of microstates of the con-
figuration:

N (12N, 7' IN' ) = Nips (1Y) x Ning (7' I'N')
X Nis(...) 3]

An example is the excited configuration of Be,..., Ba
(s'p'):

1x2 o
1x (1)

Ix2x-- X6

ng:
) Ix(1x2x-x35)

=2x6=12

Another example is the ground configuration of Gd
(6s74f75d"):
o 1x2x--x14
Ix2x -+ x7x(1Ix2x--x7)
y 1x2x--x10
Ix(1x2x--x9)
=1 x 3432 x 10 = 34 320

Nps =1

These examples show clearly that the number of
microstates is small for a few valence electrons in the
s and p subshells but becomes large for more elec-
trons in the d and f subshells.

Table 1 lists the electronic configurations and some
related properties of the elements. In the selection of
the elements, two criteria were observed:

(a) The resonance line, i.e., the line due to the transi-
tion between the ground state and the lowest ex-
cited state, must be situated within the spectral
range of standard atomic absorption spectro-
meters (190-860 nm).

(b) The characteristic concentration, i.e., the concen-
tration yielding 1% absorption (or 0.0044 ab-
sorbance), must be lower than 100mgl~ .

The excitation energies of the noble gases, the ha-
logens, and sulfur are so high that the corresponding
resonance lines are situated in the vacuum ultraviolet
(UV) region, where oxygen intensively absorbs. In
some cases this nonspecific absorption can be re-
duced by the use of a shielding gas (e.g., Ar or N,).

The elements can be classified into four spectro-
chemical groups on the basis of E; and Dy: (a)
E;>7.0 and Dg<4.2; (b) E;<7.0 and Dy<4.2; (c)
E1<7.0and Dy>4.2, and (d) E;>7.0 and Dy>4.2.

The number of microstates N, resulting from the
corresponding electron configuration varies between
one for electron configurations with closed valence
shells and 34 320 for Gd. N, can serve as a measure
of the complexity of the atomic absorption (and
emission) spectra. An element with a large number of
microstates also has a large number of spectroscopic
terms and atomic lines, because of the many different
term combinations possible.

According to the selection rules, transitions are al-
lowed for which the angular momentum quantum
number [ increases by one unit, while the principal
quantum number can change by any amount. The al-
lowed transitions of the electrons can be compiled in
term series in which the principal quantum number »
precedes the term symbol as a number. The series in
which /=0, 1, 2, 3 are designed by the letters s, p, d, f.
Through the spin of the electrons and the associated
magnetic field, splitting of the energy levels takes
place, described by the inner quantum number j, which
results in a fine multiplet structure of the spectral lines.

The energy levels can only absorb well-defined
amounts of energy, i.e., they are quantized according
to the symmetry rules. The most stable electronic
configuration of an atom that has the lowest energy
is the ground state. For example, the electronic con-
figuration of the sodium atom is 1s*2s*2p°®3s’
(ground state with energy E,). The transition
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Table 1 Some spectrochemical characteristics of the elements

V4 Symbol Electron configuration Nis E; (eV) Dy (eV)
3 Li 15225’ 2 5.392 3.46
4 Be [He]2s? 1 9.322 4.51
5 B [He]2s%2p’ 6 8.298 8.38

11 Na [Ne]3s’ 2 5.139 2.65

12 Mg [Ne]3s? 1 7.646 3.76

13 Al [Ne]3s?3p’ 6 5.986 5.31

14 Si [Ne]3s23p? 15 8.151 8.29

15 P [Ne]3s%3p® 20 10.49 6.21

19 K [Ar]4s’ 2 4.341 2.89

20 Ca [Ar]4s? 1 6.113 4.17

21 Sc [Ar]3d'4s? 10 6.54 7.06

22 Ti [Ar]3d%4s? 45 6.82 6.97

23 \, [Ar]3d34s? 120 6.74 4.45

24 Cr [Ar]3d°4s 504 6.766 4.45

25 Mn [Ar]3d%4s? 252 7.435 418

26 Fe [Ar]3d%4s? 210 7.870 4.05

27 Co [Ar]3d74s? 240 7.86 3.99

28 Ni [Ar]3d®4s? 45 7.635 3.96

29 Cu [Ar]3d"%4s2 2 7.726 2.79

30 Zn [Ar]3d'%4s2 1 9.394 <23

31 Ga [Ar]3d'%4s24p’ 6 5.999 3.66

32 Ge [Ar]3d°4s24p? 15 7.899 6.83

33 As [Ar]3d"%4s24p® 20 9.81 4.99

34 Se [Ar]3d'%4s24p* 15 9.752 4.82

37 Rb [Kr]5s’ 2 4177 2.65

38 Sr [Kr]5s2 1 5.695 4.41

39 Y [Kr]4d'5s? 10 6.38 7.46

40 zr [Kr]4d25s2 45 6.84 8.04

41 Nb [Kr]4d*5s' 420 6.88 8.00

42 Mo [Kr]4d®5s! 504 7.099 5.81

43 Te [Kr]4d®5s? 252 7.28 -

44 Ru [Kr]4d’5s" 240 7.37 5.48

45 Rh [Kr]4d®5s" 90 7.46 4.20

46 Pd [Kr]4d® 1 8.34 3.95

47 Ag [Kr]4d'%5s’ 2 7.576 2.28

48 Cd [Kr]4d'%5s2 1 8.993 2.44

49 In [Kr]4d'%5s25p" 6 5.786 <33

50 Sn [Kr]4d'°5s25p? 15 7.344 5.51

51 Sb [Kr]4d'°5525p° 20 8.641 4.50

52 Te [Kr]4d'%5s25p* 15 9.009 3.90

55 Cs [Xel6s' 2 3.894 2.31

56 Ba [Xe]6s? 1 5.212 6.21

57 La [Xe]5d'6s? 10 5.577 8.28

59 Pr [Xe]4f36s? 364 5.42 7.82

60 Nd [Xel4f*6s® 1001 5.49 7.29

62 Sm [Xe]4f®6s? 3003 5.63 5.85

63 Eu [Xe]4f 65> 3432 5.67 4.99

64 Gd [Xe]4f'5d"6s2 34320 6.14 7.46

65 Tb [Xe]4f%6s? 2002 5.85 7.39

66 Dy [Xe]4f'%6s2 1001 5.93 6.29

67 Ho [Xe]4f' 652 364 6.02 6.33

68 Er [Xe]4f'26s2 91 6.10 6.37

69 Tm [Xe]4f'36s2 14 6.18 5.20

70 Yb [Xe]4f'*6s2 1 6.254 4.12

71 Lu [Xe]4f'*5d"6s2 10 5.426 7.03

72 Hf [Xe]4f'“5d%6s2 45 7.0 8.31

73 Ta [Xe]4f'*5d%6s® 120 7.89 8.28

74 w [Xe]4f'“5d*6s? 210 7.98 6.96

75 Re [Xe]4f'*5d%6s? 252 7.88 6.50

76 Os [Xe]4f'“5d%6s? 210 8.7 6.20

77 Ir [Xel4f'*5d76s> 120 9.1 4.30

Continued
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Table 1 Continued

Z Symbol Electron configuration Nins E; (eV) Dy (eV)
78 Pt [Xel4f'*5d%s! 20 9.0 4.09
79 Au [Xe]4f'*5d'%s" 2 9.225 2.30
80 Hg [Xe]4f'*5d"%6s> 1 10.44 2.29
81 Tl [Xe]4f'45d"%6s%6p" 6 6.108 -
82 Pb [Xe]4f'*5d'%6s26p> 15 7.416 3.96
83 Bi [Xe]4f'45d"%6s%6p3 20 7.289 3.50
92 u [Rn]5f6d'7s’ 3640 - 7.87

Elements with resonance lines between 193.70 nm (As) and 852.11 mm (Cs) and characteristic concentrations ¢;5,<100mg |~ ' were
selected. Z is the number of electrons, N,s the number of microstates, E; the first ionization energy, and D, the bond dissociation

energy of the corresponding monoxide MO.
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Figure 1 Partial Grotrian diagram for sodium. (Reprinted from
Robinson JW (1990) Atomic Absorption Spectroscopy by cour-
tesy of Marcel Dekker Inc.)

between the 3s orbital and a p orbital can be realized
by absorption of light of definite wavelength, as
illustrated in the partial term (Grotrian) diagram
of sodium shown in Figure 1. For the sake of clarity,
many of the upper-state transitions are omitted.

The absorption lines due to the transition between
the ground state and the lowest excited state of the
atom are referred to as the resonance lines. Some-
times alternate lines are used in AAS to extend the
working range to higher concentrations or to avoid
spectral interferences (seldom in AAS).

To realize the first transition 3s — 3p, the frequency
of the incident light (v{) should correspond to:

Ei —Eo
=T

where E7 is the energy of the first excited state, E is the
energy of the ground state, and 4 is Planck’s constant.

The intensity of the incident light will decrease as
part of it will be absorbed by the atoms. The electron

resides in the excited state E} for only 10~ to 10~
s, after which it returns to its stable ground state by
emitting radiant energy of the same frequency v.

Spectral Line Width

It follows from the above discussions that the spec-
tral width of the light emitted by the atoms should be
infinitely small. Correspondingly, the atoms should
absorb only light of a definite frequency. Actually, a
band of intensity distribution close to the Gaussian
(Figure 2) is emitted or absorbed, respectively. The
profile of the line is characterized by the central fre-
quency v,, the peak intensity I,, and the frequency
distribution with a width of Av.g;, generally quoted as
the full-width at half-maximum I, (FWHM).

The broadening of the spectral lines is due to three
reasons:

1. The natural broadening depends on the lifetime of
the excited state and is usually in the range 10 ~°
to 10~ nm.

2. The Doppler broadening (D) is proportional to
the absolute temperature (T): D ~/T. It is due to
the random movement of the atoms and leads to a
symmetrical broadening of the spectral line. With-
in the range 20-3000°C, the Doppler broadening
varies between 10 ~° and 10 ~?nm.

3. The collisional broadening depends on the num-
ber of collisions of the emitting or absorbing
atoms with other particles. After each collision
the energy of the atom changes resulting in line
broadening. In most cases the energy of the atom
decreases after collision, leading to an additional
shift of the line profile. The shift is proportional to
the pressure of the surrounding particles. A pres-
sure change in the range 0.01-760 mm Hg leads
to a collisional broadening of 10 ¢ to 10 ~*nm.

The spectral line broadening is a sum of the nat-
ural, Doppler, and collisional broadening; however,
the natural broadening is relatively small and can be
neglected.
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Figure 2 Profile and characteristics of a spectral line.

Quantitative Analysis by Atomic
Absorption

The atomic absorption process consists of the fol-
lowing steps: light at a specific wavelength of initial
intensity I, passes through the absorbing layer con-
taining ground-state analyte atoms. The initial light
intensity decreases by an amount determined by the
atom concentration in the absorbing layer and the
reduced intensity I is measured. The absorbance A,
i.e., the logarithm of the ratio between the initial light
intensity and the reduced intensity, is proportional to
the concentration of free analyte atoms in the ab-
sorbing layer according to the Beer—Lambert law:

A =logIy/I =abC

where a is the absorption coefficient, a constant
characteristic for the absorbing species at a specific
wavelength, b is the length of the absorbing layer,
and C is the concentration of the absorbing species.

Several related terms are used to define the amount
of light absorption: the transmittance T=1/I,, also
expressed in percentage terms, T% = 100 x I/I, and
the percent absorption A% =100 — T%, which is the
complement of percent transmission.

For analytical purposes the absorbance A is mostly
used, which is proportional to the concentration of
free gaseous atoms of the analyte under definite ex-
perimental conditions. The formation of free gaseous
atoms from the analyte species present in the sample
solution involves several processes, e.g., desolvation,
volatilization, dissociation of the chemical com-
pounds. The efficiency of these processes for the
given experimental conditions is included in the cal-
ibration equation. The calibration relationship is es-
tablished by measuring the absorbances of standard
solutions containing known amounts of analyte and
plotting the absorbance data against concentration.
Over the region where the Beer-Lambert law is

obeyed, the calibration yields a straight line. A
deviation from linearity is usually observed at ab-
sorbances greater than 0.5-1.0.

After calibration is established, the absorbance of
solutions of unknown analyte concentrations may be
measured and the concentration may be determined
from the calibration curve.

Typical Performance Characteristics
of AAS

Sensitivity and Characteristic Concentration

The sensitivity of the AAS determination is defined
by the slope of the calibration curve in its initial
straight part. A convenient characteristic of the sen-
sitivity is the characteristic concentration — the ana-
lyte concentration that produces 1% absorption (or
0.0044 absorbance) signal. The characteristic con-
centrations of the elements for flame atomizers are
between 0.01 and 10mgl "', for electrothermal at-
omizers — ~2-3 orders of magnitude lower. Factors
affecting the sensitivity are: the oscillator strength
(the probability) of the corresponding electron tran-
sition, the type of the atomizer — flame or electro-
thermal — and the efficiency of atomization.

Detection Limits

The term detection limit incorporates a consideration
of both signal size and baseline noise to give an in-
dication of the lowest concentration of an element
that can be measured with a given statistical certain-
ty. According to IUPAC, the detection limit is defined
as the concentration that will give an absorbance
signal three times the magnitude of the baseline
noise. The latter can be statistically quantitated typ-
ically by making 10 or more replicate measurements
of the baseline absorbance signal of an analytical
blank, and determining the standard deviation of the
measurements. The detection limit is then defined as
the concentration that will produce an absorbance
signal three times the standard deviation of the blank.

Practically, routine analytical work should be lim-
ited to concentrations several times higher than the
detection limit.

Precision and Accuracy

The precision is typically 0.3-1% at absorbances
larger than 0.1 or 0.2 for flame atomization and
1-5% for electrothermal atomization. The accuracy
is generally limited by random error and noise to
0.5-5%, but may be affected by systematic errors
due to spectral and chemical interferences.
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Instrumentation

The basic components of an atomic absorption spec-
trometer are schematically presented in Figure 3 and
are discussed below:

1. The light source emits the atomic lines of the
analyte element. The source radiation is modu-
lated to provide a means of selectively amplifying
the light emitted by the source lamp and discri-
minating the emission from the sample cell.

2. In the sample cell an atomic vapor must be gene-
rated. To this purpose the sample is introduced
into the atomizer — a flame system or electrically
heated furnace aligned in the optical path of the
spectrometer.

3. A monochromator is used to disperse the various
wavelengths of light that are emitted from the
source and to isolate the particular line of interest.
This allows a selected element to be determined in
the presence of others.

4. The wavelength isolated by the monochromator is
directed onto the detector. This is normally a
photomultiplier tube producing electrical current
proportional to the light intensity.

5. The electrical current is then amplified and proc-
essed by the instrument electronics to produce the
readout signal which is a measure of the light at-
tenuation occurring in the sample cell.

Optical Systems

Optical systems corresponding to single-beam or
double-beam spectrometers can be distinguished in

)

Figure 3 Principle of construction of atomic absorption spec-
trometers. (A) Single-beam spectrometer with electrically modu-
lated lamp radiation; (B) double-beam spectrometer with
reflection and splitting of the primary radiation by a rotating, par-
tially mirrored quartz disk (chopper). 1 — radiation source, 2 —
sample cell (atomizer), 3 — monochromator, 4 — detector, 5 —
electronics and readout (by permission of Wiley-VCH from Welz
B and Sperling M (1999) Atomic Absorption Spectrometry, 3rd,
completely revised edition. Weinheim: Wiley-VCH).

AAS. In single-beam instruments (Figure 3A), all
measurements are based on the varying intensity of a
single beam of light in a single optical path. These
instruments have fewer optical components and thus
have the advantage of low light attenuation. There-
fore, they do not need a high electronic amplification
of the signal. Single-beam atomic absorption spec-
trometers provide, however, no means to compensate
for instrumental variations during the analysis, such
as drift in source intensity.

In double-beam systems (Figure 3B), the light from
the radiation source is split by a beam splitter into
two beams — a sample beam directed through the
sample cell and a reference beam directed around the
sample cell. The reference beam serves as a monitor
of the lamp intensity and the response characteristics
of electronic circuitry. The observed absorbance, de-
termined from the ratio of sample beam and refer-
ence beam readings, is thus free of effects due to
drifting lamp intensities.

There are several alternative system designs that
combine the advantages of double-beam and single-
beam optical systems. One such design uses two me-
chanically adjusted mirrors to alternately direct the
entire output of the source through either the sample
path or a reference path.

By utilizing the Zeeman effect it is also possible to
obtain an (optical) single-beam instrument with dou-
ble-beam characteristics. When the magnetic field at
the atomizer is switched on, the analyte ions cannot
absorb the radiation from the source, while they can
absorb normally when the magnetic field is switched
off. Since the radiation with and without magnetic
field has the same intensity, drifts in the source or
detector are eliminated, as with a double-beam in-
strument.

Radiation Sources

As radiation sources in AAS, those line sources are
mainly used that emit the spectral lines of one or
more elements. Line sources make it possible to use
conventional instead of high-resolution monoch-
romators, as the monochromator only has to isolate
the line of interest from other lines (mainly lamp fill
gas lines). Hollow cathode lamps and electrodeless
discharge lamps are the main types of lamps em-
ployed.

Hollow cathode lamps (HCLs) are available for
most of the elements determinable by AAS. Figure 4
shows the schematic diagram of an HCL.

The cathode of the lamp is a hollow cylinder of the
metal to be determined. The anode and cathode are
sealed in a glass cylinder normally filled with either
Ne or Ar at low pressure. At the end of the glass
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Figure 4 Schematic diagram of a hollow cathode lamp. (Re-
printed from Robinson JW (1990) Atomic Absorption Spectros-
copy by courtesy of Marcel Dekker Inc.)

cylinder is a window transparent to the emitted
radiation. When an electrical potential is applied
between the anode and cathode, some of the fill
gas atoms are ionized. The positively charged fill
gas ions, accelerated through the electrical field,
bombard the negatively charged cathode by dis-
lodging (sputtering) metal atoms from it. Sput-
tered metal atoms are then excited to emit their
spectrum through kinetic transfer by impact with fill
gas ions.

In electrodeless discharge lamps (EDLs) a small
amount of the metal to be determined or its volatile
compound is sealed inside a quartz bulb placed inside
a small radio-frequency (RF) generator. When power
is applied to the generator, an RF field is created and
a low-pressure plasma is generated which vaporizes
and excites the atoms inside the bulb, causing them
to emit their spectrum. EDLs are particularly
advantageous for volatile elements and for elements
emitting in the far UV range.

Continuum sources emit radiation continuously
distributed over a greater wavelength range. In AAS,
continuum sources are used mainly for background
measurements and correction. The deuterium lamp
emits radiant power in the short wavelength range
from ~190 to 330nm, while the halogen lamp
covers the spectral range above 300 nm.

The Monochromator System

The major components of the monochromator are
the slits and the dispersion element. The source ra-
diation falls on the entrance slit and is directed to the
dispersion element that is based on either reflection
or refraction. Only the light of the desired wave-
length passes through the exit slit to fall onto the
detector. The monochromator plays an important
role in determining the baseline noise in an atomic
absorption spectrometer since it defines the amount
of light energy reaching the detector.

Detection of Radiation

The photomultiplier tube is a radiation detector using
the photoelectric principle. The radiation falling on a
photocathode causes the emission of primary elec-
trons that are released into the surrounding vacuum.
As a result of the applied voltage between the elec-
trodes (dynodes), the primary electron is accelerated
so that when it strikes a dynode several secondary
electrons are emitted, leading to a cascade effect.

Atomizers

As discussed above, for the measurement of atomic
absorbance free ground-state atoms must be present
in the sample cell. With the exception of mercury,
free atoms do not exist in a stable form at room
temperature. The atomizer is the place where free
atoms of the analyte are created. The number of free
atoms depends on the dynamic equilibrium between
the number created and the number lost, e.g., by
compound formation and ionization. The bond dis-
sociation energy of the corresponding monoxide D
and the first ionization energy E; (shown in Table 1)
are among the factors affecting this equilibrium.

The choice of the suitable atomizer for a given
analytical task depends on the concentration of
the analyte in the sample, the analyte itself, and
the amount of sample available. In the following, the
main atomizer types will be briefly presented.

Flame atomizer The flame is the oldest method of
obtaining a population of free atoms in an atomic
absorption instrument. A liquid sample is nebulized
to form an aerosol of fine liquid droplets, which is
introduced into the base of the flame where the
solvent evaporates. Higher in the flame the sample
residue decomposes and free atoms are generated.

In routine flame AAS work only the air/acetylene
flame and the nitrous oxide/acetylene flame, both
premixed laminar flames, are used. The combustion
of acetylene with nitrogen oxide gives a considerably
higher temperature (3000K) than the air/acetylene
reaction (2500K). N,O is kinetically very stable at
room temperature but reacts with C,H, very fast at
elevated temperatures by releasing its own chemical
energy of 83.8kJmol ~', thus giving a higher flame
temperature. Furthermore, only 5 mol N, per mol of
C,H, must be heated to the corresponding temper-
ature, compared to 10 for the air/acetylene mixture
as detailed in the reactions below:

CHy + SN, 0O-2C0O; + H,O + 5N,

CyH, + 5/202 + 10N, - 2CO; + H,O + 10N,
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The main restriction of the flame atomizer is the
sensitivity, generally limited to the mgl~' range.
There are several attempts to increase the sensitivity
of flame AAS, e.g., by locating a quartz, silica, or
metal tube in the flame. An increase in the detection
limits of more than one order of magnitude may be
achieved in this way. This strongly increased power
of detection is mainly due to the prolonged residence
time of the analyte atoms in the absorbing layer.

Graphite tube atomizer The main type of electro-
thermal atomizer is the graphite tube. A definite
volume of a liquid sample is introduced into the
graphite tube which is subsequently gradually and
step-wise heated to increasing temperatures accord-
ing to a preselected program normally including dry-
ing, pyrolysis, atomization, clean out, and cooling
steps. During the drying step low-temperature hea-
ting is applied to evaporate the solvents from the
sample. The ideal temperature is just below the boil-
ing point of the solvent to prevent sputtering of the
sample. The aim of the pyrolysis step is to break
down or evaporate the matrix prior to atomization
by heating to the highest possible temperature with-
out losses of the analyte element. The atomization
step aims at the creation of free gaseous atoms of the
analyte. The atomization temperature depends on
the type of both analyte and sample. The clean-out
and cooling steps serve to prepare the graphite tube
for the next run.

The graphite tube atomizer operates under spa-
tially and temporally nonisothermal conditions. The
analyte atoms volatilized from the tube wall come
into a cooler gas, so that molecular species may be
formed, leading to chemical interferences. L’vov
suggested the sample to be deposited onto a small
graphite platform aligned in the central part of the
graphite tube. The platform is heated primarily by
radiation from the walls, so that there is a time lag
between heating of the tube and the platform. The
platform reaches the atomization temperature when
the tube wall and the gas have already reached (or
almost reached) equilibrium. The analyte atoms are
thus volatilized in a gas with a temperature higher
than the equilibrium, so that chemical interferences
are diminished.

Quartz tube atomizer Some elements like antimo-
ny, arsenic, bismuth, lead, tin, can be vaporized as
molecules (e.g., hydrides) by chemical reaction at
room temperature. For this purpose a reductant
solution (NaBHy, SnCl,) is added to the sample
solution and the obtained gaseous hydrides are trans-
ported to the quartz tube atomizer (hydride

generation AAS). The same arrangement can be used
for mercury, which upon reductant addition is re-
leased as atomic vapor. In this case the quartz tube
acts as a sample cell only (cold vapor AAS).

Sample Introduction and Sample Pretreatment

Sample introduction and sample pretreatment are
still limiting factors in AAS, determining the selec-
tivity and sensitivity of the AA analysis. In AAS,
typically liquid samples are analyzed. Nevertheless,
several sample introduction systems have been
developed for the direct atomic absorption analysis
of solid samples avoiding sample dissolution, which
is labor intensive and suffers risks of both contam-
ination and losses. Solid samples in the form of
powders, slurries, etc., are mostly analyzed in elect-
rothermal atomizers.

Another approach offering a variety of rapid, re-
liable, and economic ways for sample pretreatment
and sample introduction in AAS is the online coup-
ling of flow injection systems with both flame and
electrothermal AAS techniques. Such integrated sys-
tems have made a great progress in recent years by
providing automated operation avoiding time-consu-
ming manual work and enhancing accuracy and pre-
cision.

See also: Atomic Absorption Spectrometry: Interfer-
ences and Background Correction; Flame; Electro-
thermal; Vapor Generation. Atomic Spectrometry:
Overview. Flow Injection Analysis: Principles.
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Introduction

Atomic absorption spectrometry (AAS) is a very sen-
sitive method of elemental analysis, allowing the de-
termination of metals in a variety of samples at the
picogram level. It has been used for thousands of
applications involving a wide diversity of samples.
The atomic absorption phenomenon involves a meas-
urement of the reduction of the intensity of optical
radiation subsequent to its passage through a cell
containing gaseous atoms. Modern instrumentation
for AAS typically consists of a light source called a
hollow cathode lamp (HCL), which emits specific
wavelengths of light that are ideally only absorbable
by the analyte; an ‘atom cell’, which serves to convert
the samples into gaseous atoms that can absorb light
from the HCL; a ‘detection system’ that serves to
isolate and quantify the wavelengths of interest; and
a computer system to control instrument operation
and collect and process data. Most commonly, sam-
ples are converted to aqueous solutions by digestion
procedures to minimize interferences and provide
optimal precision and accuracy.

The most common atom cells employed for AAS
are flames and electrothermal atomizers (ETAs).
Flames, which employ a carefully controlled com-
bustion environment to produce atoms, have the
advantages of speed, ease of use, and continuous
operation, which allows simple interface with chro-
matographic systems for speciation. However, the
efficiency of sample introduction is typically 5%, and
the atoms are dispersed across a relatively large
volume, causing the sensitivity of flame AAS to be
relatively poor (typically parts per million level).
ETAs, also called graphite furnaces, employ a small
graphite tube whose temperature can be accurately
controlled by a power supply (Figure 1). Argon gas
flows around the tube to prevent its combustion at
elevated temperatures. Each ETA-AAS measurement
involves a process called the ‘atomization cycle’.
ETA-AAS provides much higher sensitivity (typically
parts per billion level, or picograms on a mass basis)
compared to flame AAS because the atoms are
concentrated in a relatively small volume and its
high-(essentially 100%) atomization efficiency. In
addition, ETA-AAS is capable of analyzing small
volumes (typically 20 ul per measurement).

However, the practical use of ETA-AAS for real
sample analysis may be hampered by interferences,
induced by nonanalyte components of sample (the
sample matrix), that induce a change, either positive

ETA
power supply

Electrodes
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tube
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Figure 1 Schematic diagram of an electrothermal atomizer.
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or negative, in the analyte absorption and prevent
accurate analysis. Interferences are a much greater
problem in ETA-AAS than flame AAS, and hence this
article will focus on the former. A considerable
amount of scientific effort was focused in the 1980s
and 1990s to create instrumental developments and
analytical protocols, called ‘modern furnace tech-
nology’ (MFT), to eliminate or at least minimize
ETA-AAS interferences.

This article outlines the major types of interfer-
ences that are of significance in ETA-AAS, and the
major components of MFT are outlined to describe
ways to prevent interferences. Finally, an outline of
procedures to develop methods for practical ETA-
AAS analysis is provided.

Types of Interferences for ETA-AAS

The three major types of interferences encountered in
ETA-AAS are listed in Table 1. These include spec-
tral, chemical, and physical differences in analytical
standards and samples that may lead to inaccurate
analysis by ETA-AAS. Detailed descriptions of these
interferences are given below.

Spectral Interferences

Spectral interferences involve a change in the amount
of light that reaches the detection system by con-
comitants in samples. They can be classified as spec-
tral overlaps, scatter, and molecular absorption.
Spectral overlaps arise in the relatively rare case in
which a nonanalyte element absorbs light from the
HCL. These interferences are relatively uncommon
because the emission profile of an HCL is considerably

Table 1 Types of interferences in ETA-AAS

Interference  Subclassification Description

Spectral Spectral overlaps Absorption by nonanalyte
atoms
Scatter Source light attenuated by
particles
Molecular absorption  Small molecules from
sample matrix absorb
light
Chemical Volatile compound Vaporization of analyte
formation before atomization step
Involatile compound  Incomplete vaporization of
formation analyte during
atomization step
Gas-phase Gas chemical reactions
interferences between analyte
and matrix components
during atomization step
Physical Differences in viscosity

and surface tension of
standards and samples

narrower than the absorption profile of the atoms in
the ETA, and the interferent must be present at high
concentrations. The most significant analytical spec-
tral overlap occurs between gallium and manganese
at 403.3 nm.

Scatter of source light occurs if particles are formed
in the graphite tube that attenuates the source radi-
ation. Particles may be formed from inorganic salts
(e.g., sodium chloride), decomposition of organic
compounds, or from the graphite tube at very high
temperatures. The magnitude of the scattering coef-
ficient 7 is given by Rayleigh’s law of scattering:

5 N?

= 0

T=24n
where v is the volume of the scatterers (cm?). N is the
density of scatterers (number cm ~3), and A is the
wavelength of light (cm). This relationship shows
that scatter has a maximum value in the presence of
large scattering particles and at low-source wave-
lengths. Scatter may be a significant source of error
for ETA-AAS. However, it is characterized by re-
latively constant magnitude as a function of wave-
length, and hence its effects can usually be removed
by the use of MFT.

Molecular absorption involves the absorption of
HCL radiation by small molecules produced by com-
ponents of the sample matrix. Alkali metal halide
compounds absorb radiation throughout the ul-
traviolet region where most ETA-AAS measurements
are performed, as shown in Figure 2. These broad
spectra are caused by absorption of source emission
that induces photodissociation of the molecules. In
addition to photodissociation continuum spectra,
other molecules are characterized by electronic band
spectra, which are typically 0.5-10 nm in width and
may be further split into vibrational and rotational
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Figure 2 Molecular spectrum of sodium chloride (5pg) in an
electrothermal atomizer. (Data from Culver BR and Surles T
(1975) Analytical Chemistry 47: 920.
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lines. Electronic band spectra are particularly diffi-
cult to correct for because of the variation in inten-
sity across the absorption profile of the analyte.

Chemical Interferences

Chemical interferences involve a chemical reaction
between the analyte and components of the sample
matrix that reduces the formation of gaseous atoms
during the atomization step. These interferences may
be further characterized based on the type of chem-
ical reaction involved. Volatile compound formation
involves a reaction between the analyte and a matrix
component that produces a volatile molecule that is
vaporized out of the furnace during the pyrolysis
step. Involatile compound formation involves a re-
action between the analyte and a matrix component
that produces a molecule that is insufficiently volatile
or sufficiently stable to reduce the formation of
atoms during the atomization step. Gas-phase inter-
ferences refer to a chemical reaction between the
analyte and a concomitant in the vapor phase.
Chemical interferences can be eliminated in most
cases by the use of MFT (see below). Perhaps the
most widely studied interference is the chloride in-
terference for volatile elements such as lead and
thallium, which causes vaporization of these ele-
ments at low temperatures (500°C). Although the
mechanism of this interference has been widely stud-
ied, controversy still exists about its exact cause.
Chemical interferences are also problematic for
involatile elements. For example, metals that form
involatile carbides, such as silicon, tantalum, and
tungsten, are very difficult to determine by ETA-AAS
because of their reactivity with the graphite tube.

Physical Interferences

Physical interferences involve differences between
physical properties of standard and sample solutions,

Table 2

such as viscosity and surface tension, which result in
changes in the ETA-AAS analytical signal. These dif-
ferences typically do not affect the quantity of ma-
terial introduced into the graphite tube, but may
affect the degree of spreading of the sample on
the tube surface. Increased spreading may increase
analyte—graphite interactions and decrease the atom-
ization efficiency of the analyte. As an example,
physical interferences may be encountered using a
sample introduction technique called slurry sam-
pling, in which an aqueous slurry of a powdered
sample is directly introduced into the tube. Surfact-
ants are commonly added to these samples to assist
in wetting and dispersing biological powders. How-
ever, these chemicals also increase spreading on the
graphite and potentially induce a physical interfer-
ence. These interferences may also be eliminated by
the use of MFT.

Modern Furnace Technology for
Practical Analysis by ETA-AAS

The components of MFT for ETA-AAS are outlined
in Table 2. These include instrumental developments,
the use of high-quality graphite materials, a modern
method of background correction, and chemical
modifiers. The combination of these instrumental
developments and protocols allows the routine use of
ETA-AAS for real sample analysis.

Instrumental Developments for ETA-AAS

In flame AAS, the sample is continuously introduced
into the atom cell, producing a steady-state signal.
Consequently, flame AAS instrumentation is de-
signed to measure the peak height of this continu-
ous signal, and this practice employed into early
instrumentation for ETA-AAS. As described above,
a discrete volume of sample (typically 20ul) is

Instrumental developments and analytical protocols involved in MFT

MFT category MFT component

Advantage

Instrumental developments Integrated absorbance

Fast electronics
Autosampler

High-quality graphite
Transversely heated tubes

Platform atomization with high-atomization heating

rates

Background correction Zeeman effect

Chemical modifiers

Pyrolytically coated graphite tubes

Better accuracy and precision than peak
absorbance

Accurate characterization of transient signal

Improved precision compared to manual
pipetting

Reduced analyte—graphite reactions

Reduced chemical interferences by
vaporization into a uniformly hot tube

Atomization into a hot environment that
reduces chemical interferences

More accurate characterization of spectral
interferences

Reduced spectral and chemical
interferences
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Figure 3 Electrothermal atomizer signal from a single furnace
firing.

introduced into the graphite tube that is converted
into gaseous atoms during the atomization step, re-
sulting in a transient signal, as illustrated in Figure 3.
The use of integrated absorbance, rather than peak
absorbance, has been shown to provide superior ac-
curacy and precision compared to peak absorbance.
This is particularly true for real sample analysis,
where the sample matrix may reduce the height of
the analytical signal, but not its area.

The electronics for instrumentation designed
flame AAS typically have long time constants
(0.1-1s) to smooth the steady-state signals obtai-
ned in this technique. However, the use of these
electronics in early ETA-AAS instrumentation cau-
sed distortions of the transient ETA-AAS signals,
which are typically a few seconds in width. Modern
instrumentation for ETA-AAS employs time con-
stants on the orders of milliseconds to prevent these
errors.

Although autosamplers for flame AAS allow au-
tomated collection of data, they do not typically im-
prove the accuracy and precision of analysis.
Consequently, much of the early ETA-AAS literature
employed manual pipetting. However, it is very
difficult to reproducibly manually inject the small
volumes employed in this technique. An autosampler
should therefore be used to obtain the best accuracy
and precision.

Graphite for ETA-AAS

The types of graphite substrates may significantly
affect the analytical performance of ETA-AAS
(Figure 3). Early commercial instrumentation in the
1970s employed relatively large graphite tubes
(50mm in length by 8mm diameter) composed
of polycrystalline graphite. Although these tubes

accommodated large sample volumes, they were
highly susceptible to chemical interferences that can
be minimized by the methodology described below.

First, modern instrumentation uses smaller tubes
(20-30mm in length by 3-6 mm in diameter) that
can be rapidly heated at more than 1000°Cs~'.
High-heating rates allow the analyte to be rapidly
atomized, improving precision. Second, chemical in-
terferences between graphite and analytes were
shown to be minimized by the addition of a 50 um
layer of pyrolytic graphite on the surface of the tube,
forming pyrolytically coated graphite. Pyrolytic
graphite has a relatively high density and serves
to reduce the chemical reactivity of the graphite.
Pyrolytically coated graphite should always be
employed for the determination of elements that
may form carbides (e.g., vanadium, titanium, mo-
lybdenum). It is also effective at minimizing phy-
sical interferences due to increased analyte-graphite
interactions.

Another approach to minimize interferences for
volatile elements (e.g., lead, thallium) involves at-
omization into a tube that is at a relatively high
temperature. Early work involved sample introduc-
tion directly onto the wall of the graphite tube. Un-
der these circumstances, atomization occurred while
the tube was still heating to the atomization temper-
ature, which may allow gas-phase reactions to occur
between the analyte and components of the sample
matrix. In order to alleviate this problem, a small
graphite shelf, called an ‘U’vov platform’, is inser-
ted in the bottom of the graphite tube. Sample
is introduced on to the platform. Since electrical
current does not pass through the platform, it is
heated radiatively by the tube walls, and hence its
temperature is lower than that of the walls. This
ensures that atomization occurs after the tube and
gas inside it has reached a relatively high and
constant temperature, minimizing chemical interfer-
ences.

Most furnace designs involve the passage of cur-
rent through the length of the furnace using a longit-
udinal heating. This furnace design may cause severe
temperature gradients, reported to be as large as
1200°C, between the center of the tube and its ends.
These relatively cool regions may allow the analyte
to condense or react with matrix components, re-
sulting in interferences. An alternative to longit-
udinal heating is ‘transverse heating’, where the flow
of current is perpendicular to the length of the tube
(Figure 4). In this approach, the electrode contacts
and DL’vov platform are integrated as part of the
graphite tube. This design has been shown to reduce
interferences compared to longitudinal heating
schemes.
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Background Correction for ETA-AAS

Spectral interferences may have a deleterious effect
on the precision and accuracy of practical analysis
performed by ETA-AAS. The effects of spectral
backgrounds may be minimized by the use of meth-
ods of background correction. The basic goal of any
method of background correction is the accurate
measurement of the background absorbance, so it
can be subtracted from the uncorrected signal (signal
plus background) to give a background corrected
signal. The ideal method of background correction
would offer ease of use, low cost, applicability to all
elements and wavelengths, measurement of back-
ground at the analytical wavelength, the use of
one source, minimal effect on the detection limit
or linear dynamic range, compatibility with a high-
sampling frequency (>60Hz), and widespread
use involving a variety of sample applications. As
one might expect, no one method meets all of these
criteria, and hence compromises must be made
on some of these analytical parameters. In this arti-
cle, the two most widely used methods of back-
ground correction are discussed: continuum source
and Zeeman.

Continuum source background correction Contin-
uum source background correction involves the use
of a continuum source, such as a deuterium arc in the
ultraviolet, or a tungsten halide lamp in the visible,
to measure background attenuation. The spectral
output from a HCL and the continuum source are
alternatively transmitted through the graphite tube.
The HCL has a narrow band emission profile (typ-
ically 0.003 nm) that may be attenuated by the anal-
yte and molecules or particles responsible for the
background signal. The continuum source has a re-
latively wide emission profile (typically 0.2-1nm),
which is defined by the spectral bandpass of the
monochromator, and may be absorbed by the sources

Figure 5 Determination of arsenic (193.7 nm) in the presence
of CaHPQO, with continuum source background correction and a
1nm spectral bandpass.

of background but not by the analyte. Therefore,
electronic subtraction of the HCL measurement
(signal plus background) minus the continuum
source measurement (background) gives a back-
ground corrected measurement.

Continuum source background correction has two
major limitations for practical analysis. First, it is
difficult to exactly align the two light sources, which
leads to inaccurate analyses, particularly at high-
background levels. Second, it is unable to correct for
background signals whose magnitude varies across
the bandpass of the monochromator, which are
called ‘structured backgrounds’. Under these circum-
stances, continuum source background correction
cannot provide accurate analyses. An example of a
continuum source background correction error is
shown in Figure 5, in which the measured back-
ground at the analytical wavelength is higher than
the signal, resulting in a negative signal called an
‘overcorrection error’.

In spite of these limitations, continuum source
background correction may be used with good ac-
curacy for many analyses. It offers low cost, wide
applicability, operation at high frequencies, and little
degradation in detection limits or linear dynamic
range. It is commonly found in commercial instru-
mentation alone or with other methods of correction.

Zeeman effect background correction Zeeman ef-
fect background correction involves the use of the
Zeeman effect, which involves the splitting of atomic
lines into two or more components in the presence of
an intense magnetic field (Figure 6). In general, these
components only absorb one direction of polarized
light, and hence the combination of a magnetic field
and a polarizer may be used to make the background
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Figure 6 Normal Zeeman splitting pattern in a transverse
magnetic field.

measurement. It is assumed that the background
signals are not affected by the magnetic field, which
is usually (but not always) a correct assumption. The
most common arrangement for Zeeman ETA-AAS
uses an electromagnet arranged around the graphite
tube. Measurement when the magnetic field is zero
gives signal plus background, measurement at the
maximum field strength gives the background, and,
hence, subtraction of the two gives a background
corrected measurement. A number of instrumental
configurations are commercially available for Zee-
man ETA-AAS. These are beyond the scope of this
article; readers are referred to the section Further
Reading.

Zeeman effect background correction is generally
regarded as the most accurate method, and it can be
employed with almost all elements and transitions.
However, it requires an expensive magnet system and
typically degrades the analytical signal and linear
dynamic range. In addition, a few reports have dem-
onstrated interferences due to a molecule or second
element with an absorption line very close to the
analytical wavelength. Ideally, if cost is not an
option, it may be preferable to be able to utilize
both methods of correction, in case interferences
limit the use of one of these methods.

Chemical Modifiers for ETA-AAS

A very important facet of modern furnace techno-
logy involves the addition of chemical reagents, to
standards and samples, to minimize interferen-
ces. These reagents are called chemical (matrix)
modifiers. Modifiers serve to separate the analyte
from the sample matrix to reduce spectral and chem-
ical interferences. For volatile elements, such as lead,
modifiers typically reduce the volatility of the ana-
lyte, allowing the use of a higher pyrolysis tempe-
rature that may allow removal of concomitants
before the analytical measurement during the atomi-
zation step.

An ideal modifier would be available in high
purity, minimize interferences, cause no reduction in
the lifetime of the graphite tube, not be commonly

Table 3 Chemical modifiers used for ETA-AAS

Element Recommended chemical modifiers

Arsenic Palladium nitrate and magnesium nitrate;
nickel nitrate

Bismuth Palladium nitrate and magnesium nitrate;
nickel nitrate

Cadmium Palladium nitrate and magnesium nitrate;
diammonium hydrogen phosphate and
magnesium nitrate

Chromium Magnesium nitrate

Copper Palladium nitrate and magnesium nitrate

Lead Palladium nitrate and magnesium nitrate;
diammonium hydrogen phosphate and
magnesium nitrate

Manganese Magnesium nitrate

Selenium Palladium nitrate and magnesium nitrate;
nickel nitrate and magnesium nitrate

Thallium Palladium nitrate and magnesium nitrate;
diammonium hydrogen phosphate

Zinc Nickel nitrate

determined by ETA-AAS, and be applicable to many
elements. A summary of commonly used modifiers is
provided in Table 3. Commonly used modifiers in-
clude palladium nitrate, magnesium nitrate, diam-
monium hydrogen phosphate, and nickel nitrate.
Palladium nitrate, either alone or with other com-
pounds, best meets these criteria and is the most
widely used modifier at this time. The introduction of
oxygen as a modifier during the pyrolysis step, which
is called oxygen ashing, has been used for the ana-
lysis of biological samples. Oxygen ashing has been
shown to reduce formation of carbonaceous residue
produced by these samples and minimize interfer-
ences.

See also: Atomic Absorption Spectrometry: Principles
and Instrumentation; Flame; Electrothermal; Vapor Gen-
eration. Elemental Speciation: Overview.
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Introduction

Flame atomic absorption was until recently the most
widely used techniques for trace metal analysis, re-
flecting its ease of use and relative freedom from in-
terferences. Although now superceded in many
laboratories by inductively coupled plasma atomic
emission spectrometry and inductively coupled plasma
mass spectrometry, flame atomic absorption spect-
rometry still is a very valid option for many applica-
tions. The sample, usually in solution, is sprayed into
the flame following the generation of an aerosol by
means of a nebulizer. The theory of atomic absorption
spectrometry (AAS) and details of the basic instru-
mentation required are described in a previous article.
This article briefly reviews the nature of the flames
employed in AAS, the specific requirements of the in-
strumentation for use with flame AAS, and the atom-
ization processes that take place within the flame. An
overview is given of possible interferences and various
modifications that may provide some practical advan-
tage over conventional flame cells. Finally, a number of
application notes for common matrices are given.

Types of Flame

In AAS, the flame is only required to produce ground
state atoms. Two types of flame are employed to
achieve this: the premixed combustion flame consis-
ting of a fuel and oxidant gas, and the diffusion flame
where the fuel is also the carrier gas that burns on
contact with air. Premixed flames commonly employ
either air or dinitrogen oxide as the oxidant, and
either acetylene, propane, or hydrogen as the fuel gas.
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The temperature of diffusion flames is lower than
that of premixed flames, although it must be remem-
bered that atomization occurs as a result of both the
high enthalpy and temperature of the flame and
through chemical effects (i.e., chemical compounds
and radicals within the flame), as discussed below.
Thus, although the burning temperatures of two
different premixed gas flames may be similar, the
analytical characteristics can be very different. The
characteristics (indicative values) of some commonly
used flames are shown in Table 1.

Of the various flame types available, the air-acety-
lene flame is the most widely used. This flame is
stable, simple to operate, and produces sufficient
atomization to enable good sensitivity and freedom
from many interelement interferences. Over 30 ele-
ments may be determined using an air-acetylene
flame, although the flame conditions may have to be
adjusted to create a suitable environment for some
elements. For example, the alkaline earth metals re-
quire a fuel rich (reducing flame), whilst the noble
metals are determined using a lean (oxidizing) flame.
In many cases, however, increasing the oxygen con-
tent of the flame may be counterproductive since al-
though this will produce a hotter flame it may also
promote the formation of refractory oxides. Ioniza-
tion will occur in an air-acetylene flame for a
number of easily ionized elements such as the alkali
metals. In such cases, an ionization suppressor or
buffer consisting of a large excess of an easily ionized
element (such as cesium or potassium) may be added.
This has the effect of suppressing the ionization (e.g.,
sodium) by a simple mass action effect resulting from
the excess cesium in the flame. The alkali metals may
be determined using an air-propane flame, although
such flames are seldom used these days, atomic emis-
sion spectrometry being the preferred technique for
such elements.
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Table 1 Typical characteristics of premixed flames used in AAS

Flame type Flow rates (I min~") Approximate Maximum
temperature (K) burning velocity (cms~ ! )

Fuel Oxidant

Air-propane

Lean 0.3 8 2200 45

Stoichiometric 0.3-0.45 8

Rich 0.45 8

Air-acetylene

Lean 1.2 8

Stoichiometric 1.2-1.5 8 2450 160

Luminous 1.5-1.7 8

Rich 1.7-2.2 8 2300

NoO-acetylene

Lean 3.5 10

Stoichiometric 3.5-4.5 10 3200 285

Rich 4.5 10

Air-hydrogen

Stoichiometric 6 8 3200 320

N-O-hydrogen

Stoichiometric 10 10 2900 380

N-O-propane

Stoichiometric 4 10 2900 250

Another premixed flame commonly employed is the
dinitrogen oxide (nitrous oxide)—acetylene flame. This
flame is both hot and reducing and commonly used
for the determination of elements such as Al, B, Ba,
Be, Mo, Nb, Re, Sc, Si, Ta, V, W, Zr, the lanthanoids,
and actinoids. This type of flame has a characteristic
red inter-conal zone due to the presence of the
cyanogen radical that is produced under slightly fu-
el-rich conditions. This radical is a very efficient
scavenger of oxygen and the higher temperature aids
in promoting dissociation. For safety reasons, the ni-
trous oxide—acetylene flame should never be run fuel-
lean and carbon deposits should not be allowed to
build up on the burner (a 5 cm slot burner is used). To
establish the flame, an air—acetylene flame is lit first,
made very fuel-rich, and then switched to nitrous ox-
ide—acetylene using a two-way valve. The flame is
shut down using the reverse procedure.

Hydrogen diffusion flames are used to determine eas-
ily atomized elements such as arsenic and selenium.
Often such flames, for example, the argon-hydrogen
flame, are used in conjunction with hydride generation
techniques. The flame itself is transparent over a wide
spectral range and so has some benefit over hydrocar-
bon flames that will absorb strongly at low wavelengths.

Sample Introduction and
Burner System

In order for the atom cell, i.e., the flame, to function
effectively and produce an atomic vapor, the sample

must be presented in the form of a fine aerosol. This
is achieved using a nebulizer and spray chamber
prior to the burner. A typical pneumatic nebulizer
system for a premixed flame is shown in Figure 1.
The sample solution is sucked up a plastic capillary
tube by the reduced pressure created at the end of the
tube by the oxidant or carrier gas flow, i.e., the
Venturi effect. During this process the sample is
shattered into tiny droplets as it exits the capillary
tube to produce an aerosol. This process may be
optimized with respect to sample uptake and drop
size by adjusting the position of the nebulizer cap-
illary. Additionally, an impact bead may be placed in
the path of the initial aerosol to provide secondary
fragmentation. Both the nebulizer and impact bead
must be made of corrosion-resistant material such as
a platinum—iridium alloy (90:10) or stainless steel
coated with an inert plastic.

Once formed, the aerosol passes into the burner or
spray chamber (sometimes also called the cloud
chamber). The role of the spray chamber is to
homogenize both the aerosol and gases that tend
to dampen fluctuations in nebulizer efficiency, and
to remove any large droplets before they reach the
flame. Large droplets (diameter >10 um) collect on
the sides of the chamber and then drain to waste.
Spoilers and baffles placed at the end of the spray
chamber aid this process. Because the spray chamber
will fill with flammable gas, modern instruments will
also incorporate some form of antiflashback protec-
tion from the flame.
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Figure 1 Diagram of nebulizer, spray chamber, and burner system components as used in the PerkinEImer AAnalyst 200/400
atomic absorption spectrometer. (Reproduced by kind permission of PerkinElmer Inc. All rights reserved.)

Although the nebulizer and spray chamber ar-
rangement described allows only small droplets to
reach the flame, the efficiency in terms of sample
transport is only ~10%. Ultrasonic nebulizers of-
fering higher efficiency are available, but these are
more complicated and have a tendency to suffer from
memory effects, i.e., contamination from previous
samples. Organic solvents also improve the efficien-
cy, probably forming smaller droplets as a result of
their lower surface tension. However, organic sol-
vents may also affect nebulization because of their
different density, viscosity, and saturated vapor pres-
sure. In addition, they may also act as secondary fu-
els, thus affecting the flame.

The introduction of solid powder samples is
possible using pneumatic sampling devices. Various
graphite capsules and vibration tubes have also been
used on this form of sample. In both cases the

precision is very poor and the introduction of pow-
ders is thus seldom attempted these days.

The design of the burner employed in AAS depends
on the oxidant—fuel gas mixture. Slot burners are now
used almost exclusively, the length of the slot being
10 cm for use with air-acetylene and multishot burners,
and 5 cm for nitrous oxide-acetylene burners, reflecting
the higher burning velocity of the flame as shown in
Table 1. The slot width and the conductivity of the
metal used for the construction of the burner are also
important in terms of stability of operation and prevent-
ion of clogging. The burner should also be constructed
or coated in an inert material to avoid corrosion.

Atomization Processes in the Flame

Once the aerosol reaches the flame the droplets
are desolvated to form a mist of salt clotlets, which
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then fuses and evaporates or sublimes. This process
is critically dependent on the size and number of
the particles, their composition, and the flame mix-
ture. As the absolute concentration of analyte in
the flame is very small (<10~ 2atm), the saturated
vapor pressure may not be exceeded even at temper-
atures below the melting point. The vaporization is
fast; the molecules that make up the vapor decompo-
sing into individual atoms almost instantaneously. In
fact, the distance that the sample travels through the
flame before atomization may be very short, for
example, less than 1cm for sodium chloride in an
air-acetylene flame. Higher in the flame the sodium
concentration will slowly decrease due to cooling
of the flame and the composition of the flame has
little effect on the atomization process. Other species,
however, are more refractory (e.g., the alkaline-
earth and rare-earth oxides) and may require a
hotter flame and reducing environment to aid dis-
sociation, thus reflecting the importance of flame
chemistry (both ground state and excited atoms
may be produced by radical reactions in the pri-
mary reaction zone of the flame). Since dissociation
and the subsequent ionization of a diatomic com-
pound are similar processes, it is possible to calculate
the degree of ionization of atoms into ions and
electrons for different elements as a function of
temperature and partial pressure using the Saha
equation.

For many elements the atomization efficiency, de-
fined as the ratio of the number of atoms to the total
number of analyte species, atoms, ions, and mole-
cules in the flame, is 1, although for other elements
(e.g., the lanthanoids) it is less than 1, even in a ni-
trous oxide-acetylene flame. However, the formation
of atoms is not the end of the story since once formed
they may be lost through compound formation or
ionization. lonization increases exponentially with
temperature and is a particular problem for the el-
ements on the left of the periodic table, i.e., the alkali
and the alkaline-earth elements. It is also a problem
with Al, Ga, In, Sc, Ti, and Tl in the nitrous oxide—
acetylene flame. A summary of atomization in flames
is presented in Figure 2.

Interferences and Errors

The use of a line source and the ratio method (i.e.,
I°/I) tend to minimize errors in AAS, since many
instrumental errors such as long-term source drift,
small monochromator drifts, should be cancelled
out. However, a stable uptake rate, or aspiration
rate, is required. There are principally three types
of interference that may be identified in flame AAS:
chemical, ionization, and spectral interferences. Both
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Figure 2 Summary of atomization in flames.

chemical and ionization interferences require the
presence of an analyte.

Chemical Interferences

Chemical effects may originate from either the sam-
ple solution or the flame and represent the major type
of interference in flame-AAS. The mechanisms be-
hind chemical interferences can be split into two
types. The first of these is where the atomization of
the analyte is not complete through occlusion into
refractory compounds. Stable compound formation
of this type will cause a depression of the signal
through physical entrapment of small amounts of
analyte in clotlets of matrix oxide in the flame.
In premixed laminar flames the volatilization of solid
particles begins as soon as they enter the primary
reaction zone. The time this process takes is depend-
ent on the size of the particle and so the occurrence
of such interferences will depend critically on the
observation height in the flame. In the second type,
the analyte atoms may react with other atoms or
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radicals, leading to the formation of less volatile (or,
occasionally, more volatile) compounds. The best-
known example of this type of interference is that of
phosphate on calcium, although sulfate and silicate
have similar effects. The interference manifests itself
as a pronounced ‘knee’ in plots of increasing phos-
phate concentration against calcium signal. The
constant level of interference following the ‘knee’
suggests formation of a compound that is less volatile
than calcium chloride (probably calcium phosphate),
which restricts the formation of calcium atoms.
There are many other examples of this type of inter-
ference, all showing this pronounced ‘knee’, which
distinguishes them from nonspecific occlusions. To
overcome this type of interference it is possible to
use a hotter flame (the interference of phosphate on
calcium is not observed in a nitrous oxide—acetylene
flame), make observations higher in the flame, use
a ‘releasing agent’ (an excess of lanthanum or stron-
tium releases calcium from phosphate interference),
or finally to use a protective chelating agent (excess
ethylenediaminetetraacetic acid (EDTA) protects
calcium from the phosphate interference).

lonization Interferences

This is a vapor-phase interference that may be par-
ticularly troublesome for elements with low ioniza-
tion potentials such as the alkali metals and some
alkaline-earth metals when using an air-acetylene
flame, and elements having an ionization energy
of 7.5eV or lower using a nitrous oxide—acetylene
flame. In such cases, the analyte is partly ionized in
the flame, leading to a decrease in the absorption
signal. However, the extent of the ionization for a
specific element and temperature is dependent on
the concentration element. For example, the ioniza-
tion of barium is strongest at low concentrations and
results in curvature of the analytical curve precluding
trace analysis. The effect can be explained in terms of
the self-suppression of the ionization (see above).
Ionization interferences may be suppressed in two
ways. First, a cooler flame may be employed, for
example, the alkali metals are little ionized in the
cooler air-hydrogen flame. However, this approach
is not suitable for the majority of the elements since
they are either not determined in cool flames (e.g.,
the lanthanoids) or subject to solute-volatilization
interferences (e.g., barium). The second approach is
to shift the ionization equilibrium on the basis of the
law of mass action by producing a large excess of
electrons in the flame or by charge transfer. In prac-
tice, this is simply achieved by adding a large excess
of an easily ionized element (e.g., potassium) to both
the sample and reference solutions. The effect of this

is to ionize the buffer element in the flame, whilst
suppressing the ionization of the analyte.

Spectral Interferences

Spectral interferences in AAS due to direct overlap-
ping of the emission lines from the primary radiation
source and the adsorption line of another element in
the atom cell are very rare. To give rise to a spectral
interference, the lines must not merely be within the
band pass of the monochromator, but must actually
overlap with each other’s spectral profile (i.e., be
within 0.01 nm). Spectral interferences resulting from
the overlap of molecular bands and lines are more of
a problem in AAS. Examples of this type of interfer-
ence are the nonspecific absorption at 217.0nm
which affects lead (e.g., sodium chloride gives a
strong molecular absorption at this wavelength), and
the calcium hydroxide absorption band on barium at
553.55nm. Spectral interferences may usually be
eliminated by the use of background correction.

Modifications to Conventional
Flame Cells

The use of flame atom cells has many advantages
for routine analytical determination. These include
the fact that most elements can be readily atomized
by the appropriate flame; flame cells are easily
optimized and simple to use; and due to their long
history much is known about their fundamental
behavior. In addition, flames give a steady signal and
offer signal-to-background and signal-to-noise ratios
that facilitate good sensitivity and precision (0.4-2%
r.s.d.) over a wide wavelength range (200-800 nm).
However, there are also a number of practical dis-
advantages that may be encountered when using
conventional flame cells. The first of these is that
conventional indirect flame systems require relatively
large volumes of solution to operate, reflecting the
fact that only ~10% of solution uptake is delivered
to the flame. Samples also have short transit times in
the flames, giving rise to the possibility of incomplete
vaporization as discussed above, and once the atoms
are formed they are subject to dilution effects from
the relatively high flow rate of unburnt gas used to
support the flame. It has been estimated that atoms
spend only 10 ~*s in the analysis volume — much less
than is required to give a stable signal. Finally, al-
though the sample introduction works well for aque-
ous solutions, difficulties may be encountered when
trying to nebulize organic solvents (which may
extinguish the flame) or introduce solids. To over-
come these shortfalls, a number of modifications to
the flame cell have been proposed.
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Small samples (25-200 mm?®) may be introduced
using the technique of pulse nebulization (also
known as discrete sample nebulization, direct-injec-
tion cup nebulization, gulp sampling, and Hoescht
cup nebulization). This technique may also be em-
ployed for higher concentrations than normally ne-
bulized. A cup or funnel made of an inert material
(e.g., polytetrafluoroethylene) is attached to the ne-
bulizer tubing and the sample is put into the cup as
a discrete aliquot using a micropipette. The sample
is totally consumed and the transient peak signal
recorded.

The use of branched uptake capillaries, connected
to the nebulizer using a T-piece, may be advanta-
geous when a buffer or ionization suppressor is re-
quired. In addition to avoiding time-consuming
solution preparation, it is also possible to calibrate
organic extracts using aqueous standards in this way.
The approach may also be extended to couple more
complex flow injection systems employing novel
chemistries in the same way.

The final modification commonly employed is
the use of sampling boats and cups. One of the
first examples of such a device was the Kahn sa-
mpling boat, where the sample was evaporated from
a tantalum boat that was simply pushed into
the flame. An improvement in sensitivity may be
achieved for the more easily atomized elements,
although the reproducibility is often poor. A modi-
fication to this approach was later (1970) reported
by Delves, who replaced the tantalum boat with
a nickel microcrucible, the so-called Delves cup.
The cup itself is mounted onto a device that allows
it to be positioned near the flame to char the
sample before insertion into the flame to allow at-
omization. A nickel absorption tube was also posi-
tioned in the flame (aligned with the hollow cathode
lamp in such a way as to allow the light to pass
through the tube unhindered), the atoms enter-
ing through a hole half-way along its length. In this
way the residence time of the atoms in the flame
could be increased. Such devices are now seldom
used.

The use of tubes to increase the residence time of
atoms in the analytical zone, and hence improve de-
tection limits have more recently been reported for a
variety of applications. Such tubes are often fabri-
cated from silica and employ slots, one directly above
the burner slot and the other usually at 180°, to de-
crease the turbulence of the hot gases. The im-
provement in sensitivity associated with these tubes
is generally confined to those elements readily disso-
ciated to their ground state atoms in the flame. Ele-
ments with relatively high metal-oxide dissociation
energies such as some of the transition metals that

are normally best determined using the nitrous
oxide—acetylene flame are precluded because of the
excessive thermal shock this hotter flame would
impose on the quartz tube.

Although very useful for many applications, it
should be stressed that the above devices will not
overcome all of the problems associated with the use
of flames. For example, they will not help alleviate
the branded and continuous spectra that give rise to
background radiation in flames. The banded spectra
arise from the excited molecules and radicals in
the flame gases, whilst the dissociation, ionization,
and recombination of these species give rise to the
continuous spectra. Such background radiation is a
particular problem with flames when using low
wavelengths (i.e., below 200nm). Other problems
associated with the use of flames include scatter ra-
diation resulting from particulate matter in the light
path, and various safety requirements, particularly
with regard to explosion hazards (always present
with flames of high burning velocity) and toxic
flame products (necessitating the use of extraction
systems).

Selected Applications

There are many applications for flame atomic ab-
sorption spectroscopy, most requiring the sample to
be in solution. Table 2 lists typical detection limits
that may be obtained on a modern instrument,
together with details of the flame type recommended
for each element. In practice, the concentration of
the analyte in solution should be at least 10 times
greater than the detection limit.

Liquid Samples

Information on total analyte levels in aqueous
samples may be obtained directly following acidifi-
cation of the sample, providing the analyte is present
in sufficient concentration. Samples may also be
filtered to provide information on the dissolved
fraction, although losses may occur during the filter-
ing process. Samples with analyte concentrations
below the detection limits may be preconcentrated
using either evaporation or ion exchange resins
prior to analysis. Scale expansion may also be em-
ployed. On the other hand, if the analyte is in high
concentration, the solution must be diluted to within
the linear working range, or some other means
of reducing the sensitivity employed such as removal
of the impact bead, burner rotation, or the use of
alternative less-sensitive absorption lines. Releasing
agents and ionization buffers may be required
for some samples, although these should be used in
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Table 2 Typical detection limits for flame atomic absorption spectrometry

Element Characteristic concentration (ug mi~") Detection limit (ug mi~ ") Normal range (ug mi~") Flame type
Ag 0.03 0.002 0.02-10 Air—CoH,
Al 0.8 0.03 0.3-200 N-O—-C5H,
As 0.5 0.3 3-150 NoO—-CzH,
Au 0.1 0.01 0.1-30 Air-CoH»
B 8.0 0.5 5-2000 NoO—-CzH,
Ba 0.2 0.02 0.2-50 NoO-C5H,
Be 0.015 0.001 0.01-4 NoO—-C2H,
Bi 0.2 0.05 0.5-50 Air-CoH»
Ca 0.01 0.001 0.01-3 NoO—-CoH,
Cd 0.01 0.0015 0.02-3 Air-CoH»
Co 0.05 0.005 0.05-15 Air—CoH,
Cr 0.05 0.006 0.06-15 Air-CoH»
Cs 0.02 0.004 0.04-5 Air—CoH,
Cu 0.03 0.003 0.03-10 Air-CoH»
Dy 0.6 0.03 3.0-150 NoO—-C,H,
Er 0.5 0.03 3.0-150 N-O—-C5H,
Eu 0.3 0.02 0.2-100 Nzo—CgHg
Fe 0.05 0.006 0.06-15 Air-CoH»
Ga 0.8 0.08 1-200 Air—CoH,
Gd 20 2.0 20-6000 N-O—C5H,
Ge 1.0 0.2 2-300 Nzo—CzHg
Hf 10 2.0 20-3000 NoO—-C,H,»
Hg 1.5 0.15 2-400 Air—CoH,
Ho 0.7 0.04 0.4-200 Ngo—CgHg
In 0.15 0.04 0.4-40 Air-CoH,
Ir 0.8 0.5 5-200 Air-CoH»
K 0.007 0.003 0.03-2 Air—CoH,
La 40 2.0 20-10000 NoO—-C5H,»
Li 0.02 0.002 0.02-5 Air-CoHo
Lu 7.0 0.3 3-2000 NoO—-C5H,
Mg 0.003 0.0003 0.003-1 Air—CoH,
Mn 0.02 0.002 0.02-5 Air—CoHo
Mo 0.3 0.02 0.2-100 NoO—C5H,
Na 0.003 0.0002 0.002—1 Air—CoH,
Nb 20 2.0 20-6000 N-O-C5H,
Nd 6.0 1.0 10-1500 Air—CoH,
Ni 0.07 0.01 0.1-20 Air—CyH,
Os 1.0 0.1 1-300 NoO—-CzH,
P 120 40 400-30000 N-O-C5H>
Pb 0.1 0.01 0.1-30 Air—CoH,
Pd 0.05 0.01 0.1-15 Air-CoH»
Pr 20 8.0 100-5000 NoO—-CzH,
Pt 1.0 0.1 1-300 Air-CoHo
Rb 0.05 0.009 0.1-15 Air—CoH,
Re 8.0 0.8 10-2000 N-O-C5H,
Rh 0.1 0.005 0.05-30 Air—CoH,
Ru 0.4 0.08 1-150 Air-CoH»
Sb 0.3 0.04 0.4-100 Air—CoH,
Sc 0.3 0.05 0.5-80 N-O—-C5H,
Se 1.0 0.5 5-250 N20—02H2
Sm 6.0 1.0 10-1500 NoO-C,H,
Si 1.5 0.25 3-400 NoO—-CzH,
Sn 0.7 0.1 1-200 N>O-C5H,
Sr 0.04 0.002 0.02-10 NoO—-CzH,
Ta 10 2.0 20-3000 N-O-C5H,
Tb 7.0 0.7 7-2000 NoO—-CzH,
Te 0.2 0.03 0.3-60 Air—CoH»
Ti 1.0 0.08 1-300 NoO—-CzH,
TI 0.2 0.02 0.2-50 Air-CoHo
Tm 0.3 0.02 0.2-100 NoO—-C2H,
U 100 40 400-30000 N-O—-C5H,

Continued
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Table 2 Continued

Element Characteristic concentration (ug mi~ ") Detection limit (ug mi~7) Normal range (ug mi~") Flame type
Vv 0.7 0.07 1-200 No,O-CoH,
W 5.0 1.0 10-1500 NoO-CoH,
Y 2.0 0.2 2-500 NoO-CoHa
Yb 0.06 0.004 0.04-15 N,O-CoH,
Zn 0.008 0.0008 0.01-2 NoO-CoH,
Zr 9.0 1.0 10-2000 Air—CoH,

Both the characteristic concentrations and detection limits are quoted for the most sensitive line. Data based on information supplied
by Varian Ltd., Walton-on-Thames, UK, for the SprectrAA series of spectrometers.

concentrated form in order to avoid any undue di-
lution of the sample where trace elements are to
be determined.

Nonageuous solutions may also be nebulized di-
rectly providing the viscosity is similar to that of
water for which most nebulizers are designed. Both
white spirit and methyl isobutyl ketone fulfill this
requirement and these may be used as diluents for
other organic liquids. Standards may be prepared in
the pure basic solvent.

Soils and Sediments

Clearly some form of sample pretreatment is re-
quired for soils and sediments. Total levels may be
obtained following sodium carbonate-boric acid fu-
sion and the dissolution in hydrochloric acid em-
ploying lanthanum as a buffer and releasing agent. If
the determination of silicon is not required, it may be
volatilized as silicon tetrafluoride using hydrofluoric
acid, although some calcium may also be lost as cal-
cium fluoride. For many samples, however, it may be
more appropriate to determine the exchangeable
cation content of the sample. Here, the sample may
be shaken with an extractant solution, for example,
1mol 17! ammonium chloride, ammonium acetate,
or disodium EDTA, prior to filtration and analysis.
Where final solutions contain more than ~0.5% of
dissolved material, the standards should also contain
the major constituents, even where no chemical in-
terference is expected, in order to match the viscosity
and surface tension and avoid ‘matrix’ effects.

Electrothermal

P Fodor and | Ipolyi, Budapest Corvinus University,
Budapest, Hungary
© 2005, Elsevier Ltd. All Rights Reserved.

This article is a revision of the previous-edition article by W Frech
and D C Baxtes, pp. 228-236, © 1995, Elsevier Ltd.

Plant Material

Plant material should be dried at 40°C, crushed to
pass through a 0.5-0.7 mm sieve, and then oven-dried
at 105°C. The dried material must then undergo dis-
solution using a suitable digestion procedure such as
treatment with hydrogen peroxide—sulfuric acid mix-
ture, or sulfuric, perchloric, nitric acid mixtures. Care
must always be taken to avoid the loss of volatile
elements such as lead and cadmium during digestion.
Contamination from reagents should also be avoided.
It is also possible to extract a number of elements
quantitatively from plant material and organic resi-
dues by boiling in hydrochloric acid. Both ashing and
acid extraction methods may be used as a preliminary
step to concentration by solvent extraction of ele-
ments that are normally too low in concentration to
be measured directly in a flame.

See also: Atomic Absorption Spectrometry: Principles
and Instrumentation.

Further Reading

Cresser MS (1994) Flame Spectrometry in Environmental
Chemical Analysis: A Practical Guide. Cambridge: Royal
Society of Chemistry.

Cullen M (ed.) (2004) Atomic Spectrometry in Elemental
Analysis. Oxford: Blackwell.

Ebdon L, Evans EH, Fisher A, and Hill SJ (1998) Axn
Introduction to Analytical Atomic Spectrometry. Chich-
ester: Wiley.

Haswell S] (ed.) (1991) Atomic Absorption Spectrometry.
Amsterdam: Elsevier.

Introduction

Electrothermal (ET) atomizers, which were first used
for analytical work by L’vov in the late 1950s, typ-
ically consist of a tube of electrically conducting ma-
terial, usually manufactured from graphite (hence the
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End-heated (a) and side-heated (b) electrothermal atomizer configurations. A, water-cooled graphite electrical contact

cylinders; B, graphite tube; C, sample injection port; D, light path of spectrometer.

name graphite furnace), mounted in the light path
of a spectrometer (see Figure 1). Metals such as
tungsten and tantalum are also used to construct ET
atomizers, in particular for the determination of car-
bide-forming elements. After the sample to be analy-
zed has been introduced, via a small aperture in the
upper tube wall, the atomizer is heated resistively
through a series of controlled temperature stages.
Nowadays computer-controlled programs regulate
the starting and final temperature, the rate and
timing of the graphite tube heating, and even the
gas (Ar or N,) flush of the tube. During the initial
steps in this procedure, the sample is dried and ther-
mally pretreated (pyrolyzed), facilitating the selec-
tive volatilization of matrix components, which are
purged from the atomizer by a flow of argon gas. The
tube is then rapidly heated (1000-2000°Cs ') to a
sufficiently high temperature (1000-2700°C) to at-
omize the element of interest, during which time the
transient absorbance signal is recorded.

Because the material that is used to form the tube
surface is practically impermeable to gas (pyrolytic
graphite), the atomic vapor is contained in the
atomizer for a relatively long time, normally for a
few tenths of a second. This long residence time,
together with the high degree of analyte atomization
caused by the reducing environment, leads to a
factor of ~10? increase in sensitivity compared with
flame atomic absorption spectrometry (AAS). In con-
trast to the latter, solutions, slurries, and solids can
be conveniently analyzed and the possibility for in
situ removal of matrix components significantly re-
duces the risk from interferences. The high optical
transparency of the argon atmosphere in the ET
atomizer favors light transmission, which is impor-
tant for measurements in the wavelength region
190-230 nm.

Atomizer Design and Temperature
Characteristics

Equation [1] is a simplified expression for the de-
pendence of the peak area or integrated absorbance
signal, A;..(s), on the atomizer geometry:

TR 2 1

A =k(T, PN = KT, PIN % g =y 1]
where k (cm?) is the temperature (T (K))- and pres-
sure (P (Pa))-dependent absorption coefficient, N is
the total number of analyte atoms in the sample, tx
(s) is the mean residence time of analyte atoms in the
absorption volume, ¢ (cm?) is the cross-sectional area
of the ET atomizer, and / (cm) and r (cm) are the
length and inner radius of the tube, respectively, and
D (em?s Y is the diffusion coefficient or ‘interdiffu-
sitivity’ in terms of the Chapman-Enskog theory.
This equation is valid if the concentration of atoms
decreases linearly from the center to both ends of the
tube, and assumes that all the analyte is converted to
free atoms. Furthermore, the temperature (and pres-
sure) in the atomizer should be constant to avoid
changes in k& and D during the development of the
absorbance signal. The peak height shows a more
complicated dependence on the atomizer heating rate
and rate of atom formation, in addition to the factors
included in eqn [1].

For optimum sensitivity, the tube should be as long
as possible and have a rather small diameter.
However, practical considerations dictate that the
tube radius should be large enough to transmit a
sufficiently high-radiation flux and to introduce large
sample volumes or masses. Limitation on die tube
length is placed by the need to provide high heating
rates at reasonable power consumptions. Thus, the
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tube dimensions must constitute a workable com-
prise between the aforementioned aspects and high
sensitivity.

The most important feature of ET atomizers is
their heating characteristics. In ET-AAS they deter-
mine factors such as the magnitude of interferences,
background absorbance, and memory effects, as well
as sensitivity. Thus, a clear understanding of the
temperature development in various atomizers is a
prerequisite to understanding atomizer possibilities
and limitations.

Figure 2a shows the change of the wall tempera-
ture with time of an end-heated atomizer at the cen-
ter and two off-center positions. During the initial
heating phase the atomizer is isothermal over a sub-
stantial tube length (i.e., spatially isothermal) but a
temperature gradient develops with time because of
heat losses to the water-cooled contacts. It should be
mentioned that the onset of this gradient will be
shifted toward earlier times if tube heating com-
mences from a higher temperature, i.e., when a
thermal pretreatment step immediately precedes at-
omization, or when a more efficient water cooling is
used. Here, the temperature at which atomization/
vaporization from the wall takes place cannot be
controlled. Depending on its physical properties, the
sample normally starts to vaporize at relatively low
temperatures often insufficient for complete atomi-
zation. The fact that the temperature of the tube
may be rising during measurements (i.e., the tube is
temporally nonisothermal) introduces various prob-
lems, in particular, when the integration method of
peak evaluation is used since both the absorption
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Figure 2 Temperature distribution as a function of time in the
end-heated (a) and side-heated (b) atomizers shown in Figure 1.
The graphite tubes are 28 and 17.5mm long in (a) and (b), re-
spectively, and zis the distance from the tube center (mm) where
the temperature measurements were made.

coefficient and atomic residence time in the atomizer
are temperature dependent, as seen in eqn [1]. Ele-
ments of low volatility that are vaporized at the re-
latively high temperatures associated with thermal
gradient development may either condense or adsorb
on cooler wall regions located away from the tube
center. Revaporization may follow during a subse-
quent atomization sequence (memory effects), since
these regions will then initially attain a higher tem-
perature. For the high heating rates used, and in the
absence of convection, the atomizer gas-phase tem-
perature closely follows the wall temperature for
each cross-section of the tube.

As can be seen in Figure 2b, the side-heated at-
omizer provides spatial isothermality, which sub-
stantially reduces condensation and memory effects.

To overcome problems with analyte vaporization
during tube heating, I’vov proposed introducing the
sample onto a small platform of graphite (see Figure
3). The heating characteristics of platform-equipped
tubes are only slightly different from those without a
platform. However, since the platform has a finite
heat capacity and is heated primarily by tube radi-
ation, the platform temperature will lag significantly
behind that of the tube wall. The sample will there-
fore be volatilized later in time (relative to wall
atomization), and at higher tube and gas-phase tem-
peratures, which normally favor atom formation.
Thus, the platform simply reduces interference ef-
fects arising from temporal nonisothermality.

An alternative way to achieve atomization under
temporally isothermal conditions is to place the sam-
ple on a graphite probe (see Figure 3). The probe is
removed from the tube prior to the atomization
stage, and then reintroduced once the tube has
reached the set temperature. This system is more
complex than the platform, and requires the presence
of an additional aperture in the tube, which reduces
sensitivity. The use of platforms and probes is very
efficient in reducing interference effects, but suffers
from the disadvantage that the processes of vapori-
zation and atomization are coupled, which may
sometimes require compromise conditions.

The temperature characteristics of a constant tem-
perature two-step atomizer are shown in Figure 4.
The main advantage of such constant temperature
atomizers is their ability to introduce the sample into
the measuring zone at any selected temperature and
at variable heating rates up to at least 3000°Cs ™.
This allows selective volatilization of the analyte
separately from the matrix, or very slow vaporizat-
ion of the sample to keep the peak absorbance signal
within the linear range.

The description of temperature characteristics in
atomizers is further complicated by the fact that the
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Figure 3 Schematic illustration of platform (a) and probe (b)
atomization for ET-AAS. The sample is injected (A) through the
injection port in the graphite tube (B) onto the platform (C) or
probe (D). In (c), the heating profiles for the graphite tube wall
(G), the vapor phase (V), and the platform (P) are shown. For
atomization from the wall, the analyte vaporizes (T,4p) at a time
point (t;) when the vapor phase is at a much lower temperature
than the graphite tube (— AT). Volatilization from the platform
commences after a substantial time delay (f) when the temper-
ature of the vapor phase is higher (+AT) than that of the plat-
form (Tap). Furthermore, the vapor-phase temperature is almost
constant (temporally isothermal), a prerequisite for the use of
peak area signal evaluation, as discussed in connection with
egn [1]. The higher vapor-phase temperature obtained using
volatilization from the platform rather than from the wall favors
dissociation or atomization of analyte species. Using the probe,
the delay time for sample introduction into the vapor phase can
be more exactly controlled.

platform or sample compartment is, by design, at a
lower temperature than the tube wall during the in-
itial stages of the atomization step. The resulting
thermal gradient between the point where the sample
is deposited and the tube wall decreases with time.
Although this radial temperature gradient is not as
pronounced as that along the axis in end-heated fur-
naces, spatially resolved measurements have indicat-
ed that interferences are greater in the immediate
vicinity of the platform than at the opposite tube
wall. Strictly speaking, none of the atomizers dis-
cussed is completely void of temperature gradients,
but they differ greatly in the degree of nonisotherma-
lity. Toward isothermal atomization the transversely
heated graphite atomizer (HGA) has definitely been a

(@
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Figure 4 Schematic illustration of a constant temperature two-
step atomizer (a). The sample is injected (A) through the injection
port in the side-heated graphite tube (B) and deposited in the
sample cup (C). Heating of the tube (at D) and the cup (at E) is
achieved by means of two power supplies connected at the
water-cooled contact points (D, E). Heating profiles for the tube
(F) and cup (G, H) are show in (b). By reducing the cup heating
rate, the rate of sample introduction into the measurement zone
(graphite tube) can be controlled to allow large sample masses to
be volatilized without exceeding the linear response range. Trac-
es (I) and (J) show the effect of high (G) and low (H) heating
rates, respectively, on the signal shape.

major step. The most pronounced advantages in
comparison with the longitudinally HGA are the
isothermal wall temperature and the very small tem-
perature gradient in the gas phase along the tube axis
that can be further reduced by using end-capped
tubes.

Integrated platform is an efficient tool to achieve
isothermal atomization with respect to time. The
platform acts as a thermal ballast with reducing the
temporal heating rate during the applied rapid hea-
ting and thus creating radial temperature gradients
between platform and tube wall. While temperature
gradients are always in the direction toward hotter
temperatures, therefore beneficial with respect to ef-
ficient atomization and the reduction of gas-phase
interference, they cannot be ignored regarding their
effect on detection. As long as there are temperature
gradients, the atomic absorption signal of atoms
released from the platform will depend on their
location inside the atomizer volume, i.e., on their
distance above the platform.
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Mechanisms of Atomization

The understanding of mechanisms leading to atom
formation in ET-AAS is still superficial and, to some
extent speculative, because of the complex dynamic
system under consideration. It should be emphasized
that it is difficult to characterize condensed and gas-
eous phase species in systems where fast reactions of
small masses (picograms to nanograms) of analyte
are studied in a high-temperature environment.

Characterization of the Condensed Phase

Since graphite tubes are used almost exclusively in
ET-AAS, the following discussion will be confined to
this substrate. The base material in graphite tubes for
ET-AAS, polycrystalline electrographite, is composed
of a large number of disordered crystals, irregularly
aggregated to form macroscopic grains, which are
held together by carbon binder bridges. This material
has anisotropic properties and fulfills the analytical
requirements of being resistant to thermal shock and
having the appropriate electrical conductivity. The
surface is coated with a layer (~50um) of high-
density pyrolytic graphite, vapor-deposited under
carefully controlled conditions of temperature, pres-
sure, and type of hydrocarbon gas. As well as having
a low permeability to gases, the pyrolytic graphite
coating is relatively resistant toward oxidation due to
the high degree of crystalline order. Nevertheless,
different types of active sites are present, particularly
at the edges of the basal graphite planes, where gases
may be adsorbed (analyte, H,O, CO,, CO, O,, H,).
Some of these species may react with the carbon atoms
at active sites, the reaction products being released at
various temperatures during heating, depending on the
nature of the initial reactants. For example, the reac-
tion between carbon and molecular oxygen proceeds
rapidly at temperatures above 1200K and is kinetic-
ally controlled by the reactivity of the surface below
2000K. Loss of carbon atoms from the lattice creates
new active sites, and so the presence of oxidants may
change the surface properties.

Oxygen has nevertheless been used successfully
during thermal pretreatment of biological sample
matrices to both facilitate decomposition of organic
material and stabilize the analyte (aluminum, cad-
mium, lead, selenium) in oxide format active sites.
However, the pretreatment temperature must be ac-
curately controlled to prevent oxidation of graphite.

The analyte can be distributed in different ways on
the surface of the graphite (tube wall, platform, or
probe) as a monolayer, spheres, crystal caps, inter-
calated between the pyrolytic graphite layers, or ad-
sorbed on active sites. The physical form of the
analyte, as well as its chemical properties, helps to

decide the order of atom release as well as the
activation energy of the atomization process.

Characterization of the Gaseous Phase

The gaseous phase in an ET atomizer, unlike that in
a flame, has a very low-buffer capacity and thus can
be influenced dramatically by sample constituents.
The chemical composition changes rapidly with tem-
perature and time, depending on the sample matrix,
graphite surface properties, thermal pretreatment tem-
perature, impurities in the inert purge gas, and ingress
of air through the injection port. For example, in an
argon atmosphere of 2000K, using the type of atom-
izer shown in Figure 1a and without sample addition,
the partial pressure of carbon monoxide, p(CO), is
~10?Pa, and at 3000K p(C,) and p(CN) are ~4 and
0.6 Pa, respectively, the latter figure referring to a nitro-
gen atmosphere in the atomizer. During atomization of
a sample pretreated at a high temperature, the partial
pressures of carbon monoxide and other oxidant spe-
cies (such as O,, NO, NO,, and HNOj from nitrate
decomposition) are often increased, while p(CN) is re-
duced. This means that oxidants generated during
sample matrix decomposition can evolve into the gas
phase without complete reduction by the graphite at
temperatures below 2000 K.

Analytical Techniques for the Investigation of
Atomization Mechanisms

To establish the processes leading to atom formation
it is essential to monitor and identify, in situ, the
precursors to free atoms in the condensed and gas-
eous phases. As can be seen from Figure 5, no single
analytical technique fulfills this requirement.

There is as yet no readily available technique ca-
pable of in situ registration of analyte species on the
atomizer surface during heating. Furthermore, most
of the techniques available are not sensitive enough
for measurements using typical analytical masses
(picograms to nanograms), although secondary ion
mass spectrometry has the potential sensitivity. There-
fore, for the studies performed so far, microgram
masses of analyte have been used and thus there is an
uncertainty involved in interpreting the results. Con-
densation effects and associated back-reactions on the
surface make extrapolation of the results to the pre-
quenched, high-temperature conditions unreliable.

The most frequently used analytical technique for
the identification of gaseous precursors to free anal-
yte atoms is mass spectrometry (MS). Although in
situ measurements are not possible, the ET atomizer
vapor phase can be readily sampled and transferred
to the MS detector online, allowing documentation
of the actual vaporization- and atomization-related
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Figure 5 Some analytical techniques for the investigation of
atomization mechanisms. MAS, molecular absorption spectrome-
try; MS, mass spectrometry; XRD, X-ray diffraction; XRPS, X-ray
photoelectron spectrometry; RBS, Rutherford backscattering
spectrometry; SEM, scanning electron microscopy; SIMS, sec-
ondary ion mass spectrometry.

processes, using analytically relevant masses, to be
provided on the same timescale, but after a certain
delay. Initial studies were performed with the ET
atomizer held in vacuum, yielding information on
the analyte species vaporized from the sampling
site. Due to the extremely long mean free paths asso-
ciated with vacuum conditions, homogeneous and
heterogeneous interactions of gaseous analyte spe-
cies are restricted. Measurements made at atmos-
pheric pressure in the ET atomizer provide additional
information on reactions occurring in the gas phase
and following collisions with the graphite surface.
A selection of the elements studied and the atom-
ization mechanisms elucidated using MS is given in
Table 1.

The simplest and most straightforward technique
for in situ measurement of gaseous species is molec-
ular absorption spectrometry (MAS). However, ap-
plication of MAS is hindered by the poor sensitivity
of the technique and the requirement for high-reso-
lution spectrometers for the identification of the mo-
lecular species on the basis of their band structure.
In addition, for many of the potentially interesting
species suitable absorption lines and reference data
are lacking.

Both AAS and MAS have been used to study the
radial distribution of analyte species, as a function of
temperature and time, in the ET atomizer. Such
measurements provide data on the interaction of
analyte species with the tube wall and on the effect of
air ingress through the injection port.

Modeling of Atomization Processes

The energy involved in the rate-limiting step of the
atomization process can be derived from the initial
part of the transient absorbance versus time plot,
according to the Arrhenius equation

In A, = Eo/RT + A, 2]

where A, is the absorbance at time ¢, E, is the
activation energy involved in the formation of
free atoms (kJmol~ '), R is the gas constant
(kJmol ~'K 1), T is the temperature (K), and A, is
a constant. E, is then compared with tabulated ther-
modynamic data, for example, the enthalpy of evap-
oration of the material. Similarities in these energy
values are often used in postulating on the mecha-
nism governing the appearance of atoms in the gas
phase. Several models have been evaluated to deter-
mine the order of release in the analyte atom forma-
tion process. One of them is a visual method to
derive the order of release by comparing various ab-
sorbance profiles obtained for different concentra-
tions of analyte assuming that the activation energy
is not dependent upon the covered surface in the
atomization time interval and from changes of
the temperature at the peak maximum. However,
conclusions were that the activation energy and
the order of release derived from the method are
often subjective as the order of release providing
the most extended linear range on data sets has to
be selected.

In addition, the order of release and the activation
energy may significantly vary with analyte concen-
tration; and the temperatures with the time of max-
imum absorbance are not suitable parameters to
correlate with the order of release for the atomiza-
tion process.

The use of various absorbance profiles for different
analyte concentrations has been applied, with
activation energy independent of the amount of anal-
yte. In this case, the main problem was due to the
fact that the order of release and the activation
energy were deduced from different and in many
cases very short temperature ranges. Beside the ad-
sorption/desorption processes, a second modeling
approach based on condensation/evaporization proc-
esses have been proposed where some features of the
atomization process are also interpreted — double
values of the activation energy, values of E,<AHT,
the origin of the empirical relationship between
E, and T,,, (appearance) as well as the theoretical
activation energies and preexponential factors.

A method based on Maxwell’s theory with broad
temperature range of applicability has also been pro-
posed assuming that the vaporization rate of material
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Table 1 Selection of proposed atomization mechanism from the literature

Proposed mechanism? Precursor

M(NO3) (s, —>  MOgqg Cu(NO3),

MOs) —> MO BeO

MO,y — Mg Ag20

MO, —> MOy AsO

MO aq) —> M) Cuo /LSO

MOy * Cs — Mgy PdO, CoO, NiO, CuO PbO
MOy * Cys) —= Mg l MnO, MgO
M s — Mg Ag Pd, Co, Ni, Cu, Pb  Au
M aq) —> M Cu AS

MO (aq) — Mg BeO

MOy +C —>  MCpg) SeO,

MC(aq) —> Mg  SeC

MCs —> Mg  CuC, Mo,C,, VC, BaC,  SrC,; CaCs AlCs

MO,y — Mg  ALOs", In0; PbO, CdO

MO, —> MOy AlOg, IN,03, ¢s406, EbO, Ga,03

MO(g) —> My AlO, AlLO Iny0, As,0g, PbO, ZnO, Ga,0, MnO CdO
Mcs.n —> My, Se Co

Mz(g) —> Mg  Sey CO,

MOHs) —> Mg  RbOH

MO, +MCq) —> Mg  ALO;

M * Ces) —>= MCqy Al

s, 1, g, and ad are solid, liquid, gaseous, and adsorbed species, respectively.

PAIO and Al,O are formed as well.

from graphite surface depends on the number of
atoms having an higher energy than the energy of
vaporization process. As Maxwell’s theory, the mod-
el has been developed on the basis of probability
arguments, using one single absorbance signal under
nonisothermal conditions and considers the dissipa-
tion of the analyte atoms from the simultaneous
contribution of the diffusion, thermal expansion, and
redeposition processes. If more than one precursor
generates the atomic vapor resulting in two or more
resolved pulses, the method can independently be
applied to each pulse. The main advantages of the
method are (1) the activation energy can be evaluated
without the need to know the order of release of the

analyte atom formation process and (2) the calcula-
tion of the activation energy can be possible in any
moment of the atomization process, which means
that the method uses virtually ~100% of the rising
edge of the peak and not necessarily at the first mo-
ment of the absorbance—time profile.
High-temperature equilibrium calculations (HTECs)
are useful for studying complex chemical systems,
and they enable the simultaneous investigation of
condensed and gaseous phases. For the calculations
general computer programs are used, and the equilib-
rium compositions in the solid, liquid, and ideal gas
phases are calculated for the given amounts of the ele-
ments assumed to be present in the system (input
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amounts) using the free-energy minimization princi-
ple. Reliable equilibrium compositions for a multi-
component system can be obtained provided that
accurate thermodynamic data are available for all
possible species that may be formed, and that reac-
tions are sufficiently rapid to attain a state close to
equilibrium. The latter condition is mainly deter-
mined by temperature, time, and the concentrations
of the elements present. In ET atomizers, reaction
products are continuously removed during heating
by convection and diffusion, which complicates the
selection of the initial input amounts of the elements
constituting the system. A second problem is that
some reactions, in particular heterogeneous reac-
tions, may be kinetically controlled, as described
above for the reaction between carbon and oxygen
below 2000 K. Allowance for such reactions can be
made in the program. Advantages of HTECs are that
predictions of the effects of varying input amounts
on the occurrence of interferences can be made, and
complicated chemical systems can be modeled.
However, spatial concentration gradients or kinetic-
ally driven reactions cannot be accounted for.

A model for the reduction of oxides by gaseous
carbides (ROC model) has been proposed. The mod-
el involves the formation of metal carbides at the
graphite surface, gas-phase transport of these car-
bides to the metal oxides, reduction of the oxides,
and generation of free atoms and carbon monoxide.
The reaction is self-sustained through further reac-
tions between the free atoms and carbon.

Table 1 summarizes a selection of proposed atom-
ization mechanisms. That there is no consensus of
opinion is a reflection on the weaknesses of the
models and techniques used to investigate the com-
plex reactions involved in atom formation. There is a
clear need to develop methods that would help to
identify in situ the condensed or adsorbed species
that are present on the graphite surface.

Occurrence and Elimination of
Nonspectral Interference Effects

By definition, an interference effect occurs when the
analytical signal is changed by the sample matrix
compared with the reference or calibration standard,
typically an acidified aqueous solution. This article is
only concerned with nonspectral interferences in ET-
AAS; spectral interferences are considered elsewhere.
It has been demonstrated in ET-AAS that the atom-
ization efficiency (conversion of analyte to free
atoms) is ~100% for the majority of elements in
simple solutions, which means that, in most cases,
only negative nonspectral interferences can occur,
i.e., the signal can only be reduced by the presence of

a matrix. The types of interference and their elimi-
nation are discussed below. It is assumed that stand-
ards and samples are quantitatively transferred to the
intended location and are dried smoothly without
sputtering and irreproducible spreading. Otherwise
problems may arise from the resultant variation in
the distribution of sample within the atomizer, par-
ticularly when the tube is not heated homogeneously
over its length. The influence of the magnetic field on
complex absorption patterns has also been recorded
with high temporal and spatial resolutions, which
enables the further investigation of potential spectral
interferences in Zeeman-AAS measurements.

Recent Instrumental Developments in
Electrothermal Atomic Absorption Spectrometry

Although instrumental developments are mainly in
the hands of manufacturers, research field has pro-
posed the use of continuum light sources instead of
hollow cathode lamps to develop multielement sys-
tems. Coupling xenon short-arc lamp, double-echelle
monochromator or CCD detector to electrothermal
vaporization (ETV) proved to extend spectral reso-
lution main as atomic absorption can be measured
not only at the center of the absorption line (with
maximum sensitivity), but also in its wings (with re-
duced sensitivity). The dynamic range of determina-
tion increased to five to six orders of magnitude, thus
eliminating the classical disadvantage of the tech-
nique — the limited dynamic range. CCD detectors
also provide extra information about the spectral
neighborhood of the analytical line in question, re-
sulting in more reliable and accurate background
correction than in the case of applying deuterium
lamp or Zeeman background correction, especially
for difficult spectra. Applying a continuum source
atomic absorption system the Zeeman-splitting of
the analytical lines can be also be measured in the
range of 190-900 nm, providing a good agreement
between the theoretical and experimental values of
the spilling lines. The capabilities of AAS have un-
doubtedly been extended with continuum light
sources — turning a traditionally single-element tech-
nique into a multielement technique. With the
replacement of the one-dimensional multiarray de-
tector by a two-dimensional multiarray detector the
simultaneous multielement version is to follow and
gain acceptance.

Stabilized Temperature Platform Furnace Concept

This concept should probably be referred to as the
stabilized temperature platform atomizer, in line with
recent International Union of Pure and Applied
Chemists nomenclature recommendations, but will
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be called stabilized temperature platform furnace
concept (STPF) in the following to conform to the
current literature.

Other than the use of the platform (see above), the
STPF concept incorporates a number of method-
ological and instrumental improvements that give
conditions approximating to those of a constant
temperature atomizer:

1. Rapid heating of the atomizer to make sure that
the sample is vaporized from the platform only
after the tube has reached its final temperature.

2. Use of modifiers (see below) to stabilize the analyte
during thermal pretreatment, to delay volatilizat-
ion until the temperature in the atomizer is suffi-
ciently high and stable for efficient atomization,
and to buffer the composition of the gaseous phase.

3. Stopping the gas flow during the atomization step
to attain maximum sensitivity (gas stop conditions).

4. Quantification only with integrated absorbances.
Provided that the temperature of the vapor phase
is constant, this eliminates the effects of matrix-
induced changes in the rate of atom formation,
which alter the peak height. Constant temperature
is most nearly achieved by using the platform.

5. A short response time of the measurement system
to monitor accurately the rapidly changing signal
profile.

6. An efficient background correction system.

Losses of Analyte During Thermal Pretreatment

Many analytes may form volatile species with other
elements in the sample, for example, halides, or be
present in compounds that exhibit high-vapor pres-
sures at relatively low temperatures (mercury, ar-
senic, selenium, organometallics). Such compounds
may be volatilized and swept from the tube, in mo-
lecular form, prior to the atomization step. These
losses can be dealt with by adding a large excess of a
reagent (a modifier) to change, in situ, the thermo-
chemical behavior of the analyte and the matrix.

Matrix removal Volynsky grouped the chemical
modifiers applied in ETV-AAS analyses as follows:

® Pd containing modifiers, e.g., Pd(NO3)y;

® organic acids, e.g., ascorbic, oxalic, and tartaric
acids;

® organic—metal complexing reagents, e.g., ethylene-
diaminetetraacetic acid, cupferron, 1-(2-pyridylazo)
naphthol, 1-(2-pyridylazo)resorcinol, 2-(5-bromo-
2-pyridylazo)-5-(diethyl-amino-phenol);

® phosphates, e.g., NH,H,PO, and (NH,4),POy;

® nitrates, e.g., NH4NO3, AgNO3, KNOj3, Sr(NO3),,
and Mg(NO3),.

However, matrix modification has always been a
topic attracting attention and providing a wide
variety of choices and not necessarily consistent re-
sults.

Changes in Atomization Efficiency and Atomic
Residence Time

Despite the use of modifiers and stabilized tempera-
ture conditions, it is not always possible to remove
the matrix completely or to achieve sufficiently high
temperatures to ensure complete atomization. Some
analytes form extremely thermally stable oxides, car-
bides, hydrides, halides and sulfides; intermetallic
molecules can also be formed during the vaporization
of metal matrices, thus reducing the atomization ef-
ficiency. In end-heated ET atomizers (see Figure 1a), it
is possible for matrix species to condense at the water-
cooled tube ends. The analytical signal may then de-
crease because the analyte residence time in the vapor
phase is diminished through interaction between
these trapped matrix species and the gaseous analyte
atoms. This interference effect is eliminated in spa-
tially isothermal, side-heated atomizers (Figure 1b).

The rate of diffusional losses of atoms can be
changed by matrix vapors, if present at sufficiently
high pressures at the same time as analyte, and if the
diffusion coefficient of the analyte in the inert gas
(argon) and in the matrix containing vapor differ
appreciably. Since the diffusion coefficient in most
matrix vapors is likely to be less than that in argon,
this will result in a positive interference. The effect of
this is rather small, however, since the gas phase will
consist of an argon—-matrix vapor mixture.

It should be noted that the interference effects dis-
cussed above can be corrected for using the standard
additions method combined with the STPF concept.

ET-AAS Performance and
Applications

Using STPF conditions, the instrumental response is
reasonably stable, both between atomizers of the
same type and on a day-to-day basis. As a measure of
the response the term ‘characteristic mass’, symbol-
ized by m, (pg), has been introduced. This is defined
as the absolute mass of analyte yielding an integrated
absorbance of 0.0044s. Characteristic mass values
are provided by the instrument manufacturers to
specify the performance of the ET-A