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Foreword

1977 saw the publication of “A Collection of Methods for Water Analysis”, a three-volume
work in ring-binder form compiled by W. Fresenius and W. Schneider for the GTZ
(Deutsche Gesellschaft fiir Technische Zusammenarbeit), 6236 Eschborn 1, FRG. This
publication was geared to the needs of a project in Algeria.

More recently, the editors were requested by the GTZ to produce, on the basis of the
previous collection of the water analysis methods, which was published in French, an
updated and revised version to be used in different partner countries and for publication in
1985/86. This was not only to take account of advances in water analysis and instrumental
techniques, but also to include simple methods of analysis for use in the field, and methods
suitable for use in laboratories with relatively unsophisticated equipment.

The approach envisaged by the GTZ was to divide up information on water, water
supplies and water analysis into three broad groups, namely:

1. Simple modules on the physics and chemistry of water, water hygiene and water analysis
capable of being understood and applied in practice by the layman using suitable chemi-
cals and equipment (W. Schneider).

2. Information to supplement work by Rump-Krist, also commissioned by the GTZ, on
water analysis methods which could be used in laboratories with simple equipment,
particularly in the Third World (Verlag Chemie, Weinheim, FRG, 1986).

3. In addition to detailed instructions on sampling methods and on-the-spot analysis of
water, the new work, “Water Analysis (A Practical Guide)”, was also to provide a concise
theoretical presentation of the various techniques of water analysis together with an
indication of their relative importance, and to describe methods for use in water analysis
laboratories with simple equipment or the latest in modern facilities. It was to include an
account not only of up-to-date analysis methods, eg. tests for anthropogenic traces of
organic and inorganic substances, but also biological approaches to water analysis. And
finally it was to comment on the mathematical evaluation and weighting of the data
obtained from water analysis, and to make it possible to arrive at a comparative appraisal
of the findings in the light of new guidelines and rules on the quality of wastewater,
surface water, ground water, drinking water etc.

One major consideration in this work has been the GTZ’s desire to provide its counter-
parts and their analytical laboratories with summaries of analytical methods which have been
tried and tested in practice, and were necessary to give theoretical and practical explanations
of these methods, in order to permit laboratories with equipment of varying degrees of
sophistication to handle the monitoring of the water quality. Information was also to be
included to facilitate appraisal of the significance of analytical findings by comparison with
legislation or guidelines from a number of different countries.



VI

The editors and the individual contributors have amassed a broad range of experience of
water analysis in virtually every part of the world. The choice of methods for determining the
various parameters in water samples is the product of the experience and the results of
individual laboratory work in Germany. This book thus embodies not only the author’s and
editor’s practical experience with regard to feasibility of water analyses, but also the experi-
ence they have gained during periods of work overseas. Personal experience of the feasibility
of the various methods in practice has been a key criterion in the selection of items for
inclusion.

In the context of the International Water Decade 1981-1990 the GTZ felt there was a
need for a comprehensive contribution of this kind to the field of water analysis and hence to
the problem of assuring the quality of water, especially drinking water.

The editors and contributors would like to express their gratitude to Mr. Betz, Mr.
Deichsel, Mr. Eichner, Mr. R.E. Fresenius, Mr. Frimmel, Mr. Golwer, Mr. Maushart, Mr.
Scholz and Mr. Guckes for their contributions and advice, and to Mrs. Wienrich and Mrs.
Bibo for their expert assistance. Our thanks are also due to the typists, Mrs. Wagner and
Miss Haas, to Mrs. Fischer and Mrs. Krist for the drawings etc. We should particularly like
to thank Mr. Kresse, head of GTZ’s “Water Supply and Sanitation” Section, as well as Mrs.
Zeumer and Mrs. Tazir of the GTZ Translation Service and the translators involved in
producting the English text. Special thanks also go to Mr. T. Oliver for monitoring the
English text and Mrs. M. Masson-Scheurer for the final type-script.

The editors and contributors hope that this work, “Water Analysis (A Practical Guide)”,
will provide water analysts in responsible positions with a valuable guide to assist them in
their task of training staff to carry out local inspections and take samples, performing both
simple and advanced analysis and assessing the significance and implications of analytical
findings. If the book comes anywhere near achieving this ambitious purpose, it will be
endorsement enough of its claim to have been produced by practitioners for practitioners.

Constructive criticism from colleagues is always welcome.

We should like to conclude with the hope that future water analysts, not to mention water
technologists, will find this book useful in their studies at technical institutions and univer-
sities, especially in those countries involved in cooperation with the Federal Republic of
Germany.

W. Fresenius
K.E. Quentin
W. Schneider



Preface

This GTZ publication, “Water Analysis (A Practical Guide to Physico-Chemical, Chemical
and Microbiological Water Examination and Quality Assurance)”, belongs to the wide range
of publications for the water sector within the scope of the International Decade for Drinking
Water Supply and Sanitation.

The publication responds to the requirements for information and further training in the
Federal Republic of Germany’s partner countries in technical cooperation projects. It reflects
the experience gathered in projects for monitoring and improving water quality, e.g. through
establishing national environmental laboratories and water works laboratories for monitoring
drinking water quality.

In the growing concern for our environment, maintaining water quality standards and
protecting natural water resources have assumed key significance, particularly in newly
industrialising countries and Third World conuarbations.

Excessive strains on the environment, such as intensive farming, industry and centres of
high population density, rapidly inflict serious damage both on the ecological balance and — a
fact which often fails to be acknowledged due to a lack of monitoring methods ~ on human
beings.

This publication provides those engaged in monitoring and environmental laboratories,
waterworks laboratories and also in research and teaching with reliable and recognized
techniques of day-to-day analysis and assessment, in order to develop sound monitoring
systems and effective measures for protecting and improving water quality.

The GTZ wishes to thank the authors — in particular Prof. W. Schneider for his untiring
efforts — and also the translators, and hopes that “Water Analysis” will be disseminated
throughout the world.

Eschborn, September 1987 Dr. Ing. Klaus Erbel
Head of Division
GTZ “Hydraulic Engineering/
Water Resources Development”
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1 Introduction, Sampling, Local Testing, etc.

1.1 General

All life on earth depends on water. The form in which the chemical compound
HpO manifests itself is variously modified by its physical properties, its
capacity to dissolve solid, liquid and gaseous substances and hence by its
secondary chemical action and the fact that water provides a habitat for a
wide variety of organisms.

These characteristics of water are an important factor to man, who uses the
water for drinking or for technical purposes.

To be able to use the available water, man must test it. He must ascertain
whether it can be used for the intended purpose or whether he must switch
to another source of water. The simplest form of water analysis is local
inspection and sensory examination. Modern methods of water analysis employ
complex chemical and physico-chemical separation and determination tech-
niques, in which readings are supplied by measuring instruments working on
a variety of measuring principles, as well as microbiological techniques.
Electronic data processing systems are used to evaluate the results of the
analyses. Extensive automation of water analysis and the evaluation of
results makes it possible to control water catchment, water treatment,
water utilization, sewage treatment and water reclamation.

To some extent the simplest test methods, which still have their place in
water analysis today and in many cases are actually indispensable, compete
with the most modern methods of analysis.

The physico-chemical, chemical, radiochemical, bacteriological and biolog-
ical analysis procedures that have been compiled in this collection of
methods are based on experience which has shown that it is possible to work
from these instructions without having to consult specialized literature.
However, literature references are provided to supplement the analytical
methods described.

Against this background the following guide to "Water Analysis" will en-
deavour to describe the broad field of water analysis.

Concise introductions to the theory of the methods discussed and the measure-
ment procedures are provided (in Chapter 2) to make it easier to understand
the instructions given for the methods selected.

1.1.1 Water resources

In principle, the water existing on earth can be divided into ground water
and surface water.

W. Fresenius et al. (eds.), Water Analysis
© Springer-Verlag Berlin Heidelberg 1988



In addition to ground water close to the surface and deep in the earth,
ground water also includes spring water emerging spontaneously or by human
intervention. Ground water comprises all water stagnating or moving below
the earth's surface or even emerging at the earth's surface. Through this
transition stage (spring), it becomes surface water. Surface water can be
understood as water from precipitation and water from moving or standing
waters, including lake and seawater.

The hydrologic cycle, in which ground water may be wholly or partially
involved at various times, is governed by the evaporation of water and its
condensation and return to the earth as precipitation (rain, fog, dew, snow
and ice). By the accumulation of water from precipitation to surface water,
with partial infiltration and as a result of direct percolation through the
earth's layers, new ground water is formed.

As regards their physico-chemical properties and the substances dissolved
in them, ground water and surface water can yield measurements which
fluctuate between considerable extremes and make necessary a differentia-
tion between the use of the different water resources.

Water from precipitation generally contains a low proportion of dissolved
solids and, in absolute terms, of gases. Nevertheless, on account of its
virtually non-existent buffering capacity, it can develop aggressive
properties as a result of small quantities of dissolved solids or gases.

The pH of the precipitation (rain) water can fall as low as 4.2 due merely
to the carbon dioxide in the air. If sulphur or nitrogen oxides are
dissolved, pH values of four or even lower are possible, and if this
happens, the CO» becomes unstable and is driven off.

In passing through the soil, the water absorbs soluble substances from the
different geological levels. This results in a differing dissolution of
inorganic substances and also, in rarer cases and to a lower degree, in a
charging with soluble organic substances.

By means of the water's contact with soluble minerals below the surface,
and also by means of processes of evaporation on the surface, water
resources are created containing widely differing amounts of dissolved
salts, culminating in highly concentrated salt water which, without further
treatment, is suitable neither for human consumption nor for technical
purposes.

In such cases, water analysis must supply information on the usability of the
water; from the results of water analysis, the expert must be able to draw
conclusions regarding direct application or the need for treatment plants.

Not only the physical properties and the chemical action of the water with
dissolved substances undergo changes in the course of the hydrological
cycle, but also its colonization with organisms. Above all, the presence of
microorganisms is of interest for human wuse. For drinking purposes it is
necessary to know whether the water contains bacteria or viruses, in
particular those of a pathogenic or potentially pathogenic nature. This
knowledge of the bacteriological properties of the water allows conclusions
to be drawn on whether it is suitable for drinking purposes for humans and
animals without treatment or only after pretreatment, or for bathing
purposes, or whether such an application must be excluded. Many an epidemic
has been due to the poor microbiological condition of the water.



Observations on intact or disturbed ecological conditions in the water of a
surface water resource provide important information on infection. Plants
and animals, microorganisms and macroorganisms living in the water are just
as important for evaluation as physical and chemical parameters.

1.1.2 Water management

As it is fundamentally impossible to increase the water resources on the
earth at will, careful water management, combined with expert water
analysis and evaluation, and as far as possible perfect water reclamation,
is essential.

Not only water experts are called upon to participate in this process of
water management, but also the various water consumers in domestic house-
holds, industry and agriculture, not to mention administrative and public
authorities. The latter can provide for water protection by issuing
appropriate regulations and performing checks, and can also ensure that
limit values are laid down and adhered to.

Water drainage areas, water catchment systems, water disposal and distributing
plants should be monitored and protected by the authorities.

Monitoring of the quality of water for safe use in the case of ground
water, spring water, surface water from rivers, ponds or lakes or from the
sea for use as drinking, industrial or swimming pool water requires a wide
range of continuous checks on hygienic, physical, chemical, bacteriologi-
cal and biological factors.

For this purpose, cooperation between engineers and technicians, chemists,
hygienists, doctors, biologists and bacteriologists, geologists and hydro-
geologists is necessary.

This collection of methods for "Water Analysis'" contains instructions for
conducting the necessary local investigations, samplings and physico-
chemical, radiochemical, biological or bacteriological analyses. The expert
user will be able to summarize from these methods the right range of analy-
tical methods for each application.

1.1.3 Water analyses

The types of water analyses of varying complexity as they have been applied
in practice are summarized briefly below; no value judgement is intended.

Simple bacteriological analysis, determining the total bacterial count per
1 ml, testing for Escherichia coli and coliform bacteria. per 100 ml water
in each case.

Extended Dbacteriological analysis with special investigations, e.g. for
Salmonellae, Shigellae, Clostridia, anaerobic and similar microorganisms.

Hygienic-chemical analysis. This comprises, in addition to local inspection,
a Dbacteriological analysis and testing for hygienically important chemical
parameters, e.g. oxidizability, nitrogen compounds, iron and manganese, and
also - where there are grounds for suspicion - determining toxic heavy
metals or organic pollutants.



Abbreviated chemical analysis. These analyses can give a general outline of
the chemical condition of the water, e.g. temperature of the water,
appearance, pH value, electrical conductivity, oxidation reduction poten-
tial, "water hardness", iron and manganese, nitrogen compounds, chloride,
sulphate, oxidizability.

Extended chemical analysis. Depending on the objective, additional analyses
are performed on the same water, e.g. determining phosphate, silicic acid,
calcium and magnesium, sodium and potassium, or organic substances.

Comprehensive chemical analysis. In addition to all quantitative measure-
ments necessary to evaluate a watér, this water analysis should also
include tests for heavy metals, in particular toxic heavy metals, and where
necessary quantitative measurements of these substances. Furthermore, tests
should be conducted for indicators of organic contamination, such as
phenols, surface-active agents, oil and grease-type substances, polycyclic
aromatic hydrocarbons, halogenated hydrocarbons and for fuels or pesticides.

Small-scale mineral water analysis. In this type of analysis, the main
components of a mineral water should be determined quantitatively and
detailed bacteriological investigations should be conducted.

Comprehensive mineral water analysis or medicinal water analysis. In this
analysis, all substances contained in the water should be determined, as
far as they are qualitatively detectable and quantitatively recordable
according to the latest advances in analytical chemistry, Tests should also
be made to see whether anthropogenic substances, such as halocarbons,
pesticides, etc., can be detected in the trace range. In addition, bacterio-
logical investigations, tests for radioactivity and, where applicable,
radiochemical analyses and gas analyses are necessary.

Analyses of swimming pool water. The analysis of swimming pool water should
in particular provide information on the bacteriological, virological and
hygienic-chemical quality of the water. Comparative investigations are
therefore also necessary of the feed water on the one hand and the swimming
pool water during use on the other. Tests to determine urea and NHy* and/or
NO3™, tests for worm eggs and microbiological analyses should be carried
out in addition to the usual work.

Industrial water analysis. A distinction can be made between boiler feed
water analysis, boiler water analysis and analysis of condensate. In
addition to measuring pH, oxidation reduction potential and electrical
conductivity, these three types of analysis also require the determination
of traces of oxygen and carbon dioxide, but also quantitative analyses,
e.g. for iron and manganese, copper, nitrogen compounds, "water hardness"
and chloride, sulphate, phosphate and silicic acid.

Analysis of the water to determine aggressiveness to metals and building
materials. In addition to local investigations with measurements of pH,
electrical conductivity, oxidation reduction potential, oxygen and carbon
dioxide, it is also necessary to determine the chloride content, the
sulphate content, the proportion of magnesium and calcium, and, where
necessary, metals. Organic acids, e.g. humic acids, should also be recorded.

The analysis of a water as production water must be geared to the require-
ments of the production plant.



Analysis of the water for irrigation purposes. The following are important:
pH, electrical conductivity, oxidation reduction potential, sodium, potas-
sium, calcium, magnesium, iron, manganese, chloride, sulphate, nitrogen
compounds and boron, possibly also selenium and heavy metals, as well as
pesticides (herbicides).

Analysis of sewage. In the routine analyses used to analyze sewage, proces-
ses to determine temperature, pH, settleable substances, chemical oxygen
demand and biochemical oxygen demand are usual. More comprehensive analyses
of sewage also record organic substances such as oil and grease-type
substances, organic solvents, phenols, detergents, cyanides, heavy metals,
pesticides or other pollutants which can in particular also inhibit chemi-
cal degradability. In addition to determining the 5-day biochemical oxygen
demand (BOD), which in its relationship to chemical oxygen demand (COD)
gives information on the biological degradability of organic substances
contained in the water, toxicity tests are conducted in the sewage with
bacteria, Daphniae or fish.

Evaluation. Following each water analysis, the expert should deliver a
summarized evaluation of observations on site and of the results of analyses.

1.2 Local inspection and sampling of water

Information is given below on carrying out the local inspection and the
sampling of water.

1.2.1 Sampling of water
General

The key points summarized below for water sampling are to be seen as
suggestions designed to ensure that the information available to the evaluat-
ing body on the local conditions and the work conducted in sampling is as
comprehensive as possible. The descriptions by the sampler should be so
informative that a third party can gain a picture of the local conditions
and the sampling point, and the conditions during the sampling process are
reproducible.

The following key points supplement each other and also partly overlap, so

that if they are followed information can be gathered on different aspects.

1.2.2 Local investigations

Location of water resource (description in relation to striking points in
the terrain):

Coordinates (map 1 : 25 000)
Height amsl

Location of sampling point (relationship to the location of the water
resource, description according to striking points in the surroundings):

Coordinates (map 1 : 25 000)
Height amsl



Weather on the day of sampling

Meteorological conditions, e.g. in the eight preceding days
Meteorological conditions in the last 4-week period

1.2.3 Geology and hydro-geology

a) Own observations
b) Information from existing documents

Information on the local investigations on geology and hydro-geology

Nature of the sampling points

Non-tapped cropping out of water at one particular point as a source or as
an expanse of water as spring swamp. Tapped cropping out of water (adit,
seepage line, drainage pipes) and wells (information on tapping, casing,

sealing, top of well, etc.)

Sampling points in watercourses, lakes and pits with uncovered ground water
(ground water pond)

Topography

Valley side, valley bottom, water bottom, shore area

Built-up area, forest, agriculturally used area, wasteland

Catchment area of the water resource: Description according to map
Size and extent: Area, depth, tributary waters, etc.

Borders between subterranean and above-surface catchment area

Nature of the tributary waters

Cropping out of water from cracks, caverns or pore spaces

Confined or non-confined ground water, moving or standing surface water
Water quantity

Water run-off from surface waters

Discharge from sources, adits, seepage lines and drainage pipes

Capacity of well pump rate (difference in ground water table before and
after sampling)

Hydro-geological conditions

Nature and structure of the subsoil (types of rock, course of fissure zones)

Permeability of the subsoil (aquifers, underlying stratum of the ground
water, water-bearing layers)

Cleansing capacity of the subsoil (chemical, physical and biological
processes in the overlying strata and in the aquifer) and the surface
waters (weedage, sediment load)

Flow direction and flow velocity of the ground water and the surface waters

Influencing the water resource by lowering or raising the ground water surface



Influence of anthropogenic sources of burden (building, industry, solid
waste deposits, fertilizing, traffic, sewage disposal) on the water resource.

New formation of ground water by infiltration of water from precipitation
and water from surface waters

Ground water or water processes in hydro-geological context with gas resources:

Influences due to pressure relief
Influencing due to creation of cones of depression

Nature of the rocks
Petrographic composition of the rocks (e.g. carbonate rocks, silicate rocks)

Degree of rock weathering (mechanical loosening of structure, chemical
weathering, corrosion phenomena)

Changes to rock surfaces (separations, efflorescence, deposits, coloniza-
tion with organisms)

Soil formation (nature and thickness of soil horizons, covering layers and
plant growth)

1.2.4 Technical information on the water resource

Technical information on the development of the water resource

Technical information on tapping and casing (e.g. materials used such as
metals, plastics, wood, stone, cement, transition filter sections, back-

filling with gravel or sand, etc.)

Information on well head and sealing (type of construction)
Pump (suction pump, submerged-type pump, etc., pump material?)

Water treatment (plant present or not? Principle? - not present but neces-
sary)

Water utilization (drinking water, swimming pool water, service water, e.g.
for industry or for irrigation)

Water disposal (type and material, distances, slope, pumping station)

Information on water run-off, quantities of water produced and supplied

Pump tests (quantities of water delivered at different periods; where
necessary, static water table and lowered water table at different pumping
rates)

Other possibilities of water extraction in the surroundings:

a) from the same water resource (distance)
b) from other water resources (distance and geological conditions)

Forms of water utilization in the surroundings (e.g. springs, wells, water-
works, industry, irrigation, power plants, water-borne traffic)



1.2.5 Possibilities of environmental influences on the water resource

Sewage discharge locations in the surroundings (distances from the catch-
ment area of the water resource to be investigated, distance from the
sampling location)

Agriculture in the surroundings, where necessary distance and nature of
agricultural utilization (seepage pits, dung heaps, fertilization - animal,
artificial, plant protectives and herbicides, insecticides, etc.)

Surrounding  industry, where necessary distance and type of industrial
utilization

Roads in the surroundings
Canalization in the ‘surroundings

Settlements in the surroundings (individual houses, individual farms,
smaller settlements, larger villages or towns, other plants)

Rubbish tips/dumps, other waste tips

1.2.6 Hygienic considerations
Hygienic conditions surrounding the water resource
Hygienic conditions at the location of the water resource

Hygienic conditions at the sampling location

Hygienic conditions in the past in the region of the water resource

Have rehabilitation measures taken place in the past?

Are rehabilitation measures planned?

Has the water been disinfected, e.g. by chlorination, intermittent chlorina-
tion, filtering or other treatment?

Further additional information on the hygienic conditions in the region of
the water resource, past and present.

1.3 Techniques of water sampling

1.3.1 General
In principle, water samples are to be taken such that

1. average samples are obtained

2. secondary contamination is excluded, and

3. the water samples taken, when analyzed in the laboratory, provide results
which are representative of the water resource in question.

Any secondary, physico-chemical, chemical or biological change to the water
should be prevented. If such a change cannot be prevented, the changeable
substances should be determined analytically on site, or fixed so that they
can be recorded in the laboratory. Information should accompany the sample
for the analyst conducting investigations.



As far as possible, the sampler should be informed of the intended scope of
investigation when taking samples to determine traces, so that he can use
the appropriate bottles; otherwise instructions should be given on which
bottles of which size he should fill with water on site, and for which
investigations these are intended, and whether they should be fixed or
preserved.

Water samples for determining phosphate may not be filled in bottles which
have been rinsed with cleansing agents containing phosphate. The same
applies to water samples to determine surface-active agents (detergents).

Preservation of samples may be necessary in individual cases. The best form
of preservation of samples is a rapid investigation of the water sample
after sampling. This should take place in the laboratory as far as possible
no later than 2 days after sampling. During transport and until commence-
ment of the investigation the water samples should be stored in cool
conditions at around 4 °C.

The key points listed below are intended as suggestions and should be
supplemented according to local conditions.

1.3.2 Bottle material
Glass bottles

Water samples are frequently taken in glass bottles. Glass bottles with
ground-in  stoppers of glass have proved particularly suitable. Glass
bottles with cork stoppers, rubber stoppers or other forms of sealing are
less suitable. The bottle glass should be of good hydrolytic quality. New
bottles should be rinsed before use with diluted acid and subsequently
washed out with distilled water (in order to exclude release of alkalis
from new bottles to the water inside).

Glass bottles are particularly necessary for sampling if substances are to
be determined which could be secondarily changed by plastics, or if changes
in the concentration of substances contained in the water can occur by
adsorption into plastics, e.g. certain heavy metals such as silver. Similar
considerations naturally also apply to glass bottles. Here too, attention
must be paid to wall adsorption. When determining traces of heavy metals,
it is recommended that the water be acidulated directly after sampling,
e.g. with hydrochloric acid or nitric acid, as acid solutions have less of
a tendency to precipitate traces of heavy metals on the glass walls than
neutral or alkaline solutions. The analyst should be informed that this has
been done.

Attention should be paid to the danger of breakage in glass bottles. Gas-
tight filling is necessary for gas chromatographic headspace analyses.
Special bottles must be used with a lateral tube and a septum, or with an
appropriate stopper with septum, so that gas samples can be taken from the
gas space with an appropriate syringe without opening the bottles in the
laboratory.

Water samples for determining oil and grease-type substances should be filled
in glass bottles and special care taken that the glass bottles, together
with ground surfaces and stoppers, have been rendered grease-free before-
hand with the same solvent as will be used later to extract the water.
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Glass vessels (5 to 10 litres) should be used for samples for special inves-
tigations, e.g. to determine polycyclic aromatic hydrocarbons, extractable
substances, halogenated hydrocarbons, etc.

Glass bottles are also necessary for special investigations, e.g. to deter-
mine oxygen, and also usually for bacteriological analysis.

Plastic bottles

It is possible in many cases to use plastic bottles for taking water samples.
These have the advantage of not breaking when they are completely filled,
as can be the case with glass bottles after temperature changes. Care must
be taken to use a plastic material which is as inert as possible with respect
to the water used. Polyethylene bottles have proved suitable. Plastic bottles
in the wusual round bottle shape, but also plastic bottles of rectangular
shape which can be particularly easily stacked, are common.

Plastic vessels should be preferred to glass bottles for determining sili-
cate and borate, as possible release of these substances from the glass to
the water can then be excluded.

Disposable plastic bottles can be useful when taking sewage samples. The
cost of cleaning the used bottles is frequently higher than the price of
new bottles,

Sterilizable plastic vessels, e.g. made of polytetrafluoroethylene (PTFE),
can also be used for taking water samples for microbiological analysis.

Labelling the bottles

The bottles containing the water samples should be labelled so as not to be
mistaken, Either tags or adhesive labels can be used. The following minimum
information should be contained on the label:

Sampling location, designation of the water resource, sampling date and time.

The sample designation and the sampling documents can be coded on sampling
for electronic data processing. Sampling records should also be prepared
simultaneously on site. The general data on sampling should here be record-
ed in plain language, and all measured results of the local investigations
of the water, of the quantities of water taken, of the method of f{illing,
and, where necessary, fixing and sample preservation, should be noted.

1.3.3 Techniques of sampling

Air-free filling is necessary when taking certain water samples, e.g. for
determining oxygen (see Instructions). The same applies to further special
determining processes.

In general, the bottles should be prerinsed at least five times with the
water to be sampled and then filled so that a gas bubble of approximately
bean size remains in the bottle. Only in few exceptional circumstances is
it necessary to fill the bottle completely, e.g. for determining radio-
activity. In such cases, care should be taken to protect water in glass
bottles from heat or, for example, to ensure that the water is able to
expand via the stopper and a water-filled rubber tube, as otherwise the
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bottles will burst. In the case of short-lived radionuclides, determination
is necessary on site.

When producing composite samples care should be taken to measure the water
and to ensure that secondary contamination, and influences from increases
in temperature or from atmospheric oxygen, are as far as possible excluded
or taken into consideration in evaluation.

If water samples contain settleable substances, it may be appropriate
according to task to separate the supernatant settled water from the sedi-
ment in order to produce composite samples, and to use the clarified water
also to produce composite samples. If during transport to the laboratory
precipitations resettle out of the composite sample, these should be homo-
genized or dissolved before analysis and included in the investigation, as
they have only formed from out of the water at a later date. Settleable
substances precipitated on site could be f{filled separately into bottles and
examined separately in the laboratory. A note should be made of the
settling time that elapsed and the temperature at which the settleable
substances were precipitated.

Batch sampling

A basic distinction can be made between batch sampling (individual samples)
and continuous sampling (time-proportional or flow-proportional).

Batch sampling, i.e. taking of individual samples (random samples), charac-
terizes only the water flowing or contained in a vessel at the precise
moment of sampling. The random sample is only appropriate if any changes in
the composition of the water to be investigated can be expected to take
place very slowly.

Equipment

For taking water samples from deeper water layers there are sampling devices
which can be opened at prescribed water depths, thereby allowing the water
to be taken from a certain level, e.g. sampling devices with evacuated glass
ampoules. There are also sampling devices which are lowered in an open state
to certain depths, with the water flowing through the sampling device as it
is lowered. The devices are sealed at the desired depth by a falling weight
and can bring the water collected at the relevant depth to the surface in
the closed system. After sterilization, these devices can also be used for
taking water samples for bacteriological analyses (e.g. Ruttner sampler).

Continuous sampling

Continuous sampling can be in the form of time-proportional or flow-
proportional sampling.

Time-proportional sampling

Equal quantities of water are sampled and combined to form composite samp-
les at certain intervals (e.g. every 15 minutes or at hourly intervals) with-
in a longer period. This sample taking can be done by hand or automatically.

Flow-proportional sampling

Given that the quantity of water running off per time unit is known, indi-
vidual samples of the water are taken at certain intervals by means of a flow



12

Figs. 1 and 2. Ruttner sampling bottle. The
device cuts through the water with its caps
open without intermixing with air. The de-
vice is closed automatically by actuation
of a falling weight. Inside there is a
thermometer graduated in 0.1 °C

diversion switch for a constant time. These individual samples are equal in
quantity and are combined into composite samples.

In continuous sampling it is possible to determine the average concentration
of substances contained in the water by mixing a fairly large number of
individual samples.

Sampling equipment

For taking samples of water by hand, porcelain, plastic or stainless steel
casseroles have proved effective for drawing the individual samples. Stain-
less steel buckets are very suitable for preparing composite samples.
Graduated stainless steel buckets with a known capacity are used for dis-
charge measurement with a stopwatch (10-litre, 15-litre, or 20-litre
buckets). If samples are to be taken from surface water, suitable samplers
with extension handles up to several metres long are necessary. Bamboo rods
with a jaw grip for inserting the bottles have come into common use. In
this case too, the bottles should be rinsed at least five times with the
water to be analyzed.

For continuous sampling of water, e.g. from surface waters or from sewage
pipes, there is a wide range of semi-automatic and automatic equipment.

The following schematic diagram (Steinecke-Dietrich) shows a reliable
sampling device.
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6
Fig. 3. 1) = Sampling point; 2) = MOHNO
pump; 3) = Flow diversion switch; 4) = 1
Drive wunit; 5) = Collecting vessel; 6)

= Refrigerated cabinet

This schematic drawing shows a unit for automatic sampling from a sewer duct.

A
10
Fig. 4. 1) = Sewer duct; 2) = Sewage pump; 3) = Collecting vessel; 4) = Pro-

portioning pump; 5) = Distribution unit; 6) = Bottle filler; 7) = Control unit;
8) = Pressure reducer; 9) = Air filter; 10) = Compressed air; 11) = To sewer
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1.4 Water sampling in practice

L.4.1 Local investigations

In the local investigations as many measurements as possible must be taken,
especially for variable parameters. The appearance of the water sample and
any changes in it during the sampling must be described. Turbidity, colouring,
escaping gases and any odour must be recorded. The odour must be described
as accurately as possible, e.g. sourish, putrid, sewage-like, aromatic,
fishy, etc. If there is no danger of epidemic the taste of the water should
also be established on the spot, and attention should be drawn in particu-
lar to any off-taste, e.g. from hydrogen sulphide, organic compounds,
dissolved metals such as iron and manganese or dissolved carbon dioxide.
The tester must endeavour to record proper measurement results on site even
under field and difficult conditions. Data concerning geology, situation of
the localities, tapping and casing, ground water lowering, etc. are neces-
sary. Biological indicators must be determined and flora and fauna recorded.

1.4.2 Sampling for microbiological analysis of water

An adequate number of sterile vessels, preferably glass vessels which can
be sealed bacteria-tight, must be carried. When taking the samples all
secondary microbiological contamination from the sampler himself or from
the environment must be eliminated. In general 3 - 0.25 litre of water must
be filled into sterile vessels for each sampling point. For special bacte-
riological investigations, e.g. for testing for Salmonellae, for sulphite-
reducing Clostridia or hydrogen-sulphide-forming organisms and other micro-
organisms, it may be necessary to take samples of several litres of water
under sterile conditions (see Chapter 5).

Besides the data on local conditions and the local inspection, an analysis
of drinking water should always give indications of hygiene problems and
include a microbiological water analysis. Appropriate samples for bacterio-
logical analysis must therefore be taken. To do this, the sampling point
must be disinfected e.g. by flaming, and the water samples for the bacterio-
logical analyses are to be taken in sterile vessels under sterile condi-
tions after an appropriately long run-off time of about 5 minutes. If this
is not possible under the prevailing conditions, drawn samples using a
sterile sampler must be taken in sterile bottles.

If in exceptional cases no sterilized vessels are available, glass bottles
can be sterilized with boiling water. However, in this case care must be
taken to ensure that reinfection is avoided during cooling. As a precaution,
several parallel samples must be taken under the most sterile conditions
possible in the bottles sterilized in this way under field conditions and
then analyzed separately. If the water to be tested contains disinfectants,
e.g. chlorine, these must be eliminated by adding sterile sodium thiosul-
phate solution, Further details of bacteriological analyses will be found
in Chapter 5.

1.4.3 Sampling for physico-chemical analyses
Samples for physico-chemical analysis will seldom present problems in

drinking ~water sampling. Measurements of temperature, pH, electrical
conductivity and oxidation reduction potential must be taken.
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Attention must be paid here to changes caused by access or escape of gases.
For example, oxidation of dissolved bivalent iron can occur through access
of oxygen. The water will become turbid and the oxidation reduction poten-
tial will be shifted. The same applies to the measurement of electrical
conductivity, when precipitation of e.g. calcium carbonate, iron hydroxide
or silicic acid occurs through release of gas. The sampling procedure in
question must be matched to the intended measurement procedures so that
secondary changes in the water before measurement can be avoided, or can if
necessary be reversed or taken into account in the calculations in the
laboratory.

1.4.4 Sampling for chemical analyses (see also 1.3)

The choice of bottle material and bottle size to suit the intended purpose
of the analysis is important. The concentration of any disinfectants such as
chlorine, chlorine dioxide or ozone must be measured immediately after
sampling.

Variable components e.g. Fe2+, HS or HS-, phenols, cyanides, etc. must be
fixed at the place of sampling. Oy and COp must be measured at the time of
sampling.

For other measures see the special section on water preservation (1.7).

1.4.5 Water sampling for gas analyses

For these analyses a particularly complex sampling technique and a careful
approach are required so that on the one hand dissolved gases or freely
rising gases cannot escape, and on the other hand no secondary change in
the gas composition can take place due to the air. Besides the glass
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Fig. 5. Device for collecting the freely ris- 5
ing gases. 1, 2, 3) = gas-tight ground stop-
cocks; 4) = gas-water collecting vessel made
of PVC; 5) = gas collecting funnel with lead
rings for weight; 6) = gas collecting flask; !
7) = lateral tube at top with silicone mem- g 10 |
brane; 8) = tele-scopic overflow pipe for the
water; 9) = gas-water inlet; 10) = water drai- 330

nage (from Fresenius, Fresenius, Schneider)
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sampling and gas collection device with lateral tube which has already been
discussed, glass bottles with a tube and septum in the stopper have also
proved effective. In this case, it is a simple matter to take gas samples
using a syringe for gas chromatographic analysis of the so-called free
gases. The amount of these gases can also be determined e.g. by filling
with a known quantity of water. In addition the dissolved gases in a second
sample are driven off, e.g. under vacuum at increased temperature
(50 - 80 °C), measured and analyzed.

For extracting gases from ‘gas-retaining water samples see the authors' tried
and tested device (Fig. 5).

1.4.6 Radioactive inert gases

Discontinuous sampling for measuring radioactivity due to the radioactive
inert gas '"radon 222" can be carried out relatively easily following the
instructions below.

Some special points arise from the nature of the radioactive parent sub-
stance radium and the daughter radon, which is an alpha-emitting inert gas.
Precautions must be taken when sampling to prevent the gas escaping from
the water prior to measurement and, on the other hand, to prevent its
enrichment by any change in the composition of the gas above the water.

In addition, consideration must be given to the fact that the decay
products of radon are solids which are themselves again subject to radio-
active decay. The vessels with radioactive water samples are therefore
contaminated to a greater or lesser extent, so that before they are used
again the radioactivity should have subsided and the vessels must be
thoroughly cleaned. If the water contains dissolved radium 226, with the
result that the radon 222 activity is constantly being replenished, precau-
tionary measures are also necessary here since the radium 226 is easily
separated from the water with precipitates (e.g. by adsorption on iron
hydroxide as a non-isotopic carrier). Consequently any insoluble residues
present must also be taken into account. In the case of basin or pond
tapping of the water resource an increase in the concentration of radium
226 in the sinter of the source can occur.

In view of the relatively short half-life of radon 222 (approx. 3.8 days)
the water sample must go for radioactivity measurement as quickly as
possible. The time which elapses between sampling and the first measurement
must be noted.

For determining what is known as the residual activity, water samples are
filled into bottles which can be «closed airtight, so that they can be
analyzed for their radon content in the laboratory at a later stage, possi-
bly after radioactive equilibrium has been established. For this, I-litre
or 2-litre glass bottles with double-bore rubber stoppers are used.

Through the holes, two glass tubes bent at right angles outside the vessel
are inserted, one of these glass tubes ending immediately under the rubber
stopper and the second reaching down to just above the base of the bottle
(cf. 1illustration). After air-free f{filling the open outer ends of the two
glass tubes are closed off with a rubber tube which is completely filled
with water. Water samples can be taken from these bottles for measuring the
radon 222 with a suitable device, e.g. a fontactoscope or an emanometer.
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Fig. 6. Sampling bottle for determining
residual activity

1.5 Special instructions for sampling water of various origins and for
various investigation purposes

1.5.1 Surface water

Local measurements should be conducted, e.g. on flow velocity and discharge
rate. Details are necessary on transverse profile, longitudinal profile and
sampling depths. Where necessary, the sampler must be given instructions on
the conditions for taking surface water samples, e.g. sampling from travel-
ling surge, observation of stratification, production of composite samples,
distance of the sampling location from the bank, sampling depth and similar
instructions. The sampler should describe the local conditions, in particu-
lar the appearance of the surface water, and where possible give informa-
tion on microflora and microfauna and also on macroorganisms. Bio-indicators
provide important information on water quality. Assimilation and dissimila-
tion processes in plants play their part, e.g. in determining the oxygen
and carbon dioxide contained in a water. Investigations should be conducted
into the discharge of sewage. Indications suggesting influences on or
eutrophication of the water should be noted on site. Water samples should
be taken for bacteriological, microscopic and chemical analyses. Local
measurements should be taken of temperature, pH, electrical conductivity,
oxidation reduction potential, oxygen and carbon dioxide (CO2) content,
turbidity, colouring, settleable substances, etc.

1.5.2 Ground water

Ground water samples should nearly always be taken from appropriate wells
or boreholes; uncovered ground water will only exist in rare cases. Accord-
ing to the scope of investigation planned, samples should also be taken
here for bacteriological, physico-chemical and chemical analyses. The
taking of water samples may be necessary for trace analysis and for examina-
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tions for special indicators of pollution, such as cyanides, phenols or
other organic substances. It can also be necessary to take samples for
microscopic analyses. In addition to the wusual local investigations and
measurements, information is also necessary on whether the water samples
were taken during a pump test and on the pumping rate and the depression at
which the samples were taken in comparison to the static water table. The
record must show whether the sample was taken from moving ground water or
static ground water. Where possible, information should be provided on the
flow velocity of the ground water and in general on the hydro-geological
conditions of the ground water. The possible sampling locations for taking
ground water samples may be classified roughly as follows:

Uncovered ground water

Springs, slope springs, boundary springs, etc.
Prospecting holes

Artesian wells (confined-water wells)

. Shallow wells (dug wells, basin wells, driven wells)
. Deep wells (drilled wells)

Horizontal wells (adits)

NewFEwN

1.5.3 Salt water

This heading covers the sampling and investigation of seawater, lake water,
brackish water, water from salt lakes, mines or mineral water. The general
principles for taking water samples apply here to the bacteriological,
physico-chemical and chemical analyses. It may be necessary on account of
the high salt content to take larger water samples for certain trace analyses
or for special investigations, which can then be examined in the laboratory
after depletion of the greater part of the dissolved salts. Care should be
taken that the bottles are rinsed with distilled water on the outside and
particularly at the stopper after sealing, as otherwise salts may dry at
the bottle neck and falsify the results of subsequent investigations. Before
rinsing the bottle neck, the ground-in stopper should be checked for correct
seating so that distilled water does not enter the bottle and dilute the
water sample. Water samples should also be taken for microscopic analyses.
On-site investigations are necessary for algae or other bio-indicators, and
indications of eutrophication should be recorded. Secondary observations,
such as water-borne traffic or bathing activity, sewage discharge, fish
stocks, lagoon formation, should be noted.

1.5.4 Bathing water

The instructions described in the section on surface water apply in princi-
ple to bathing water as well. In addition, bathing water investigations
will be necessary in swimming pools (open-air or indoor), and also in
bath-tubs. A distinction must be made between public baths and baths only
serving special purposes, e.g. cleansing baths in tub form or spas. A
distinction must also be made between salt water and fresh water baths, and
between treated bathing water and natural bathing water in open bathing
waters.

In addition to the number of visitors, frequency of visitors and overall
appearance of the swimming baths, the local inspections and investigations
should also include hygienic inspections, e.g. so-called klatsch
preparations. Details of water temperature, water appearance, weather
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conditions and date and time of sampling should be recorded. In the case of
disinfected bathing water, the chlorine content and/or the ozone content
and oxidation reduction potential should be measured together with the pH.
In addition to evaluating the apparent quality and the hygienic conditions
in and around the baths, water samples should also be taken for bacterio-
logical water investigations, including testing for worm eggs. Samples
should also be taken for the usual physico-chemical and chemical analyses
and for the analysis of specific indicators of pollution, e.g. wurea, nitro-
gen compounds or overall organic parameters such as chemical oxygen demand
or 5-day biochemical oxygen demand. Water samples should also be taken of
the fresh or uncontaminated feed water at the same time as sampling the
used bathing water from the bath.

The sampler should be given instructions on the nature of the investigation
required so that he can adapt his work on site to suit requirements.

1.5.5 Industrial water

A whole range of different aspects have to be observed when taking samples
of industrial water, depending on the application. The following possible
uses exist:

Boiler water

Boiler feed water (high-pressure or low-pressure boiler water)
Condensate

Industrial process water

Process water for factories in the foodstuffs industry
Process water for breweries

Process water for mineral water and lemonade plants
Cooling water and similar fields of application

Water for mixing concrete

Irrigation water in agriculture

Expanses of water for fish cultivation

Ground water or surface water must be checked for corrosiveness in relation
to concrete and/or metals. Bacteriological investigations are necessary in
the case of process water for foodstuffs factories or for the drinks manu-
facturing industry, and appropriate samples should therefore be taken. For
the other fields of wutilization, bacteriological investigations on service
water will be less frequent. Here, however, attention must be paid to the
fact that questions of aggressiveness or the formation of precipitations
can frequently have microbiological causes. The local investigations should
be conducted according to the wusual sampling procedure; in particular, it
is necessary to determine pH and electrical conductivity, and also the
presence of oxygen or carbon dioxide. Special samples for testing corro-
siveness in relation to metals or concrete should be mixed on site, or
tests conducted using the pH-difference method. In addition to taking water
samples for the wusual physico-chemical or chemical analyses, sampling may
also be necessary for microscopic investigations, e.g. when the water is
used as cooling water.

1.5.6 Irrigation
Specific measured values on site are specially important for the use of a

water resource for agriculture as irrigation water, e.g. determining elec-
trical conductivity at the existing water temperature, On-site measurements



20

of the hydrogen carbonate and carbonate content are also necessary. Further-
more, water samples should be taken for quantitative determination of the
sodium, calcium, magnesium and boron content.

The values for electrical conductivity measured on site can provide infor-
mation on the possibility of utilizing water as irrigation water for
agriculture. Thus, in the case of electrical conductivities of up to 250 puS
em-l at 20 °C, no salinization of the soil need be feared. Such water is
generally suitable. In the case of electrical conductivities of up to 750
uS cm-1" at 20 °C, the water can as a rule still be tolerated.

Electrical conductivities of 750 to 2250 pS cm'l, by contrast, are high
enough to have a salinizing effect on the soil with continuous use, and
salt-tolerant plants should be wused for cultivation. A high degree of
salination is to be expected from waters with electrical conductivities of
up to 5000 pS cm-l. Even higher conductivities usually render the water
unusable even for salt-tolerant plants. An evaluation of the water quality
for irrigation is also possible on the basis of the ratio of sodium to
calcium + magnesium. In this connection see the diagram below.

In field 1 of the diagram, the water can be deemed suitable for general
use; in field 2, only a small danger of alkalization exists. In field 3,
the high proportion of sodium entails a danger of alkalization for most
soils. This danger is reduced in gypsiferous soils; they must, where
necessary, be fertilized with calcium and organic fertilizer, In f{field 4 of
the diagram, the water is in general no longer suitable for irrigation
purposes or only suitable in conjunction with the simultaneous use of
calcium compounds.
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A certain estimation of suitability can also be made by examining the ratio
of carbon dioxide compounds to alkaline earths. The ratio in mmol/l for the
following compounds should be calculated according to the formula given:

(CO32- + HCO3~) - (CaZt + Mg2*)

If these values are smaller than 1.25 mmol/l the water is probably suitable;
between 1.25 and 2.50 mmol/l it is conditionally suitable; and over 2.50
mmol/l it is not suitable. See the section on boron regarding the importance
of the boron content for irrigation water.

1.5.7 Expanses of water devoted to fish cultivation

In fish cultivation waters, which must generally be light and clear because
the majority of fish species would otherwise migrate, the oxygen content
plays a particularly important role. The oxygen demand by individual fish
species varies (Salmoniformes: at least 5 mgl/l; carp: approx. 3.5 mgl/l;
goldfish: 0.75 mgl/l)., It should be noted that the oxygen content falls
when the water is heated. A lack of oxygen can thus arise for some f{ish
species at higher water temperatures in summer.

In addition, the pH is of importance. The compatibilities of individual
fish species also vary in this respect. In general, expanses of water
devoted to fish cultivation should have a pH ranging between six and eight.
Fish cultivation waters should further be free of substances toxic to fish
(e.g. heavy metals and cyanides) from sewage. Hydrogen sulphide is a strong
poison for fish; processes of putrefaction must therefore be avoided in
expanses of water devoted to fish cultivation. Local measurements should be
taken and samples prepared for the laboratory in glass bottles; the analy-
sis should be effected rapidly in such cases.

1.5.8 Waste water
Examples of water locations:
Domestic waste water

Industrial waste water

Waste water from critical locations, e.g. hospitals, chemical factories
producing toxic materials, metal foundries and galvanization plants, etc.

Waste water with inflammable organic solvents, oils and greases, phenols or
chlorine compounds

Seepage water from solid waste (rubbish dumps, etc.)

Clarified waste water from sewage plants

Waste water from surface channels

As a basic rule, flow-proportional sampling is recommended; flow-proportion-
al composite samples can be produced from the individual samples taken,

where necessary, with automatic sampling devices. In the case of time-
proportional sampling, no account is taken of the quantity of water.
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Nevertheless, this must be regarded as a better solution than a single or
multiple random sample. Production of time-proportional composite samples
is also possible, using automatic sampling devices where applicable. The
composite samples can be taken with or without settleable substances. If
the water contains many settleable substances, it is more favourable to
remove these substances before producing the composite samples and to
investigate them separately in the laboratory. After removing the settle-
able substances, the water from the composite samples should be used for
laboratory tests. If secondary turbid substances have formed in the water,
these should be included in analyses.

When taking the individual samples, which may for example be made at 15-
minute or hourly intervals, it is useful to measure the temperature and pH
of the waste water and to describe its appearance in each case.

For example, 3-hour or #4-hour composite samples or even daily composite
samples can also be produced. The composite samples should be cooled
(approx. 4 °C) so that secondary changes are avoided as far as possible.

The settleable substances should be determined immediately after sampling
or after producing a composite sample, so that secondary precipitations
during transport are not included in the record as settleable substances.
It is also useful to measure the following physico-chemical parameters of
individual samples on site:

Temperature

pH

Electrical conductivity
Oxidation reduction potential
Oxygen content

Waste water samples for determining hydrogen sulphide or its compounds
should be derived from the individual samples, and zinc acetate or cadmium
acetate added.

It is important to preserve samples of waste water, particularly for deter-
mining cyanide, phenol, organic compounds and nitrogen compounds, etc. (e.g.
with chloroform, by alkalization or with mercuric chloride) (see 1.7).

Samples for determining the 5-day biochemical oxygen demand (BOD) or the
chemical oxygen demand (COD) should be frozen if not examined immediately.

For special purposes, it may be necessary to test for certain toxic sub-
stances which can interfere with biological clarification. In addition to
composite samples, random samples should then also be tested in suspicious
circumstances. In particular, the possibility of cyanides, surges of acid
or alkaline waste water, and also organic substances and heavy metals
should be borne in mind here.

In the case of waste water discharge locations, it is useful to have. water
samples for conducting a fish test or a bacteria test for toxicity (see
special section on fish test and bacteria test in Chapter 5).

Attention should be given during waste water sampling to the presence of
organic solvents which enter the vapour phase and lead to explosions. Where
necessary, water samples should be taken for gas chromatographic headspace
analysis.
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Safety precautions

The necessary safety precautions for the sampler should be emphasized.
Securing equipment is always necessary when entering channels, shafts,
wells, galleries, etc. A check should be made beforehand for toxic or
ignitable gases. The sampler should be secured to a safety rope and backed
up by a second person. Safety regulations should always be observed in all
cases of water sampling,.

1.5.9 Sludge

It may be necessary, in addition to sludge-containing water, to take sam-
ples of the sludge itself.

Examples

Waste water sludge

Sewage sludge

Digested sludge

Neutralization sludge and other industrial sludge
Sludge from surface waters

Sediments from surface water

Sludge and deposits from wells

Deposits from pipe systems

In this form of sampling, particular care should be taken to homogenize the
cross-section taken, as sludge can frequently be of very heterogeneous
composition. If this is the case, many individual samples (10 to 100)
should be taken, mixed and the test sample taken from this homogenized raw
sample.

Sufficient quantities of sludge should be taken so that a separation of
sludge and water for separate investigation in the laboratory is possible.
The sludge taken can be investigated immediately. Extracts with rain water
or with seepage water containing carbon dioxide are also possible, however,
and these allow one to determine which critical substances can be remobi-
lized by water.

If it is necessary to determine the water content of the sludge, the
samples must be packed in watertight vessels, preventing loss of water, so
that the water content can be determined in the laboratory.

Special samples may be necessary for bacteriological and microscopic
investigations, in addition to local measurements, such as pH (insertion
electrode), temperature, appearance and observations on gas formation and
odour. In general, sample quantities of sludge of the order of at least
several hundred grams are recommended, and in special cases up to several
kilograms. Digestion tests can be conducted on the samples taken, whereby
precautions should be taken against hydrogen sulphide release or gas forma-
tion (methane or carbon dioxide). Where necessary, the appropriate gas
analyses are to be made. In order to be able to judge the degree of disin-
fection of sludge, in particular sewage sludge, in conjunction with solid
waste after the rotting process, special bacteriological investigations are
necessary. For this purpose, the samples must be taken in sterile wide-
necked glass bottles.
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When taking samples of sludge, it is of equally decisive importance that
the sampler carefully records all local conditions and observations to
prevent the chemist or biologist who is conducting and evaluating the
analysis from drawing false conclusions.

1.6 Local investigations (see also 1.7)

It is recommended that appropriate forms be issued depending on the type of
individual analysis, as guidance not only for the laboratory but also for
the sampler.

A summary of the local investigations generally to be conducted is given
below. In the case of individual elements, fixation of the constituent to
be determined is necessary and appropriate reference is made to the section
of investigation.

Temperature of the water (to 0.1 °C with a calibrated mercury thermometer)
Temperature of the air

Barometric pressure

Height amsl

Appearance

Colour

Turbidity

Depth of visibility

Settleable substances in ml/l

Gases released

Odour

Taste

Measure pH electrometrically on site

Measure electrical conductivity electrometrically on site at the same time
as temperature

Measure redox potential electrometrically excluding atmospheric oxygen and
secondary redox processes

Measure Cly on site

Measure ClO2 on site

Measure O3 on site
Density, (fill pycnometers without gas losses on site)

Measure oxygen on site electrometrically or chemically according to Winkler
method
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Determine carbon dioxide on site volumetrically, or fix the total carbon
dioxide in a water sample by means of CaO, Ba(OH); or NaOH and determine
the total CO; in the laboratory, and distribute the hydrogen carbonate
and/or carbonate components (titration on site) by recalculation in terms
of free, dissolved CO3.

Hydrogen sulphide: fix on site with zinc acetate or cadmium acetate
Bivalent iron: fix on site with 2,2'-bipyridyl

Silicic acid: hydrolysis and decomposition on site by addition of the water
to a mixture of hydrofluoric acid and perchloric acid; determine photome-
trically in the laboratory; insoluble or colloidal silicates should first
be removed from the water by filtration.

Aggressive carbon dioxide:

Either measure pH on site immediately and after saturation with lime, or
determine in the laboratory (marble dissolution test according to Heyer
method) after addition of calcium carbonate

Short-lived radionuclides

Bio-indicators

1.6.1 Preservation of water samples
General

The best method of preserving the water samples taken is to provide for
analysis as soon as possible. The water samples taken should be stored in
the dark and cooled to around 4 °C (cooling box with ice or refrigerator in
the vehicle) for transport to the analytical laboratory.

Attempts should be made to ensure that samples taken arrive at the labora-
tory for analysis on the following day, or at the latest the day after
that. If immediate analysis of the water samples in the analytical labora-
tory is not possible, these should be kept in cold storage at around % °C
until analysis, which must take place as soon as possible. Decisions should
be made from a specialist point of view on which analyses should be conduct-
ed immediately and which can be left for a later date.

Cooling or preservation of samples is particularly important when taking
samples of waste water. Attention should be paid to microbiological reac-
tions after sampling, which should be kept to a minimum by cooling the
samples. Thus sulphate reduction with formation of hydrogen sulphide can be
caused by desulphurizing vibrios, with consequent triggering of other
secondary processes, e.g. iron precipitation with accompanying precipita-
tion of other heavy metals. Organic substances may degrade microbiologi-
cally during transport thereby changing the COD or the 5-day BOD.

Some general information is included below for selected inorganic or
organic substances contained in the water which experience has shown to be
easily changeable. Further information is to be found under the individual
descriptions of methods.
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1.6.2 Inorganic substances contained in the water

Dissolved, bivalent iron: Fixing directly at the time of sampling with
2,2'-bipyridyl forming a red-coloured complex which can be analyzed photo-
metrically in the laboratory.

Silicic acid (SiO2): Decomplexing or depolymerization directly after sam-
pling by adding the water sample to a digestion mix of perchloric and
hydrofluoric acid. In order to be able to distinguish between dissolved and
undissolved silicic acid, it is recommended that one sample be added direct-
ly to the acid mix and a second water sample after filtration, for example
through a membrane filter. If the perchloric acid/hydrofluoric acid mix
prepared in the plastic bottle has been weighed, any desired quantity of
water can be added on site and determined by measuring the weight differ-
ence in the analytical laboratory.

Hydrogen sulphide H»S, hydrogensulphide (HS-) or sulphide (S2-): To deter-
mine these, the water sample is added to a prepared solution containing
zinc ions as excess zinc acetate. Here too, the quantity of the water can
be determined by measuring the difference in weight.

Nitrogen compounds, such as ammonium, nitrite and nitrate, or samples to
determine so-called organically fixed nitrogen: Transport under cool condi-
tions for analysis as soon as possible. It is also possible to add approxi-
mately 1 ml chloroform per litre of water to prevent microbiological
reactions. Analysis is to be recommended as soon as possible, at the latest
after cooled transport of 1 to 2 days, particularly when determining nitrite
content.

Heavy metals: For use in analysis according to the flame atom absorption
method, the sample should be acidified using hydrochloric acid of reagent
purity immediately after being drawn, and the samples should be taken in
glass bottles and transported under refrigerated conditions. The quantity
of hydrochloric acid should be noted for a blank experiment.

For determining heavy metals using the so-called furnace technique
(graphite tube cuvette), acidification of the water sample with nitric acid
is to be recommended, and here too provision should be made for a blank
experiment. If heavy metals are to be expected in the trace range, the
water samples should be taken with acidification in a polytetrafluoro-
ethylene bottle (Teflon bottle).

To record metal traces e.g. for arsenic and selenium using the so-called
hydride process, acidification with hydrochloric acid is recommended; the
rest of the procedure is similar.

To determine the quantity of mercury, the water sample is stabilized in
glass bottles with a solution of nitric acid and potassium dichromate until
analysis.

Settleable substances in terms of volume are determined directly after
sampling in a sedimentation funnel. If settleable substances are to be
recorded in terms of weight, the water should be f{filtered via a membrane
filter directly after sampling or after a sedimentation period of, for
example, 2 hours, and the settleable substances can then be determined in
the laboratory.
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1.6.3 Organic substances contained in the water
Dissolved organic carbon (DOC) or total organic carbon (TOC):

a) Transport in refrigerated condition, or
b) deep-frozen at -15 to -20 °C

Chemical oxygen demand (COD):

a) Transport in refrigerated condition, or
b) deep-frozen at -15 to -20 °C

Acidification can also be effected with sulphuric acid directly after
sampling, and before deep-freezing.

5-day biochemical oxygen demand (BOD):

a) Transport in refrigerated condition, or
b) deep-frozen at -15 to -20 °C.

Phenols: Preservation by adding 5 ml 35 % hydrochloric acid and | g copper
sulphate per litre of water. Transport in refrigerated condition.

Surface-active agents (detergents):

a) Transport in refrigerated condition, or
b) deep-frozen at -15 to -20 °C.

Chlorinated hydrocarbons: Transport in refrigerated condition in specially
cleansed, gas-tight sealed glass bottles.

Hydrocarbons:  Transport in refrigerated condition in specially cleansed
glass bottles.

Polycyclic aromatic hydrocarbons: Transport in refrigerated condition in
specially cleansed glass bottles.

Cyanides: Water samples to determine cyanide must be kept chilled and dark
for transport. They should be alkalized with sodium hydroxide solution (I
molar) on site and adjusted to a pH of around 8.

I ml chloroform and 1 ml of a 10 % solution of hydrochloric acid and
stannous chloride (SnCly) are added and where necessary the pH readjusted
to 8 with sodium hydroxide solution using pH paper. After adding 10 ml
solution of zinc/cadmium sulphate (10 %) per litre of water, the sample is
poured into glass bottles for despatch.

1.6.4 Radioactivity

Measuring short-lived radionuclides, e.g. radon 222 which has a half-life of
3.8 days, should take place directly at the sampling location. Samples to
be transported to the laboratory for measurement must be taken free of air
bubbles in glass bottles, with compensation for pressure effected by means
of a hose filled with water led through a double-bored stopper (cf. 1.4.6).
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Date of sampling, time of sampling and appearance of the water samples
should also be recorded on the label for measurements of individual radio-
nuclides in the laboratory. This is particularly necessary for short-lived
radionuclides in order to make it possible to recalculate activity back to
the time of sampling.

1.7  Local analyses (see also 1.6)

1.7.1 Sensory examination on site

The odour test should be conducted before the taste test, as the sense of
smell is more sensitive and also has a considerable influence on taste.
Non-smokers are to be preferred as testers. Plastic bottles are useless for
testing because of the disturbing influence of their own odour. Wide-necked
flasks made of glass are most suitable; they should be filled approximately
two thirds full of the water and shaken, and, if the water at ambient
temperature has no odour, heated to approx. 40 - 60 °C and retested.

The odour should be characterized as accurately as possible both with
respect to intensity and nature. The following five stages are commonly
used to define the intensity of the odour: "Very weak" (only discernible by
an experienced expert); "Weak" (also discernible by the layman when
compared with reference sample); 'Distinct" (discernible for any water
consumer); "Strong" (unpleasant); "Very strong" (repulsive).

The following designations are used for the nature of the odour:
Odours of general nature

"Metallic" (e.g. iron-containing deep water)

"Earthy" (occasionally caused by Schizophyceae)

"Dankly mouldy" (e.g. stale water)

"Peaty" (marsh water)

"Musty-putrid" (impure water)

"Sewage-like" (considerably contaminated water or waste water)
"Faecal" (considerably contaminated water and/or waste water)
"Fishy" (e.g. caused by Bacillariophyta)

"Smelling of fish oil" (e.g. caused by Flagellata)

"Seaweed-like" (e.g. caused by Flagellata or algae)

Odours of chemical nature

e.g. smelling of: Hydrogen sulphide; Tarry substances;
Mineral oils; Phenols;
Chlorophenols; Chlorine;
Ammonia; Soap;
Acetic acid; Butyric acid.

Hydrogen sulphide and free chlorine can mask other odours. Dechlorination
can be effected for example by adding stoichiometric quantities of sodium
thiosulphate. If hydrogen sulphide is present, sufficient zinc acetate is
added to the water sample (formation of barely soluble zinc sulphide) and
the sample retested.
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Taste test

A taste test on site for orientation purposes may only be carried out with
extreme care. In the case of "repulsive" odour, the tester should refrain
from this test. He should also refrain from this test if he suspects
contamination with bacteria.

If no distinct taste is noticeable when tasting the water at normal
temperature (a metallic taste usually occurs as after-taste), it should be
heated to approximately 30 - 40 °C in a covered glass beaker before tasting.

The following distinction can be made according to the nature and strength
of the taste:

l. No particular taste 8. Salty

2. Insipid 9. Metallic-astringent

3. Soft 10. Alkaline

4, Mineral 11. Musty

5. Hard 12. Tasting of HpS or sulphides

6. Sour 13. Tasting of organic compounds, e.g. mineral
7. Bitter oils, pharmaceuticals, fuels, phenols, etc.

The intensity of the taste can be characterized by adding "weak", "distinct"
or "strong".

Odour threshold value

Determining the odour threshold value for a water (or waste water) is
always "subjective". It is nevertheless by no means worthless.

The odour threshold value is defined as the degree of dilution obtained in
the water to be examined, using absolutely odourless water produced by
filtration through activated carbon.

Formula

where:

G = the non-dimensional figure for the odour threshold value (dilution
factor)

V = the volume of the diluting water (ml) and

U = the volume of the water to be investigated (ml) in the mixture in which
an odour is only just discernible.

An odour-free glass flask of diluting water serves for comparison. The
determining process can be carried out with water at 20 °C or 60 °C,

A pretest determines initially the approximate range of the odour thresh-
old value, by filling 200 ml, 20 ml, 2 ml and 0.2 ml of the sample each
into a test flask and topping up the three latter measures to 200 ml
Beginning with the diluting water, the flask is shaken, the stopper opened,
the contents sniffed and the flask immediately resealed. The analogous
process is applied to the remaining samples.
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When the range of perception has been narrowed in this manner, samples are
produced in which the dilution at which an odour was only just discernible
in the pretest is diluted still further. Commencing with the most diluted
sample, the samples are tested as far as that mixture in which an odour is
still discernible with any certainty.

1.7.2 Colouring

Testing for colouring must be carried out on site as the water may change
while the samples are being transported. Colouring gives information on
possible contamination. Humic substances cause a yellow to brown colouring
(marsh water). The yellowish colouring caused by iron content changes to a
yellowish-brown turbidity when standing open to the air. The intrinsic
colour of the water can be neglected, as pure natural water in thin layers
is practically colourless.

Colorimeter cylinders, as far as possible with a plane-parallel base, are
used for field determination. In routine practice, however, water bottles
made of transparent light glass also fulfil the same purpose.

The colorimeter cylinder or transparent bottle is filled with the water
sample after removing undissolved substances by sedimentation or filtra-
tion. The sample is then observed in diffused light against a white
background. The sample is classified as

"colourless"

"very slightly coloured"
"slightly coloured"
"coloured"

"strongly coloured".

and the following colour shade is added

"yellowish"
"yellowish-brown"
"brownish'"
"yellowish-green"

If a more accurate designation of the colouring is required, it is neces-
sary to proceed with reference solutions for which appropriate series of
dilutions must be produced. Colorimeter cylinders (e.g. 2.5 cm inside
diameter and marked at 50 ml) made of colourless glass and with a plane-
parallel base are used.

Waters with yellowish to brownish colouring are used with standard solu-
tions of potassium hexachloroplatinate and cobalt (II) chloride (platinum
cobalt chloride reagent):

Standard solution (1 ml = 0.5 mg Pt):
1.246 g KoPtClg of reagent purity and 1.00 g CoCly + 6 HpO of reagent purity
are dissolved in distilled water, containing 100 ml HCl of reagent purity,

(1.19 g/ml) per litre, and topped up to 1 litre.

For example, a series with 0,5 - 1.0 - 1.5 to 10 ml of the standard solu-
tion, each topped up with distilled water to 50 ml, is prepared for visual
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colour comparison. In this series, the colour of the sample is classified
in the colorimeter tube from above against a white background with diffused
daylight. In cases of higher colour intensity, the samples are diluted
appropriately. If the colour intensities lie below 1 mg Pt/l, for example,
colorimeter tubes with 200 ml content are used and dilution series prepared
with 0.1 - 1 mg Pt/

The results are given in mg/l Pt/Co. Any pretreatment of the sample (e.g.
filtration) must be indicated.

Determination of the colouring can also be carried out with the aid of a
colorimeter or photometer. The standard solutions should be prepared analo-
gously and the measurements taken at 420 nm (violet filter).

1.7.3 Transparency and turbidity

Testing waters for transparency and turbidity is done for orientation
purposes. The transparency depends on the colour and any turbidity of the
water. The turbidity is -caused by suspended or colloidally dissolved
inorganic and/or organic substances. Apart from sludge particles, silicic
acid, ferric and aluminium hydroxide, organic colloids, bacteria and plank-
ton are possible, The determining process should be carried out immediately
after sampling, and certainly not more than 24 hours afterwards at the
latest.

Transparency

a) After taking a sample in a colorimeter cylinder with plane-parallel base
disc (2.5 cm inside diameter and cm gradation), the transparency is
determined by ascertaining the readability of a standard script (black
letters of 3.5 mm height and 0.5 mm stroke thickness), viewing vertical-
ly in diffused daylight, and expressing this in cm (average value from
several "readings").

b) The scale for the depth of visibility is that depth of water at which a
white Secchi disc with an edge length or diameter of 20 cm, fixed to a
chain or a rod, is just discernible when immersed in the water. Up to 1 m,
the values are given in cm; over | m depth, the values are given in
0.1 m gradations rounded down.

For the simple visual test for turbidity, a colourless clear glass bottle
of 1 litre is filled two thirds full with the water sample, which is shaken
well and observed against a black and then a white background (possible
Tyndall effect). The following are examples of the distinctions made:

"clear"
"opalescent"
"weakly turbid"
"strongly turbid"
"opaque'.

A measurement can also be made by comparing the turbidity of the water with
that of a series of dilutions of a kieselguhr standard suspension (1.00 g
and 0.10 g SiOp/1), which can be evaluated both visually and photometrical-
ly (nephelometrically) (scale in mg/l SiOj).
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Local measurements

1.7.4 Temperature

Temperature of the air

Equipment

Calibrated mercury thermometer graduated in 0.5 °C.

Method

Measure with a carefully dried thermometer (otherwise too low a reading is
given as a result of latent heat) close to the sampling location at 1 m
height above the water or the ground. If the sun is shining, measurements
must be taken in the shade and screened from reflected radiation of heat
(light-coloured house walls or rocks).

Temperature of the water

Equipment

Calibrated mercury thermometer graduated in 0.1 °C. Usual measuring ranges:
-5 to +30 °C, -5 to +60 °C, -5 to +100 °C, or electrical thermometer and/or
thermocouple.

(Special thermometer: Maximum thermometer (particularly for hot springs
and/or waters); well thermometer (the sphere of mercury remains below the
water surface on withdrawing the sampling beaker).

Method

Immerse the thermometer in the water to reading depth and wait until the
reading is constant (approx. 1 min.). If it is not technically possible to
measure directly, the water sample is taken in a vessel containing at least
1 litre which must itself be at the same temperature as the water (with tap
water, run ‘tap approx. 5 mins.), and the process followed as described
above.

As the solubility of gases is a function of the temperature, the reading
should be to 0.1 °C.

1.7.5 Hydrogen-ion activity (pH) (cf. also Chapter 2)

Introduction

In chemically pure water, water molecules split up to form H3O* (hydronium
ion) and OH- (hydroxyl ion) according to the following formula:

2HP0 = H30* + OH-

In its old form (merely taking into consideration the proton activity HY)
this reads:

H,O = H* + OH-
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The hydrogen ion is carrier of the acid reaction. The pH is used as measur-
ing unit; this is defined according to the following equation

pH = -log ay*

as the negative logarithm of molar hydrogen-ion activity, corresponding in
large dilutions approximately to the molar hydrogen-ion concentration (cy*).

The concentration of hydrogen ions in chemically pure, neutral water is
1 - 107 /1, corresponding to the dissociation constant of the water
Ky = 10- % at 25 °C deducible from the principle of mass action;

[H*] + [OH"] = Ky (Ky = 10-1%)

Ky 10-14

H+ = =
L] [OH] 10-7

= 10-7 g/l; OH- = 10-7 g/l

The conversion of the fraction (H*) = 10-7 into the negative logarithm pH 7
is in the interests of simplification.

pH 7 = neutral
pH>7 to 14 =  alkaline range
pH 0 to <7 = acid range

a) Electrometric determination of pH
General

The pH is determined electrometrically by measuring the difference in
potential between the measuring electrode (glass electrode) and the
reference electrode with known potential (saturated calomel electrode
used instead of the normal hydrogen electrode).

The glass electrode has a spherical glass membrane which is immersed in
the solution of unknown pH to be examined. The membrane is filled with a
solution of known pH. If a different concentration and/or activity of
hydrogen ions to that of the interior solution exists at the exterior
surface of the glass membrane, a corresponding phase-boundary potential
A E in contact with the outside solution is produced at the thin-walled
glass membrane. This phase-boundary potential obeys the Nernst equation:

g+
BT om M5 C AE (voin)

ay*t
where:
ayg* = Activity of hydrogen ions in the water sample
a'yt = Activity of hydrogen ions in the reference solution
R = General gas constant
T = Absolute temperature (K)
F = Faraday constant (96493 Coulomb/val)

so that the glass electrode behaves practically like a hydrogen elec-
trode (in which the phase-boundary potential is measured between the
gaseous Hp located on the platinum black of the Pt-electrode and the
H* ions (H30%) contained in the solution).
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The saturated calomel electrode used as reference electrode has, in
comparison to the defined normal hydrogen ion electrode (hydronium ion
concentration 1 g ion/l to Hp at 18 °C, 1000 mbar), a potential of
+0.250 V, which should be subtracted from the measured potential differ-
ence to determine E (already allowed for in the pH meter).

If the f{filling of the glass electrode is connected conductively with the
reference electrode also immersed in the water sample, the electromotive
force (e.m.f.) of this cell can be determined by current-free voltage
measurement. Because of the high internal resistance of the glass elec-
trode, an instrumentation amplifier is required to indicate the voltage.
Buffer solutions with defined pH serve for calibration and checking.

The e.m.f. in the measuring cell changes in direct proportion to the pH
value by 58 mV for pH = 1 (20 °C). As a temperature change of 10 or 20 °C
in the water sample results in a change in potential of approx. 2 or
approx. 4 mV and thus in a pH indication error of approx. 0.03 or approx.
0.06 pH units, temperature compensation is not necessarily required in
the normal temperature range, given that the mean reproducible accuracy
of pH measurement with glass electrodes is 0.05 - 0.1 pH.

Equipment
pH meter (battery, rechargeable or mains equipment)
Single-probe measuring cell (measuring and reference electrode)

Measuring range pH | to pH 10. Measurements can also be made in the
range above pH 10 with the aid of so-called alkali-stable electrodes.

Disturbances

The polarizability is low, disturbances due to colour, turbidity, oxida-
tion and reduction agents practically do not occur. New glass electrodes
which have been stored in dry conditions must be allowed to steep immersed
in water for several days before use until they no longer show any
movement in potential. Their sensitivity is affected by oily substances.
In such cases, the electrodes must be carefully cleaned with soap or
detergent solution after every measurement. They should then be rinsed
with distilled water, HCl solution and again with distilled water. They
should be subsequently recalibrated with standard buffer solutions.

Measurement
The pH meter is calibrated with buffer solutions of known pH according
to the instructions accompanying each appliance and the gradient of the

reading corrected where necessary.

Ready-made buffer solutions can be used for calibration or buffer solu-
tions produced according to the following instructions:

pH 2.0: 6.71 g potassium chloride (KCl) is dissolved in 1 litre
0.0l m hydrochloric acid.

pH 4.62: Mix 200 ml 1 m acetic acid, 100 ml | m sodium hydroxide
solution and 700 ml bi-distilled water.
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pH 6.4: Solution A. Dissolve 21.008 g citric acid and 200 ml 1 m
sodium hydroxide solution in bi-distilled water to 1 litre.

Solution B. 0.1 m sodium hydroxide solution. Mix 54.4 ml
of Solution A with 45.6 ml of Solution B.

pH 7.0: Solution A. Dissolve 9.078 g potassium dihydrogenortho-
phosphate (KHoPOy) in bi-distilled water to 1 litre.

Solution B, Dissolve 11.88 g disodium monohydrogenortho-
phosphate (NapHPOy4 - 2 H20) in bi-distilled water to
I litre.

Mix Solutions A and B in the ratio 2 : 3.

pH 9.0: Solution A. Dissolve 12.40 g boric acid and 100 ml I m
sodium hydroxide solution in bi-distilled water to 1 litre.

Solution B. 0.1 m hydrochloric acid.
Mix 8.5 parts of Solution A with 1.5 parts of Solution B.

For the actual process of measurement itself, the measuring cell is
inserted into the water sample in the measuring vessel. CO7 losses
should be avoided as far as possible. The temperature of the sample is
then measured, and the temperature compensation set on the meter. The
measured value is read off after the reading has remained constant for
at least 1 min.

Scale of the results

Depending on the sensitivity of the equipment, the pH is given to an
accuracy of up to 0.05 pH units. Below pH 1, above pH 12 or in concen-
trated saline solutions, the reading can be limited to an accuracy of
0.1 pH units. pH measurement is problematical in distilled water or in
waters with very low proportions of dissolved substances (e.g. rain
water). In such cases, one can only arrive at approximate values.

b) Colorimetric pH measurement

Certain pigments or pigment mixtures show a colour dependent on pH in
aqueous solutions, e.g. litmus turns red in the acid range and blue in
the alkaline range.

By wusing so-called universal indicators, measurement of pH is possible
by colorimetric comparisons in gradations for example of 0.5 pH units.
Measurement is particularly simple if these indicator mixtures are
applied to paper strips or inserted in plastic tubes. It is sufficient
to immerse them for a short period in the water sample to be measured
and subsequently compare the colour with the pH scale.

1.7.6 Electrical conductivity

General

The electrical conductivity of water is based on the presence of ions. It
can be regarded as a non-specific yardstick for the content or the concen-
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tration of dissolved dissociable substances in water.

A simple continuous method for determining the content of dissociable
substances, particularly in the case of measurements to be repeated regu-
larly at specified intervals, is important not only for systematic but also
for intermittent checking on water and its content of dissolved mineral
substances.

In the structure of an electrical field in water, the anions migrate to the
positively charged anode, the cations migrate to the negatively charged
cathode. At constant temperature, the electrical conductivity of a given
water is a function of its concentration of ions.

Electrical conductivity is expressed as the reciprocal of electrical resist-
ance in ohm (Q), in relation to a water cube of edge length 1 cm at 20 °C
(specific electrical conductivity). It is given in Siemens (S = 1) per cm
(s + ecm-l), Q

Good distilled water should have values below 0.3 x 106 § - cm-!
(i.e. <0.3 pS « cm-l).

The reference temperature or any conversion to a different temperature from
the measuring temperature should always be indicated, as the results
measured are dependent on temperature.

The following designations are usual in practice:
1S cml =103 ms - em-l = 106 ps - cm-L.

The resistance of electrolytes, and thus electrical conductivity, cannot be
measured with direct current on account of the polarization of electrodes
and the additional resistances thus arising (which falsify the result). For
this reason high frequency (>1000 Hz) alternating current is always used.
Measurement is based on 25 °C. A factor f, to be taken from the following
Table (from DIN 38404 Part 8, DEV-15, issue 1985) is used to convert the
measuring temperature to other temperatures.

Equipment

Conductivity meter (resistance meter with bridge fed with alternating
current)

Conductivity cell or flow cell

Thermometer -10 °C to +50 °C (graduation in 0.05°),

Method

The meter and conductivity cell are rinsed several times in the water to be
examined. The vessel is then filled. When water and equipment have reached
the same temperature, this is read off on the thermometer, followed by the

resistance or the (directly indicated) conductivity on the meter.

Rinsing and measurement are repeated until the values of two consecutive
measurements do not deviate by more than 2 % from their mean value.
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conductivity values
temperature t to the reference temperature of

t £25
°C 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0 1,918 1.912 1.906 1.899 1.893 1.887 1.881 1.875 1.869 1.863
1 1.857 1.851 1.845 1.840 1.834 1.828 1.822 1.817 1.811 1.805
2 1.800 1.794 1.788 1.783 1.777 1.772 1,766 1.761 1.756 1.750
3 L.745 1.740 1.734 1.729 1.724 1.719 1.713 1,708 1.703 1.698
4 1.693 1.688 1.683 1.678 1.673 1.668 1.663 1.658 1.653 1.648
5 1.643 1.638 1.634 1.629 1.624 1.619 1.615 1.610 1.605 1.601
6 1.596 1.591 1.587 1.582 1.578 1.573 1.569 1.564 1.560 1.555
7 1.551 1.547 1.542 1.538 1.534 1.529 1.525 1.521 1.516 1,512
8 1.508 1.504 1.500 1.496 1.491 1.487 1.483 1.479 1.475 1.471
9 L.467 1.463 1.459 1.455 1.451 1.447 1.443 1.439 1.436 1.432
10 1.428 1.424 1.420 1.416 1.413 1.409 1.405 1.401 1.398 1.39%4
11 1.390 1.387 1.383 1.379 1.376 1.372 1.369 1.365 1.362 1.358
12 L.354 1.351 1.347 1.344 1.34]1 1.337 1.334 1.330 1.327 1.323
13 1.320 1.317 1.313 1.310 1.307 1.303 1.300 1.297 1.29% 1.290
14 1.287 1.284% 1.281 1.278 1.274 1.271 1.268 1.265 1.262 1.259
15 1.256 1.253 1.249 1.246 1.243 1.240 1.237 1.234 1.231 1.228
16 1.225 1.222 1.219 1.216 1.214 1.211 1.208 1,205 1.202 1.199
17 1.196 1.193 1.191 1.188 1.185 1.182 1.179 1.177 1.174 1.171
18 1.168 1.166 1.163 1.160 1.157 1.155 1.152 1.149 1.147 1.144
19 L.141 1.139 1.136 1.134 1.131 1.128 1.126 1.123 1.121 1.118
20 I.Ité 1.113 1.111 1.108 1.105 1.103 1.101 1.098 1.096 1.093
21 1.091 1.088 1.08 1.083 1.081 1.079 1.076 1.074 1.071 1.069
22 1.067 1.064 1.062 1.060 1.057 1.055 1,053 1.051 1.048 1.046
23 1.044 1.041 1.039 1.037 1.035 1.032 1.030 1.028 1.026 1.024
24 1.021 1.019 1.017 1.015 1.013 1.011 1.008 1.006 1.004 1.002
25 1.000 0.998 0.996 0.994 0.992 0.990 0.987 0.985 0.983 0.98!
26 0.979 0.977 0.975 0.973 0.971 0.969 0.967 0.965 0.963 0.96l
27 0.959 0.957 0.955 0.953 0.952 0.950 0.948 0.946 0.944 0.942
28 0.940 0.938 0.936 0.934 0.933 0.931 0.929 0.927 0.925 0.923
29 0.921 0.920 0.918 0.916 0.914 0.912 0.911 0.909 0.907 0.905
30 0.903 0.902 0.900 0.898 0.896 0.895 0.893 0.891 0.889 0.838
31 0.8%8 0.884 0.883 0.881 0.879 0.877 0.876 0.874 0.872 0,871
32 0.869 0.867 0.865 0.864 0.863 0.861 0.859 0.858 0.856 0.854
33 0.853 0.851 0.850 0.848 0.846 0.845 0.843 0.842 0.840 0.839
34 0.837 0.835 0.834 0.832 0.831 0.829 0.828 0.826 0.825 0.823
35 0.822 0.820 0.819 0.817 0.8l6 0.814 0.813 0.811 0.810 0.808
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Evaluation

The electrical conductivity K expressed in S - cm-! is calculated according
to the following formula:

k- E-C
Ry
R{ = Electrical resistance of the water at temperature t, measured in ohm
C = Resistance capacity (cell constant) of the meter in cm-!
F = Temperature factor (Table)

The measured value is wusually read off directly from the equipment in
S cm™t, mS - em-!l or us - cm-1,

The result is given rounded to two decimal places when read off for example
in mS + cm-1,

Calibration of conductivity meters

The conductivity meters on the market have a specific resistance capacity
or cell constant C (in cm-l) resulting from the distance between the elec-
trodes | and the electrode area q:

c-1

The resistance capacity or cell constant C by which the measured value
must be multiplied to obtain the value of an electrical conductivity K is
generally given by the manufacturing firm. It is nevertheless necessary to
check this value from time to time.

In such cases, or if the resistance capacity of a cell is unknown, this is
determined with the aid of solutions whose electrical conductivity is known.

Method

The cell, which has been previously rinsed repeatedly with bi-distilled
water or fully desalinated water at 25 * 0.1 °C and subsequently rinsed
with 0.0l m KCIl solution (see below), is filled with this 0.0l m KCIl solu-
tion. The measuring bridge is fed with an alternating current of 1000 Hz
and the resistance R read off. This process is repeated until the values
for two consecutive measurements do not deviate by more than 2 % from their
mean value.

This whole procedure is repeated with 0.1 m KCI solution.
Calculation

The resistance capacity or cell constant C is given by the formula:

C = Kz5 - Rps
C = Resistance capacity of the cell in cm-1
K25 = Electrical conductivity of the solution at 25 °C in S + cm-l

Ros Electrical resistance of the solution at 25 °C in ohm
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The values determined for the two solutions (0.0l m KCIl and 0.1 m KCl) after
mul‘riple1 measurements for C are averaged and the mean value given to 0.0l
mS cm~*,

Producing the calibrating solutions

0.1 m KCIl solution: Top up 7.456 g potassium chloride of reagent purity
(dried for 2 hrs. at 105 °C) to 1000 ml with bi-distilled water at 25 °C.
This solution has an electrical conductivity of

0.01295 S - cm‘l, or 12.95 mS - cm‘l, at 25 °C.

0.0l m KCI solution: 100 ml of the 0.1 m KCI solution is topped up to 1000 ml
with bi-distilled water at 25 °C. Electrical conductivity of this solution

= 0.001421 S « cm-l, or 1.42 mS + em-1, at 25 °C.

The bi-distilled (or fully desalinated) water used to produce the KCI
solutions must previously have been completely degasified by introducing
nitrogen (dissolved carbon dioxide would increase the conductivity). The
calibrating solutions should be stored in air-tight sealed glass bottles.

1.7.7 Redox potential
General

A redox (oxidation reduction) reaction is a process in which electrons are
exchanged between a reduction agent and an oxidation agent, for example in
an aqueous solution.

In a redox process, the electrons '"migrate" under the influence of a
difference in potential (expressed in V or mV) from the reduction agent
(electron donor) to the oxidation agent (electron acceptor).

Electrometrical determination of the redox potential (redox voltage)

The redox potential is determined electrometrically by measuring the differ-
ence in potential between the measuring electrode (platinum electrode) and
the reference electrode. A saturated calomel electrode is used as reference
electrode instead of the normal hydrogen electrode (E°sy = 0). The potential
difference between the saturated calomel electrode and the normal hydrogen
electrode at 25 °C is 241.0 mV.

The concurrent tendency to release electrons (reduction agent) or absorb
electrons (oxidation agent) is measured, expressed as e.m.f. (equilibrium
redox potential in mV),

If the two electrodes immersed in the water sample are joined, the e.m.f.
in this cell can be measured, using current-free voltage measurement. It is
necessary to determine the pH at the same time on account of the dependence
of the redox potential on pH.

As the chemical constitution of the participants in the equilibrium, the
overall electro-chemical reaction and its changes dependent on pH are
completely unknown in the majority of cases, the values are either related
to pH = 0 (Egg) or to pH 7 (Egy) and the stoichiometric factor is set at
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n =1 so that the change in potential of 59.1 mV per pH unit at 25 °C
should be taken into consideration.

The redox voltage plays a similar part in redox reactions to the pH in
acid-base reactions. In the same way as the concentrations of all acids and
bases contained in an aqueous solution can be clearly determined by the pH,
the redox voltage in a solution determines the concentrations of all
reversibly reducible or oxidizable oxidation and reduction agents contained
in the solution.

It is possible to refer to the redox voltage in a solution because all
corresponding redox pairs contained in a state of equilibrium in the solu-
tion must have the same redox potential (the same quantity of electrons
must be released as are absorbed per time unit). Otherwise, transfers of
electrons, i.e. redox reactions, would have to take place until this state
of equilibrium is reproduced.

Method
Pre-treatment of the electrodes

If new electrodes are used, they should be degreased by washing in an
approximately 10 % solution of surface-active agents and rinsing in ethanol.
The platinum electrode is then immersed for 3 minutes in aqua regia at 70 -
90 °C, subsequently well rinsed in distilled water, reduced for at least
10 minutes in a 10 % solution of sodium sulphite, and again rinsed thoroughly
in distilled water,

If measurements are taken with already worked electrodes or if contamina-
tion of the electrode becomes noticeable in the form of creep of the final
value, they should also be degreased as above, but almost boiling nitric
acid (I + 1) is used instead of the aqua regia. The electrode is immersed
for 5 minutes in this nitric acid. It is also possible, however, to use a
cold chromic acid solution, but the electrode must be immersed in this case
for approximately 30 minutes in order to achieve complete oxidizing cleaning
of the surface. It is then rinsed in distilled water, reduced for at least
10 min. in a 10 % solution of sodium sulphite, and rerinsed in distilled
water. In several cases, it has proved suitable to clean the platinum ring
of the electrode with talcum powder.

Measuring the redox potential

If a special measuring vessel is used, the sample water should be allowed
to flow through the measuring vessel fitted with the electrodes for
approximately 10 minutes. The inlet and discharge tubes are then connected
and pressure-free measurements taken.

If a glass beaker is used for measurement, the electrodes connected to the
meter are immersed in the sample and the measured value read off when the
reading has not changed for at least 5 minutes (establishment of equilibri-
um). Before repeating measurements, the platinum electrode is rinsed in
distilled water. If the measured value takes longer than 5 minutes to reach
equilibrium, the platinum electrode is contaminated and must be recleaned.

Measuring equipment

Measuring electrode: Platinum electrode
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Reference electrode: Saturated calomel electrode
pH meter with mV display, accuracy £ 5 mV

Aqua regia:
3 parts by volume of hydrochloric acid (HCD (1.19 g/ml) and ! part by
volume of nitric acid (HNO3) (1.43 g/mi).

Solution of chromic acid:
Dissolve 5 g K2Crp0O7 in 500 ml sulphuric acid (1.84 g/ml).

Nitric acid:
Mix 1 part by volume of nitric acid (HNO3) (1.42 g/ml) with 1 part by
volume of distilled water.

Solution of sodium sulphite (NaSO3), 10 % in distilled water.

Measuring vessel with three vertical ground sleeves to receive the two
electrodes and a thermometer, with two connecting nozzles situated opposite
each other and just above the base of the vessel for feeding or discharging
the sample water.

Redox single-probe measuring cell: When using a redox single-probe measur-
ing cell, attention should be paid to the instructions of the manufacturing
firm. When treating such equipment with acid, considerable care must be
taken not to immerse it so far in the acid that the (acid-sensitive)
diaphragms come into contact with the acid.

If redox single-probe measuring cells are used to measure redox potential,
these should be calibrated in similar manner to the single-probe measuring
cells for determining pH. Calibration should, for example, be conducted
with the aid of equi-molar quantities of corresponding redox pairs
(e.g. K3(Fe(CN)g) and Ky(Fe(CN)g).

Notes:

When determining the redox potential in low-oxygen or oxygen-free samples,
measurements should be made with continuous flow of the water sample (i.e.
not in an open glass beaker) in order to prevent oxygen penetrating into
measuring equipment with ground sleeve inserts.

In routine determinations with a meter reading accuracy of * 5 mV, no
temperature correction is generally necessary. The potential values depen-
dent on temperature should be inserted in the calculation according to the
Table given below.

Calculation

Redox voltage related to pH 0:

Ego E + pH - f + EGKE

Redox voltage related to pH 7:

Eg7 =E +pH -f -7 -1+ EGKE

E = Potential measured against the saturated calomel electrode (GKE) at
temperature t
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Temperature-dependence of hydrogen (f) and saturated calomel electrode (EgkEg)
(Chateau/Pouradier)

t (°C) fmV})  Egkg (mV) t (°C) f(mV) Egkg (mV)
10 56.1 251 18 57.7 246
11 56.3 250 19 57.9 245
12 56.5 249 20 58.1 244
13 56.7 249 21 58.3 244
14 56.9 248 22 58.5 243
15 57.1 248 23 58.7 243
16 57.3 247 24 58.9 242
17 57.5 246 25 59.1 241

EGKE = Potential of the saturated calomel electrode (GKE) at temperature
t (see Table)

E/pH (RT/MF) at temperature t (see Table)

Measured pH of sample solution

pH

Specimen calculation (after U. Hésselbarth):

E = -180 mV at 10 °C and pH 6.8
Egg = -180 + 6.8 « 56.1 + 251 = +452 mV
Eg7 = -180 + 6.8 - 56.1 - 7 « 56,1 + 251 = +59 mV

1.7.8 Oxygen (cf. also Section 3.6)

The concentration of oxygen in water which is in solubility equilibrium
with the surrounding atmosphere at given temperature and pressure (also
dependent on height amsl) is referred to as oxygen saturation (oxygen
saturation concentration). Concentrations below this value are referred to
as oxygen deficit, concentrations larger than the saturation value as
oxygen supersaturation.

The current concentration of oxygen is that oxygen contained in the water
received when determining after sampling. The oxygen contained in the water
is necessary for the life of animal and plant organisms. This particularly
applies to the metabolic behaviour of microorganisms which cause degra-
dation of contaminants in the water. Dissolved oxygen is consumed in this
process of aerobic degradation of contaminants in the water. A fall in the
normal oxygen content thus indicates contamination or the presence of
oxygen-consuming substances.

a) Electrometrical detection (on site)

The polarographic oxygen-measuring cell, covered with membranes and
working on the so-called Clark principle, consists of two electrodes
arranged so as to be insulated, which are joined by a liquid or paste-
like electrolyte. The electrode compartment is separated from the
measuring medium (water, waste water) by a membrane allowing O2 to
permeate.
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With a constant electrode surface area, membrane thickness and electro-
lyte concentration, the diffusion current produced in the measuring cell
is essentially only dependent on temperature, over and above the partial
pressure of the oxygen. On the one hand, the diffusion of oxygen through
the membrane of the measuring cell is dependent on temperature, insofar
as when this rises (falls) the cell current indicated for the same O
concentration increases (decreases). Furthermore, the solubility of O
(e.g. in water) is also dependent on temperature. It is therefore not
possible to dispense with temperature compensation in the case of an
oxygen-measuring electrode. This correction can either be taken into
account in the equipment by means of a thermistor combined with the
cathode, or - with more simple equipment - it can be calculated.

Equipment and chemicals

Oxygen membrane electrode (single-probe measuring cell). The construc-
tion of such an electrode varies with the manufacturer. The most impor-
tant part of such an electrode is the measuring head (Fig. 8).

The cathode wusually consists of pure gold, the anode of a metal less
precious than gold; silver is very often used. Polyethylene, polypropy-
lene or Teflon are suitable as material for the membrane. A paste-like
mass, which has recently replaced the previously common KOH/KCI electro-
lytes, serves as electrolyte. The remaining parameters for the electrode,
such as velocity of approach, polarization DC voltage, zero (residual)
current, temperature compensation, settling time for the measured value,
gradient or sensitivity and measuring accuracy, should be taken from the
special instructions accompanying each piece of equipment.

Oxygen zero solution: A 3 - 5 % sodium sulphite solution prepared with
warm water at approximately 60 °C is filled into a bottle with a long
narrow neck, sealed and allowed to stand for 24 hours at room tempera-
ture.

Oxygen saturation solution: Iced water whose temperature is reduced to
approximately 0 °C is stirred with an agitator so as to be well aerated
(10 - 15 minutes). The saturation value remains constant at the tempera-
ture of the iced water.

1
M y
< 2
3
4
Fig. 8. Schematic diagram of a measur-
ing head; 1) = Membrane film; 2) =

Electrolyte compartment; 3) = Cathode;
4) = Anode (ring-shaped)
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b)

Calibration

The oxygen zero point is calibrated by immersing the measuring head in
the oxygen zero solution, which must be completely free of air bubbles.
After approximately 15 minutes, the zero value has been reached and this
is then set at "zero mg 02/1" by means of a knob on the equipment.

To determine the saturation calibration point, the measuring head is
immersed in the oxygen saturation solution which is then well stirred.
After approximately 3 minutes, a constant measured value must be record-
ed, which is then adjusted to the air saturation value with a
("gradient") knob on the equipment. (The partial pressure for a gas in a
liquid saturated with this gas corresponds to the partial pressure of
the gas above this liquid: Air saturation value = water saturation
value).

Calibration can also be done in air. For this purpose, the membrane film
and its surroundings are carefully dried and the electrode exposed for
5 - 10 minutes to the air. The calibrating procedure is then the same as
described above. Admittedly, a calibration error of + 3 % must be accept-
ed in this method.

Determining process

To determine the oxygen content, the single-probe measuring cell is
immersed in the sample in the measuring vessel and the necessary veloci-
ty of approach produced by actuating an agitator. In the case of equip-
ment without temperature compensation, the temperature of the sample is
measured simultaneously. Air bubbles adhering to the electrode should be
removed by shaking briefly. The measured value is read off after the
value indicated has remained constant for at least one minute. The values
read off on the measuring equipment are recorded directly in mg/l Oo.
The results are rounded down to 0.1 mg/L.

Reference should be made to the instructions issued by the manufacturer
and accompanying each piece of equipment on storing the electrodes,
preparing them for calibration and measurement and on check measurements
to identify faults or indications of wear and tear.

Determination of dissolved oxygen after Winkler (titrimetrically)

In 1914, L.W. Winkler published in the Fresenius Journal of Analytical
Chemistry a process for the iodometric determination of oxygen in water
which is still valid today.

Principle

Upon the addition of sodium hydroxide solution, oxygen dissolved in water
combines with manganese II ions to form higher-grade manganese oxides,
which are dissolved on acidification as manganese III ions and oxidize
iodide ions to iodine. The iodine thus formed is titrated with sodium
thiosulphate. The consumption of sodium thiosulphate solution used for
adjustment is a measure of the oxygen content in the water.

Reaction equation

2 Mn3+ + 21— 2 Mn2+ 4+ 1,
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Ip + 250032 w21 + S4042-

Measurement should take place at the site of sampling, and strict atten-
tion should be paid to the working instructions on account of the contin-
uous presence of atmospheric oxygen. A determination limit of approximate-
ly 0.2 mg/l can be achieved.

If disturbing substances are absent, this process is also suitable as a
calibrating method, e.g. as a check on the electrometric determination
of oxygen.

Equipment
Sampling tube made of rubber or plastic

Glass bottles with ground and bevelled glass stoppers, content approximate-
ly 100 to 150 ml. The quantity of water contained is fixed by weighing.

Measuring pipette 1 ml, graduated
Reagent solutions

Manganese II chloride:
800 g MnCly - 4 HpO in 1 litre distilled water

Sodium hydroxide solution (containing potassium iodide and sodium azide):
Dissolve 360 g NaOH, 200 g KI and 5 g NaN3 (the latter to eliminate
disturbance by nitrite) with distilled water to 1 litre (paying attention
to protective measures, e.g. protective goggles). The solution is to be
filtered through glass wool.

Phosphoric acid (H3POy):
1.70 g/ml

Sodium thiosulphate solution:
0.0 m
Titration against 0.0l m potassium iodate solution. 1 ml 0.0l m sodium
thiosulphate solution corresponds to 0.08 mg oxygen (O3).

Indicator solution:
20 g zinc chloride is dissolved in 100 ml water and heated to boiling
point. 4 g starch (made into a paste with water) is stirred into this
solution and heated wuntil dissolved. Subsequently, the mixture is
diluted with water to approximately 500 ml, 2 g zinc iodide dissolved
in the mixture and the solution filled up to 1000 ml with distilled
water. It is stored in a brown bottle.

Sampling and Measuring

The water sample to be analyzed is filled into the glass bottle so that
any influence by atmospheric oxygen on the oxygen contained in the water
can as far as possible be precluded. Where possible, the sample should
be taken from flowing water by means of a tube reaching to the base of
the glass bottle. The bottle is filled from the bottom upwards by
laminar inflow of the water into the bottle. The water is allowed to
overflow until the contents of the bottle have been renewed two or three
times.



46

If the water sample is to be taken from a surface water, a sampling
stopper should be used. This stopper fits the neck of the glass bottle
and has two bore holes. A glass tube extends through one bore hole from
the top edge of the stopper almost as far as the base of the bottle. A
glass tube is inserted in the second bore hole, extending some 4 to 5 cm
above the stopper and ending at the bottom end of the stopper. For
sampling, the glass tube extending to the base is closed with the thumb
and the bottle immersed in the water so that the second glass tube is
above the water surface. The thumb is now removed and the water to be
analyzed flows into the bottle. When the bottle is full, the sampling
plug is removed underwater and the bottle completely filled.

0.5 ml of the manganese-II-solution is pipetted into the brim-full
bottle, followed by 0.5 ml of the sodium hydroxide solution containing
potassium iodide and sodium azide. Corresponding quantities of the water
sample overflow. The bottle is now sealed, ensuring that no air bubbles
are allowed to enter, and shaken. Depending on the oxygen content,
precipitates of higher-grade hydrated manganese oxides are formed, which
are allowed to settle for approximately one minute, after which 2 ml
phosphoric acid solution is added. The bottle is sealed, and after ten
minutes the contents of the bottle are transferred into a 300 ml flask
and the bottle rinsed out with distilled water. The iodine released is
titrated until coloured faintly yellow with 0.0l m sodium thiosulphate
solution. 1 ml =zinc iodide-starch solution is then added as indicator
and titrated until the transition phase from blue to colourless.

Calculation

_ac+F -8

mg/l Oy = ~ Vs VR

Consumption of 0.0l m sodium thiosulphate solution in ml
Factor of the 0.0l m sodium thiosulphate solution
Content of the oxygen bottle in ml

Added reagent solutions in ml (without H3POy)

<<<Te

The results are rounded down to 0.1 ml/l Oj.

1.7.9 Ozone

Ozone is increasingly used in the treatment of water as drinking water,
mainly for disinfection and to oxidize organic and inorganic substances
contained in the water. Ozone does not form any chlorine-containing halo-
forms such as CHCl3, CHCIl2Br or CHCIBrp, but does form CHBr3 (bromoform)
through the oxidation of the bromide. If therefore ozoning of the water by
filtration with activated carbons is preceded by safety chlorination,
corresponding halogenated organic compounds can scarcely be present in the
water. The redox potential of ozone corresponds to the following equation:

O3 + 2 Ht + 2¢” = HpO + Oy + 2.07 Volt
This value for the redox potential shows clearly that ozone is one of the
strongest oxidation agents. For sufficiently diluted solutions, the Henry-

Dalton law applies to the rate of solubility.

More important for the practice of water technology 1is, however, the
question of the rate of dissolution. It is basically true that a high
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concentration of ozone in the initial gas has an increasing effect on the
concentration of the ozone dissolved in water. If a reaction with the
substances contained in the water is suspected, the influence of the trans-
port processes into the centre of the liquid is reduced and the rate of
dissolution apparently increases.

Ozone, as a metastable molecule, cannot be stored or accumulated. It is
therefore necessary to produce ozone at its location of use. Its decomposi-
tion rate is of considerable importance and depends on the following
factors.

a) The concentration and nature of the dissolved salts

b) The presence of organic substances and their structure
c) The concentration of hydrogen ions

d) The temperature.

Dissociation of ozone is favoured by high pH values, e.g. pH >10. This is
due to the formation of OH radicals, whereas it is essentially the O3
molecule which is present in neutral and acid conditions. In order to keep
the low-effect dissociation of ozone as low as possible, it is necessary to
precisely adjust such a verifiable dissolved content of ozone as is neces-
sary to solve the intended task of oxidation. This statement of principle
depends heavily on the application in question. Depending on whether OH
radicals and/or O3 molecules are present, the rate of reaction with the
substances contained in the water in question may differ.

Quantitative determining process
Iodometric method, colorimetric and physical methods are above all used to
determine ozone in water. In the latter case, the UV extinction at 258 nm
is used, but considerable disturbances may occur, owing to the extinction
of existing natural or anthropogenic substances contained in the water in
this range of wavelengths.
The iodometric method and two colorimetric processes are described below.
a) Determining ozone with the KI method
The following reaction:
O3+ 21"+ HO = I+ 02+ 2 OH-
takes place stoichiometrically only in neutral solution. In the case of
unbuffered solutions, a further reaction according to the following equa-
tion:
I + 2 OH- = I+ 10" + HpO
and disproportionation according to the following equation:

3 10" = 21" +103

take place. The iodine released is titrated with thiosulphate solution.
(Starch solution is used as indicator. Change from blue to colourless.)

I + 2 S;032- = S40g2- + 2 1°
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b) Determining ozone with diethyl phenylenediamine (DPD)

This method is not specific and generally refers to oxidation agents. It
has already been described in detail in determining chlorine so that it
need only be mentioned briefly here. An ozone disc is to be used. If
potassium iodide is added before the reagent, or potassium iodide and DPD
reagent are added simultaneously, the colour reaction corresponding to
the ozone equivalents is the result. Ozone apparently reacts first with
iodide to iodine, which then quantitatively forms a red dye with DPD.
The DPD reagent should be present in excess of the quantity of iodine
for the colour reaction so that the reaction can proceed quantitatively
in the way described.

c) Determining ozone with indigo trisulphonate

This method is successfully used if direct spectrophotometric determin-
ing of ozone is disturbed by UV-absorbing substances on account of UV
adsorption at 258 nm, or if this method does not offer sufficient sensi-
tivity.

Like DPD, indigo trisulphonate is not a specific reagent to ozone. How
ever, it is only decolourized by such reactive oxidation agents as
chlorine, chlorine dioxide and ozone. Other substances contained in the
water, such as chlorite, chlorate and hydrogen peroxide do not interfere.
Chlorine can be masked by adding malonic acid.

It proves advantageous that the reagent has a high molar coefficient of
absorption at 600 nm. Self-colouring in natural waters does not inter-
fere in this spectral range. A further favourable effect is that the
oxidation products formed show only a very slow further reaction with
excess ozone. For this reason, even local excess does not lead to uncon-
trolled consumption of oxidation agents. The stock solution is stored
in a brown bottle and keeps for approximately 4 months.

Equipment
Spectrophotometer or filter photometer for measuring in the 600 nm range.
Several 100-ml measuring flasks
Pipettes, 10 ml, 100 ml
Indigo reagent:
0.62 g potassium indigo trisulphonate dissolved in 1 litre 0.5 molar

phosphoric acid of reagent purity

Diluted phosphoric acid:
20 ml H3POy (1.71 g/ml) diluted to | litre with distilled H2O.

Method

The method used in practice for determining ozone must take into considera-
tion the concentration to be expected. In the case of 0.1 to 10 mg/l O3, 1 ml
of the indigo reagent and 10 ml of the diluted phosphoric acid should be
prepared. In the case of 0 to 0.1 mg/l O3, 0.1 ml of the indigo reagent
should be used. The measuring flask with the reference solution is filled
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with ozone-free water. Enough sample water is added to the flask for the
measuring sample for the quantity of ozone to lie in the range 0.01 to
0.04 mg absolute. This is subsequently filled to the mark and mixed. This
should be measured in a 5-cm measuring cell.

Care should be taken that photometric measuring should be carried out as
far as possible within one hour.

In order to determine the calibration curve, standard solutions are produced
of ozone in distilled water which has been acidified with H3POy to a pH
less than 2 to stabilize the ozone. The standard solutions are measured at
258 nm on account of their UV absorption. This should be carried out direct-
ly before adding the indigo reagent.

The mass per unit volume in the standard solution is calculated according
to the following formula:

Ps = Ag: A-B
where:

Ps = mass per unit volume of ozone in the standard solution in mg/l

As = spectral absorption in the standard solution at 258 nm

A = specific spectral absorptiveness of the ozone in the water; it is
0.0604 cm-1 « (mg/D)-1

B = optical length of path for the UV measuring cell (cm).

The mass per unit volume of ozone in the water sample is calculated accord-
ing to the following equation:

o gL A=Ay
X B+ Vmax./Vos

Py =  Concentration of ozone in the water sample (mg/l)

F =  Calibration factor in mg/l; as a rule it is 0.417 per mg/l ozone
Ao = Spectral absorption of the blank sample

A =  Spectral absorption of the measuring solution

B = Length of path for the measuring cell (cm)

\% max/VO3 = Ratio of the final volume of the measuring solutions (100 ml)

to the volume of the water samples used.

1.7.10 Chlorine

There are various methods of chlorinating water, for example with gaseous
chlorine or with such hypochlorite preparations as sodium hypochlorite,
calcium hypochlorite or chlorinated lime, but also using other chlorine
compounds such as chlorine dioxide,

The added chlorine can exist in the water to be analyzed in various forms,

e.g. as chlorine (Clp), as hypochlorite ion (ClO-) or as hypochlorous acid
(HCIO).

Chlorine can react with any nitrogen compounds which may be present in the
water, thus causing chloramines to be produced, which also display an oxi-
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dizing effect, even if this is only a weaker one. In a water with added
chlorine one therefore speaks of '"total chlorine", i.e. the total of free
available chlorine (that is, of those chlorine compounds existing as hypo-
chlorite ion and hypochlorous acid) and of those compounds which contain
combined available chlorine (e.g. chloramines) as ingredients with an
active oxidizing effect.

As a general rule, chlorine is determined colorimetrically, using a suita-
ble comparator. These determining processes can be conducted very simply
on site, and the comparators for visual colour comparison are common practi-
cally throughout the world.

The following are used as reagents for colorimetric testing on site:

N,N-diethyl-p-phenylenediamine reagent (DPD)
and

o-tolidine.

In recent years, colorimetric determination of the different available
chlorine compounds with DPD has come more and more to the fore. Differen-
tiation between the so-called free available chlorine and the combined
available chlorine is possible with this reagent, namely by the additional
use of potassium iodide. If o-tolidine is wused, only "total chlorine" can
be determined colorimetrically.

a) Working instructions for the determination of "free available chlorine”
with DPD

A normal commercial DPD reagent tablet without potassium iodide additive
is placed with tweezers in the cuvette of a normal commercial compara-
tor, and a measured quantity of the water to be analyzed, e.g. 1, 2 or
5 ml, is added.

When the tablet has completely dissolved in the water, the cuvette is
filled up to the mark with the water to be analyzed, and the solution
mixed thoroughly with a glass rod.

The reference cuvette is filled with the water sample to be analyzed with-
out adding reagents. Both cuvettes are then placed in the comparator
and adjusted until the colours are the same, with the aid of the colour
comparator chart. The content of free available chlorine can then be read
off. The values are normally read off in mg/l, taking into considera-
tion the quantity of water involved.

b) In order to determine the "total chlorine", analysis is conducted on the
lines of the instructions above. However, a DPD reagent tablet with
potassium iodide additive is used.

If the readings lie outside the colour range of the comparator, the water
sample to be analyzed must be diluted appropriately with distilled water
and the tests repeated. The dilution factor should be taken into
consideration during conversion,

c) If these instructions are followed, the difference between total chlorine
and free available chlorine represents the combined available chlorine.



51

If DPD is employed for determination of chlorine, it should be noted
that in order to determine the so-called free available chlorine, a red
dye is formed in the presence of chlorine, whereas for detection of the
so-called "total chlorine" and/or '"combined available chlorine" this
reaction does not occur until iodide ions are added.

d) If o-tolidine is employed for determining total chlorine, a vyellow dye
is formed, incorporating the total available chlorine. If normal commer-
cial test sets and normal commercial comparators are used, attention
should be paid to the suppliers' instructions.

e) For checking andfor for calibration, it is, for example, possible to use
appropriately diluted sodium hypochlorite solutions with a known chlorine
content. A normal commercial sodium-hypochlorite solution indicates
approximately 13 to 14 % active chlorine; the exact content can be
determined iodometrically in the laboratory.

f) It should be noted that all reactions are non-specific, i.e. they do not
respond to chlorine, etc., itself, but to the oxidation capacity of a
substance.

1.7.11 Determination of chlorine dioxide (ClO5) and chlorite (ClO2-)

Chlorine dioxide is frequently employed for disinfecting drinking water, as
this prevents or noticeably reduces the formation of so-called haloforms or
trihalomethanes.

Chlorine dioxide forms scarcely any chloramines with nitrogen compounds and
has a considerable long-term effect in the water grid, even with higher pH
values up to pH 9. A notable disadvantage is the formation of chlorite. In
addition, attention is to be paid to the formation of chlorite-chlorate,
depending on the pH value. Chlorite itself would seem critical to health,
and no more than 0.1 mg/l of chlorite and 0.1 to 0.4 mg/l of chlorine
dioxide should be present in drinking water.

Analysis of chlorine dioxide in all pH ranges is disturbed by the presence
of chlorine; determination of chlorite is only disturbed in the acid pH
field. Chlorine must therefore be excluded by the addition of potassium
bromide and sodium formate before determination.

a) Field method

Principle: Colorimetric determination from a buffered solution with DPD
and glycine.

Equipment
Comparator with colour wedge for chlorine dioxide, e.g.

Multicol and colour wedge No. 24 together with appropriate measuring
Ccuvettes

Buffer solution
DPD reagent solution

Glycine tablets
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Measurement

Both cuvettes are rinsed with the water to be analyzed. One cuvette is
filled with the water to be analyzed as far as the top calibration mark,
and a glycine tablet is dissolved in the water. The process of dissolving
is aided by means of a glass rod to break up and mix the tablet.

Three drops of the buffer solution and two drops of the DPD reagent
solution are added to the second cuvette. The content of the first
cuvette with the water to be analyzed and the glycine additive are then
transferred to the second cuvette with the buffer solution and the DPD
reagent solution. This is then mixed and this cuvette employed as a
measuring cuvette. Water to be analyzed as reference solution is filled
up to the mark in this first cuvette which has also been rinsed with
this water, without reagent additive.

Both cuvettes are placed in the comparator, e.g. in the Multicol appara-
tus, and the colour disk turned until the colours are equal. The value
measured is multiplied by the factor 1.9, giving the content of mg
ClOp/l water (see also the sections on the determination of total
chlorine, free available chlorine and combined available chlorine).

b) Determination of chlorine dioxide and chlorite

The instructions for analysis below follow the process devised by
G. Hartung and K. E. Quentin, and the analysis should be conducted in

|

16,.5cm

16.5cm

11— _L

Figs. 9. and 10. 1) = Sintered plate; 2) = Wash bottle 250 or 1500 ml;
3) = Sintered plate insert; 4) = Nitrogen; 5) = KI solution; 6) = Column
sleeve; diameter 1.7 cm; 7) = Filter plate; 8) = Screw cock
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the laboratory, as far as possible immediately after the taking of the
water samples.

Equipment
Spectrophotometer with 5-cm quartz cuvettes

Equipment for blowing out ClOj, consisting of wash bottles of 250 ml and
1500 ml, column sleeve with filter plate and screw cock.

Sodium chlorite (NaClOj), approximately 80 %
Sodium peroxide sulphate {NaS,0g)

Chloramine-T stock solution (1.4085 g/l corresponding approximately to
675 mg ClOy/1)

Chloramine-T diluted solution (to be prepared freshly each day from the
stock solution; the stock solution itself can be kept for approximately
2 weeks)
Ist chloramine-T dilution:

10 m]l of the stock solution to ! litre,

corresponding to 6.75 mg ClOp/I
2nd chloramine-T dilution:

1 ml of the stock solution to I litre,

corresponding to 0.675 mg ClOj/!
Potassium iodide solution, 200 g/l

Phosphate buffer solution pH 7

Solution a:
KH2POy (68 g/1)

Solution b:
NapHPOy - 2H20 (89 g/))

3 parts of solution a) and 7 parts of solution b) give the phosphate
buffer solution pH 7.

50 % sulphuric acid (H2SOy)
Potassium bromide solution (KBr) 70 g/l
Sodium formate solution (HCOONa) 40 g/l
Afterpurified nitrogen

Method

Three different process variants are given below for determining chlorine
dioxide and two variants for determining chlorite.

bl) Determination of chlorine dioxide at pH 7 (one oxidation equivalent)

This process can be used in the range from 0.5 to approximately 0.0l
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b2)

b3)

mg/l ClO, using a 5-cm cuvette. The presence of chlorite does not cause
problems, but chlorine must be eliminated beforehand. In order to
remove chlorine, 1.5 ml phosphate buffer and 0.5 ml KBr solution are
added to 50 ml of the water to be analyzed; after 1 min. 0.5 ml sodium
formate solution is also added and allowed to stand for 15 min. If no
chlorine is present, 2.5 ml phosphate buffer is merely added to the
water to be analyzed. 0.5 ml potassium iodide solution is then added
and mixed. Using a 5-cm cuvette, the extinction is now measured at 350 nm
in contrast to a reference solution (50 ml double-distilled water +
2.5 ml phosphate buffer + 0.5 ml potassium iodide solution). The concen-
tration of ClOp is read off from the calibration curve.

Determination of chlorine dioxide at pH 2.5 (five oxidation equivalents)

This process can be used when no chlorite is present in the range from
0.1 to approximately 0.002 mg/l ClO3, using a 5-cm cuvette. Chlorine
must first be eliminated with potassium bromide and sodium formate. In
order to remove chlorine, 1.5 ml double-distilled water and 0.5 ml KBr
solution are added to 50 ml of the water to be analyzed; after | min.
0.5 ml sodium formate solution is added and allowed to stand for 15
mins. If no chlorine is present, 2.5 ml double-distilled water is simply
added to the water to be analyzed. Approximately 3 drops of sulphuric
acid are added in order to adjust to pH 2.5 with the aid of a pH meter.
Then, 0.5 ml potassium iodine solution is added and mixed. The extinction
is subsequently measured at 350 nm against a reference solution (52.5 ml
double-distilled water, adjustment with approximately 3 drops H2SOy
to pH 2.5 + 0.5 ml potassium iodide solution), using a 5-cm cuvette,
The concentration of ClO7 is read off from the calibration curve.

Analysis after blowing out the ClO; from the water by means of nitrogen

It is recommended that the chlorine dioxide be blown out of the water
with nitrogen, if it is necessary to separate ClOp from chlorite and
other disturbing substances contained in the water, or if very low
concentrations of ClO; in the water require enrichment. Approximately
0.0002 mg/l ClO can be determined.

In order to remove chlorine, 2.5 ml KBr solution is added to 250 ml of
the water sample in a 250-ml extractor; 2.5 ml sodium formate solution
is added after 1 min. and allowed to stand for 15 min. The additives
are not necessary if chlorine is not present.

In order to blow out ClO, with nitrogen, the extractor is then sealed
with the sintered plate insert, and the column sleeve with filter plate
and screw cock, filled with 10 ml of freshly prepared KI solution of pH
2.5, is mounted.

A powerful flow of nitrogen is fed through the water sample and the KI
solution above it for 3 hours to blow out the ClO3. The extinction of
the KI solution is subsequently measured at 350 nm against a reference
solution (KI solution pH 2.5), using a 5-cm cuvette. The concentration
of CIO; is read off from the calibration curve and converted as follows:

ClO; content read off . 1o 1000

from the calibration curve 53 7250 T mg/1 Clo

The determining processes should always be carried out three times. The
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water sample from which the ClOy has been expelled can be used for
determining chlorite.

b4) Determination of chlorite

b5)

If the water to be analyzed also contains chlorine and chlorine dioxide
in addition to chlorite, these must be removed. Chlorine is eliminated
by potassium bromide and sodium formate, chlorine dioxide is removed by
blowing out with nitrogen or by extraction in accordance with the
previous sections.

Determination at pH 2.5

This process can be used in the range from 0.l to approximately 0.002
mg/l chlorite (5-cm cuvette) if chlorine and chlorine dioxide are not
present or have been removed.

2.5 ml double-distilled water is added to 50 ml of the water to be
analyzed and adjusted to pH 2.5 with a number of drops of sulphuric
acid. After adding 0.5 ml potassium ijodide solution, measurements are
taken at 350 nm after some 4 minutes. The quantity of chlorite in the
water is determined from the calibration curve.

Determination of the chlorine dioxide formed from chlorite by oxidiza-
tion:

The indirect determination of chlorite by conversion into ClO by means
of sodium peroxide sulphate is necessary if the concentration of chlorite
is below 0.02 mg/l and determination in accordance with the previous
sections is not possible.

Calculation of the results of analysis in the iodometric process is
always based on the oxidation equivalents of the substances involved
per mole.

Where simple conversions do not achieve this objective, the calibration
curves produced with chloramine-T must be produced for each determina-
tion variant, taking into consideration the volume of water and the
volume of the reagent solutions. The extinction values for the iodine
solutions resulting from every measuring process then serve to indicate

Molecular weights and oxidation equivalents

Substance Molecular Oxidation Oxidation
weight equivalents equivalents

per mole in grams

Iy 253.809 2 126.904

Chloramine-T 281.696 2 140.848

(trihydrate)

ClOp pH 7 67.457 1 67.457

ClOp pH 2.5 67.457 5 13.491

ClOy- pH 7 67.457 - -

ClO2~ pH 2.5 67.457 4 16.864
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the concentration of chlorine dioxide and/or chlorite, with the aid of
the appropriate calibration curve. Readings for ClOz and/or ClO2~ in the
0.1 to 0.01 mg/l range should be given to two decimal places, readings
below 0.01 mg/l to a maximum of three decimal places.

¢) Photometric determination of chlorine dioxide using chlorophenol red

A variant of the photometric method for determining chlorine dioxide in
water using chlorophenol red (CPR method) was described by LJ. Fletcher
and P. Hemmings in ANALYST, June 1985. (Further literature on this
method is also listed there.) They show how it is possible to optimize
the procedure for determining chlorine dioxide in water and eliminate
the effect of free available chlorine when using chlorophenol red by
adding sodium cyclamate solution. A phosphate buffer is used to adjust
to pH 7, after which a practically undisturbed reaction in the presence
of thioacetamide permits the photometric determination of chlorine
dioxide.

Equipment

Photometer, measuring wavelength 520 nm

4~ or 5-cm cuvette

Sodium cyclamate solution 1 %

Thioacetamide solution 0.25 %

Phosphate buffer solution, pH 7:
Dissolve 35.2 g potassium dihydrogenorthophosphate and 27.2 g disodium
hydrogenorthophosphate to 1 litre.

Chlorophenol red solution:
Dissolve 0.1436 g chlorophenol red in 100 ml of 0.0l m sodium hydroxide
and top up with distilled water to 1 litre.

For wuse the Ilatter solution is diluted to one-tenth strength with
distilled water.

Method

cl) 5 ml of sodium cyclamate solution is measured into a 100-ml glass vessel.

c2) 50 ml of water sample is added and mixed.

c3) Immediately after mixing, 2 ml of buffer solution is added, followed
without delay by 4 ml of the dilute chlorophenol red solution. 2 ml of

the thioacetamide solution is then added.

c4) After mixing, the result is measured at 570 nm in &4~ or 5-cm cuvettes
against distilled water.

c5) A blind test is to be performed in parallel.

Calibration is done wusing dilute chlorine dioxide solutions of known
content. The stock solution 1is prepared by dissolving approximately
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600 mg of gaseous chlorine dioxide in 1 litre water by feeding it into
a suitable absorption system. The solution is to be stored in dark
glass bottles at approximately 4 ©°C. In each case the content is
determined by iodometric titration of this solution. From this stock
solution {fresh dilutions are to be prepared every day, suiting the
concentrations to the measuring range of the water samples to be
analyzed.

1.7.12 Carbon dioxide (CO»), titrimetric determining process on site
(cf. also Section 3.6)

Carbon dioxide refers here to the so-called free and dissolved CO».

"Free" is here used in contrast to COy existing as hydrogen-carbonate ion
or carbonate ion and "dissolved" is intended to distinguish it from the CO3
rising in gaseous state.

Direct titration of COp with sodium hydroxide solution and conversion to
sodium hydrogen carbonate has proved suitable as a determining process on
site. The end-point of titration is at pH 8.3 and can either be determined
electrometrically with the aid of a glass electrode and a pH meter or
visually by wusing phenolphthalein. The process is suitable for direct
determination up to a concentration of some 200 mg/l of free dissolved COj.
If higher values are present, the water must be appropriately diluted.

If very hard water is to be tested, i.e. with contents of calcium and
magnesium ions exceeding 28 mmol/l, or if the water contains more than
3 mg/l of dissolved iron, 2 ml of a 50 % potassium sodium tartrate solution
should be added to the titration solution (e.g. 0.1 m sodium hydroxide
solution). This should be titrated with a suitable burette up to pH 8.3
(measured electrometrically) or to the point at which phenolphthalein
changes from colourless to red.

It is recommended that a preliminary titration should always be performed
in order to determine approximate consumption values. The largest proportion
of the sodium hydroxide solution, and where necessary this solution
together with the added potassium sodium tartrate, should then be added for
the second measuring process at once and then adjusted drop-by-drop to the
end-point. (Cf. also Section 3.2)

1.7.13 p- and m-values (acid-base consumption, HCO3~ and CO32')

The consumption of acid in a water is understood as the quantity of a
strong acid in mmol/l consumed in titration until specific pH values are
achieved or specific indicators are converted. If titration takes place
electrometrically to pH 8.3 or wusing phenolphthalein as indicator, the
consumption of acid, i.e. the so-called p-value is determined.

If titration is continued to pH 4.3 or with the additional use of methyl
orange or a corresponding mixed indicator which is converted in this range,
the consumption of acid is determined as m-value.

Similarly, the consumption of base in an acid water represents the titration
value with sodium hydroxide solution.

If titration is conducted electrometrically to pH 4.3 or using methyl orange
or a mixed indicator which changes colour in a corresponding pH range, the
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consumption of base is determined as the negative m-value. If titration takes
place electrometrically to pH 8.3 or using phenolphthalein as indicator, the
consumption of base is measured as the negative p-value.

The consumption of base in a natural water is essentially caused by dissolved
carbon dioxide (COp). Humic acids or other weak organic acids can also
play a part. The pH of a water can in such cases lie in the range 4.3 to 4.
If mineral acids are present, the pH will fall below 4, so the pH measured
in a water already gives an indication of the measured values to be expected.

Determining the p- and m-values

Approximately three drops of phenolphthalein solution are added to 100 ml of
the water sample. If the solution is coloured red, it should be titrated with
0.1 m hydrochloric acid until the colour disappears. The millilitres of 0.1 m
hydrochloric acid consumed correspond to the p-value and thus 1? essence to
carbonate (ml 0.1 m hydrochloric acid « 30 corresponds to mg CO3°-/l).

0.1 ml of an indicator is now added to the solution titrated in this manner;
the indicator changes colour approximately in the region of pH 4.3 and the
titration process is then continued with 0.1 m hydrochloric acid. When
using a mixed indicator (e.g. following the Mortimer process), the change
of colour is from bluish-green via grey to red. The millilitres of 0.1 m
hydrochloric acid consumed correspond to the m-value and can be calculated
in terms of hydrogen carbonate (ml! 0.1 m hydrochloric acid - 61 corresponds
to mg HCO3-/1).

In the case of acid waters, titrations should be carried out using 0.1 m
sodium hydroxide solution to the negative m-value (pH 4.3) and to the
negative p-value (pH 8.2). (Cf. also Section 3.2)

1.7.14 Corrosive carbonic acid

The concept of corrosive carbonic acid is in fact non-specific. It would be
more correct to refer to the corrosiveness of the water which can be caused
by inorganic or organic acids giving the water a pH in the acid range, or
for example for amphoteric metals to a corrosiveness which is caused by a
pH in the alkaline range, e.g. larger than pH 8§.

Finally, corrosiveness can exist in neutral ranges as a result of the
dissolved substances contained in water, e.g. sizeable concentrations (e.g.
greater than 200 mg/l) of chloride, sulphate ({greater than approx.
100 mg/l), or nitrate (greater than approx. 100 mg/l)

As a rule, however, the corrosiveness of a natural water is determined by
the carbonic acid. Free, dissolved carbonic acid which can exist in the
water as physically dissolved CO; but also as HpCO3, can give the water
corrosive  properties towards metals and constructional materials (e.g.
cement). From the point of view of development, waters are described as
lime-corroding if they can dissolve calcium carbonate and thus also attack
such constructional materials and corrode metals. If a water is supersatu-
rated with calcium carbonate, it can be described as lime-precipitating and
the formation of coatings in pipelines must be evaluated positively and
heavy incrustation negatively.

Processes for estimating the corrosiveness of a water dependent on carbonic
acid, based on the work of G. Axt, A. Grohmann, U. Hisselbarth. J. Halopeau
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and D. Meier have been published in the "German Standard Processes for the
Analysis of Water, Waste Water and Sludge" (publishers: Verlag Chemie GmbH,
Weinheim/Bergstrasse), issued by the Hydro-Chemical Group of Experts in the
Gesellschaft Deutscher Chemiker. The principles of two tried-and-tested
methods of on-site measurement and/or preparation for laboratory tests are
described below.

a) Lime solvent power of a water according to Heyer

b)

This measured value still retains a certain importance today for rapid
in formation in the context of the possible corrosiveness of a water.
The water samples must be treated on site so that final determination
is possible in the laboratory. This means that the water sample to be
analyzed is filled into a glass bottle with a rubber tube and allowed
to overflow until the bottle is filled with water, free of bubbles and
the contents of the bottle have been replaced several times. After the
rubber tube has been carefully removed, 1 g powdered calcium carbonate
is added to the bottle which is completely filled with water and the
bottle sealed with the ground glass stopper so as to be as far as
possible free of bubbles. The temperature of the water on site should be
measured. After the full bottle prepared in this way has been transport-
ed to the analytical laboratory, the bottle seal is carefully opened, a
magnetic stirring rod inserted and the bottle with the water to be
analyzed placed in a thermostatic system corresponding to the tempera-
ture of the water on site, i.e. at the location of sampling.

Subsequently, the contents are stirred for two hours and then 100 ml
taken from the clear supernatant liquid and titrated with 0.1 m hydro-
chloric acid to the m-value (either methyl orange or mixed indicator or
electrometrically pH 4.3).

This measured value is related to the m-value of the water to be analyz-
ed as measured on site.

The difference in measured value for the so-called m-value on site and
the m-value after this pretreatment is one variable for the proportion
of so-called "lime-corroding carbonic acid" in a water. Approximately
I m] 0.1 m hydrochloric acid of excess measured value corresponds to a
solvent power of some 50 mg/l calcium carbonate.

In accordance with DIN 38404, Part 10, it is possible to measure the
calcium carbonate saturation by the rapid pH test.

The pH of a water changes if the water comes into contact with a precipi-
tate of calcium carbonate. If the water is lime-corroding, the pH rises.
If the water is lime-precipitating, the pH falls.

A measuring vessel of the type shown in the drawing below is to be
recommended for analyses.,

Apart from this measuring vessel and its accessories, a single-probe
glass electrode measuring cell and a pH meter are necessary. In addition,
a thermometer, calcium carbonate, and hydrochloric acid with a concen-
tration of | mmol/l are required.

The water to be analyzed is fed into the measuring vessel by means of a
rubber or plastic tube reaching to the bottom of the vessel until the pH
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measured by the single-probe measuring electrode remains constant and
the temperature does not fluctuate either.

The tube should then be carefully removed from the measuring system and
the pH and temperature read off. 4 g calcium carbonate is then added,
care being taken that the measuring head of the single-probe measuring
cell is surrounded by sludge for the pH measurement. Several minutes
after adding calcium carbonate, e.g. after 2 or 3 minutes, the pH is
again read off on the pH-meter. The time interval should be noted.

Evaluation

If

the latter value measured for pH after adding calcium carbonate in the

experimental arrangement described lies above the pH value measured before

b
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Figs. 11 a and b. a 1) = pH glass electrode measuring cell; 2) = Dimensions
in mm; 3) = Thermometer; (DIN 38 404, Part 10); b Analytical vessel. Round
or rectangular block for the rapid pH test
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according to the same method, a water exists which can be expected to tend
towards corrosiveness to lime, i.e. it will attack unprotected metals and
constructional materials on a lime or cement basis.

If the pH measured according to this experimental arrangement lies below the
original pH, the sample comprises a water which can be expected, for example,
to tend to precipitate calcium carbonate in pipelines and vessels.

If the water to be analyzed lies in the range of the so-called lime/carbonic
acid equilibrium, i.e. approximately in the range of calcium carbonate
saturation, the difference in pH before and after adding calcium carbonate
is smaller than 0.04.

The process should be stated when giving the results, and a record made of
how large the rise or fall in pH was; indication should also be made of the
temperature at which the measurements were taken and an evaluation given on
whether the water should be classified as lime-corroding or lime-precipi-
tating.

1.7.15 Settleable substances

The settleable substances in a water sample may be determined according to
volume and according to weight. At the place of sampling it is customary to
carry out determination according to volume. If the settleable substances
are also to be determined according to weight, the water sample should be
filtered after a settling time of 2 hours as described below. After rinsing
with distilled water and drying in the laboratory, the mass of the residues
on the filter should be determined by weighing.

It is necessary to determine the settleable substances immediately after
the sample is taken in order to avoid the secondary formation of deposits
in the water sample during transport. The volume of the settleable substan-
ces, or their mass, is increased for example by oxidation processes in the
presence of air which cause the oxidation of such elements as dissolved
iron. This secondary reaction causes an increase in the settleable substan-
ces. For a number of years the method using an Imhoff sediment cone has
proved valuable in the determination of settleable substances. This method
has also been adopted for the German Standard Processes for Waste Water and
Sludge Analysis and by DIN. The determination of settleable substances by
volume is possible down to a proportion by volume of about 0.1 ml/l. An
Imhoff sediment cone is used, as shown in the diagram below.

The sediment cone holds a volume of 1 litre of water. It is conical in
shape and the lower part is graduated. The quantity of water under investi-
gation is transferred to the sediment cone immediately after sampling and
left for 2 hours. During this settling time of 2 hours, the sediment cone
should be turned sharply, for example every 30 minutes, This procedure is
intended to cause the sedimentation of settleable substances adhering to
the glass wall. After 2 hours the volume of the settled substances is read
off and noted. Up to 2 ml/l the volume of settleable substances should be
rounded off to 0.1 ml/l. If the proportion is higher, greater than 2 ml/l,
the results should be rounded off to 0.5 ml/L

If the settleable substances are also to be determined by weight, a water
sample, taken in the same way, should be filtered locally through a weighed
paper filter contained for transport in a Petri dish. The f{filter should
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Fig. 12. Imhoff cone

previously be dried in the laboratory for 2 hours at 105 °C, and weighed.
After filtration of 1 litre of the water sample, the residue on the filter
is rinsed three times with distilled water and the filter returned to the
Petri dish. In the laboratory, the filter is again dried for 2 hours at 105 °C
and weighed, this time together with the settleable substances which were
isolated locally by filtration. The difference between the two weights
yields the mass of settleable substances in mg/l.

1.7.16 The investigation of wastes and sludges in the context of water
pollution

General remarks

Waste products such as household or bulky refuse, industrial wastes, galvanic
sludges, sewage sludges and similar substances may influence the quality of
surface water and ground water,

To ensure harmless deposition, therefore, on the one hand the composition
of the waste is of significance but on the other hand it is also important
to know what soluble components may lead to pollution of the water under
certain conditions. The deposition of waste substances always leads to the
formation of seepage water loaded with soluble inorganic and organic
substances from the waste. In order to judge whether harmless deposition is
possible, knowledge of the substances soluble in water under practice-
related conditions is required.
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Problems are caused by the inhomogeneity of the wastes to be examined. An
average sample, or at least an approximate average sample, must be taken
from the material to be deposited. If the nature of the material allows,
the sample should be reduced by thorough mixing. If the material is highly
inhomogeneous, as in the case of refuse, it may be necessary to take a
larger average sample, for example 100 kg, separating the sample into
individual groups by fractionated sifting and recording the percentage
constituents. In order to determine the elutability the samples should then
be weighed in according to the fractionation. In the analysis of waste
products it is necessary, if possible, to use uncrushed or only coarsely
ground material as a basis and to select large weighed samples for the
individual analyses. Experience has shown that weighed samples in the
region of | to 10 kg are required in order to obtain reasonably reproduc-
ible results.

Notes on the analysis of wastes

The following investigation pattern for the homogenized sample may be
considered as a guide.

Loss on drying at 105 °C

Total organic material as loss on ignition at 450 °C

Total carbon, determined by combustion analysis

Degradable organic matter determined by oxidation with potassium dichromate
Total nitrogen

Calculation of the carbon-nitrogen ratio

Total phosphorus

Qualitative spectral analysis or qualitative X-ray fluorescence analysis of
the ignition residue for the determination of heavy metals

If relevant concentrations of hazardous heavy metals are suspected, these
should then be determined quantitatively as total heavy metals, (The methods
described here for water analysis may be used in modified form for the deter-
mination of heavy metals.)

Further analyses which may be necessary for wastes

Pesticides

Organohalogen compounds
Phenol-type substances

Cyanides

Extractable substances (oily and fatty substances)
Surface-active agents (detergents)
Sodium

Potassium

Calcium

Magnesium

Iron and manganese

Ammonium

Nitrite

Nitrate

Chloride

Sulphate

Total sulphur

In addition to these general analyses of the waste products themselves,
elution tests are required for the assessment of water pollution caused by
seepage water escaping from waste deposits.
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An appropriately sized average sample or if necessary a fractionated average
sample is likewise required in this case.

Generally speaking the material to be examined is not crushed but is examined
in its original state as it would arrive for deposition. In exceptional cases,
coarse grinding up to a maximum of 10 mm may be necessary.

The residues are extracted with 10 times the quantity of water. A number of
variants of methods which have proven their worth in practice are suggested
below. The water extracts, for their part, are then examined according to the
general analysis procedures compiled in this collection of methods.

General methodological principles

Extract between | and 10 kg of the wastes one or more times with 10 times
the quantity of rain water and/or seepage water (see below). Conduct the
extractions at 20 °C. The wastes should remain in contact with the elution
solution for 24 hours for each extract. During the first 8 hours, shake the
preparation with the solid waste and 10 times the quantity of water for 10
minutes every hour. If larger quantities are taken, e.g. 5 kg of waste and
50 kg of water or 10 kg of waste and 100 kg of water, roll for 10 minutes
every hour in appropriate plastic containers. The preparation may also be
shaken or rolled continuously for 24 hours. The experimental procedure
should be noted in the report.

After a 24-hour contact period, separate off the supernatant water, filter
through a coarse filter and carry out the analysis.

If the residue is to be extracted a second or even third time so as to
determine the extraction gradient, filter off the undissolved residues from
the first elution and treat them again under analogous conditions, without
further drying, with the same quantity of elution fluid for 24 hours.

Elution fluids
a) Rain water

Deionized or distilled water is generally used to simulate rain water.
b) Seepage water (such as may occur at waste disposal sites)

In this case rain water is used, or distilled water or deionized water
which is almost saturated with carbon dioxide. Saturate with carbonic
acid by passing CO; through water at about 4 °C in a plastic cask. Once
the saturation process has begun, heat slowly overnight to 20 °C and
then determine the content of free, dissolved carbon dioxide according
to the procedure described in this collection of methods. Carbon dioxide
concentrations in the region of about 1500 to 2000 mg/l of water are
obtained if these test conditions are followed.

c) Dilute seepage water

Take a volume of the water obtained according to the method described
under b), saturated with carbonic acid and dilute with distilled or
deionized water to a concentration of free, dissolved carbon dioxide of
about 500 mg/l.
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Investigation scheme for the analysis of the water extracts of solid,
liquid or sludge-like wastes.

Analyze separately the aqueous extracts obtained according to the methods
described (rain water extract, seepage water extract with high carbon
dioxide content and seepage water extract with low carbon dioxide content),
and if appropriate determine the elution gradient.

The following may be determined in the aqueous extracts:
pH

Electrical conductivity at 25 °C

Redox potential in mV

Evaporation residue 180 °C

Ignition residue of the evaporation residue at 450 °C
m-value

p-value

So-called total hardness

So-called carbonate hardness

So-called non-carbonate hardness

Oxidizability with potassium permanganate
a) as potassium permanganate consumption
b) as oxygen consumption in mg O/l

Oxidizability with potassium dichromate (chemical oxygen demand, COD) as mg
0y/1

Biochemical oxygen demand (BOD) as mg Oj/l

Chloride
Sulphate
Phosphate
Nitrate
Nitrite
Ammonium

Qualitative spectral analysis of the evaporation residue in order to confirm
the presence of toxic heavy metals in relevant concentrations. If appropri-
ate, the heavy metals detected must be determined quantitatively in the
seepage water extracts.

Cyanides

a) Total cyanide

b) Easily liberated cyanide

Phenols

a) Total phenols

b) Phenols volatile with water vapour

Organic solvents

Surface-active agents (detergents)
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QOily and fatty substances extractable with petroleum ether

Polycyclic aromatic substances

Organohalogen compounds

Pesticides

Further analyses, depending on the origin of the wastes and suspicion of
particular harmful substances.

In the case of the sludges containing water, take the first water extract by
separating off this water by filtration or centrifuging. Subsequently extract
the sludges a second or third time as described above.

The investigation results thus obtained can be used as a basis for assess-
ing whether and to what extent pollution of the ground water or surface
water may occur as a result of elution of the wastes. At the same time it
is possible to predict whether alkaline-reacting substances may, in the
course of the flow path, cause precipitation of e.g. iron, manganese,
calcium, magnesium or heavy metals.

Using the relationship of COD to BOD as a basis, it is also possible to
predict the expected biological degradability of dissolved organic substan-
ces.

Of course, the same demands cannot be made of seepage water from waste
disposal sites as of drinking water. A comparison with the parameters
allowed for waste water is conceivable. In certain cases higher loading of
the seepage water may also be acceptable if the seepage water reaches the
ground water and is retained there for a long period as a result of the
slow flow rate (<1 m per day) and hence aerobic or anaerobic biological
decomposition or precipitation and sorption is to be expected. Drinking
water should not be extracted from the ground water within the catchment
area. The minimum distance removed may be estimated in the region of 1000 m.

If the wastes are to be deposited on a site with a sealed base, an investi-
gation following the above pattern may be employed to predict whether the
organic components of the seepage water can be biologically degraded during
the retention time in a sewage plant. Particular attention should be paid
to the heavy metal component, which may lead to disruption of the function-
ing of the sewage plant.

For more detailed assessment of this complicated problem refer to the
specialized literature.

1.7.17 The importance of site inspections for biological assessment of water
resources (cf. also Sections 1.2, 1.4 and 1.5 above)

The results of microbiological analyses can only ever reflect the condition
of water at a precise moment in time. The types of germs detected and the
relative frequency with- which certain of them occur in the sample allow
conclusions to be drawn as to the possible nature of contamination. But in
many cases where analysis indicates the presence of water pollution, this
cannot be explained by the test results themselves; this is also often true
with the results of chemical analysis. In order to interpret the {findings
of laboratory analysis, it is therefore essential to have precise knowledge
of the locality where sampling was carried out and the surrounding area. A
thorough site inspection is vital, especially when taking samples from a
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particular water source for the first time or if there is a sudden and
serious change in the condition of water which has already been analyzed
regularly over a long period.

With ground water recovery systems the following points must be considered:
Design faults and structural damage to the recovery system:

Are structure and system suitably designed and are there any cracks or
other weak points through which surface water and rain water, animals or
vermin can penetrate?

Is it possible that unauthorized persons can gain access to the recovery
plant and pollute the water?

Area surrounding water recovery point and nature of catchment area:

Are the water recovery system and catchment area located in an area where
there is a particularly high risk of ground water pollution, e.g. owing to
farming, seepage of sewage, nearby refuse tips or centres of population
etc.?

Are there other sources of groundwater in the immediate vicinity which
could be the cause of pollution (e.g. old wells, test drillings, mine
shaft etc.)?

What type of soil is to be found in the catchment area (is the soil perme-
able and does it lack suitable covering layers)?

Is there a possibility of particularly high infiltration of surface water
in the catchment area, e.g. streams, marshy ground after heavy downfall,
flood zones?

Do any sewers, water mains or pipelines, roads, etc. pass through the
catchment area?

Has building work involving excavation or earth moving taken place in the
catchment area, or alternatively any type of dumping?

Obtaining information from local residents and others familiar with the area
concerning past conditions:

Have there been refuse tips, building work, sewers or interference with
the natural state of the soil in the vicinity of the present catchment
area which are no longer visible?

Have there been any other events which could influence the nature of the
ground water (this category should include isolated occurrences, e.g.
accidents in the catchment area, events such as music festivals and
gatherings of campers and the like, natural disaster etc.)?

If there are water towers or other storage facilities in the locality,
questions should be asked during the site inspection both about the
condition and suitability of the structure (stagnant water in the storage
tank owing to inadequate flow, stagnant water in parts of the system
through which there is now regular flow, e.g. chambers for fire-fighting
reserve, water-level indicators and air chambers in the by-pass system,
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dead-end pipes, etc.) and also about other possible factors affecting the
water.

Can insects, animals or wunauthorized persons enter the structure and
pollute the water?

Are the overflows and drain-pipes fitted with flaps in working order which
prevent small animals from entering the storage tanks where they fall into
the water and die?

Is the building equipped with suitably designed ventilation to eliminate
the risk of water pollution by air-borne germs and dust? From which direc-
tion does the wind mainly come and are there any sources of regularly or
sporadically high air-borne germ or dust levels in this direction?

Are there any treatment plants which may cause microbiological contamina-
tion of the water (e.g. open plants, sewage irrigation plants or filters
colonized by microbes, metering systems with infected chemical
solutions)? Are they the correct size for the quantity of water passing
through them and how regularly are they maintained?

The site inspection must also establish how the storage tanks are operated
by the responsible waterworks:

How long does water remain standing in the individual storage tanks? How
often are the latter cleaned and when did this last take place? How are
they cleaned and what products are used?

What measurements and checks are made regularly by the waterworks and
could these cause contamination of the water, e.g. dirty sounding lines,
scoops or other equipment?

If there is a local water distribution network, the site inspection should
also establish the size of pipelines used, how and when they were laid and
what material they are made of.

Are the pipes laid in trains or in a closed circular layout? Are there
high and low points in the pipe trains which could cause so-called water
pockets or air pockets to occur?

Are there connecting pipelines in which water stagnates for long periods
and becomes colonized with germs {(e.g. pipes which supply gardens or
connection branches ready fitted for future pipeline extensions)?

How {frequently are the pipelines flushed through and, when this is done,
is there any recognizable contamination (turbidity, brownness, black
coloration of the water plus hydrogen sulphide smell, etc.)?

Are there any users attached to the supply network whose water consump-
tion has sudden peaks causing temporarily high rates of flow in the
system as a whole?

Does water in the pipe trains always flow in the same direction or can
reverse flow occur, e.g. with pressure and gravity pipelines?

Is water from various recovery plants mixed within the supply network?
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Is it possible that private water recovery plants feed into the public
supply network with which they are connected either directly or indirectly
(it should always be a requirement that private water supply systems are
clearly separated from the public supply network)?

Are the connecting pipelines between the individual areas supplied and
the public network fitted with valves to prevent water being sucked back
if a pressure drop occurs in the network?

Have any large-scale repairs been made to the distribution system or any
new pipelines laid, and what steps were taken by the waterworks to prevent
any pollution of the existing system (intermittent chlorination, flushing,
microbiological tests on the new pipelines, etc.)?

When performing site inspection and water sampling, the water recovery systems
should be inspected for biological indications of possible pollution.

Have the roots of nearby trees and plants grown into the fabric of the
water recovery systems creating so-called "fox-tails"? (Where these
"foxtails" occur in test diggings they hinder the flow of ground water
into the spring-intercepting structure by altering the cross-section of
the pipelines. The roots provide a path for microorganisms, small
animals and also polluted surface water to enter the recovered water).

Do the test diggings, spring-intercepting structures or other water
recovery systems bring with them undissolved particles, such as grains
of sand, clay or silt, which are deposited in the systems themselves or
in the storage tanks providing a breeding ground for microbes and other
micro-organisms or bringing about anaerobic conditions and decomposi-
tion?

Do well worms (Tubifex species), well shrimps (Gammarus) and water hog
lice (Aselus) occur in the water recovery systems? The presence of such
animal organisms in drinking water systems is not only unappetizing but
is also an indication that harmful influences may be present. Although
these creatures are not themselves pathogenic and as far as is known
cause no pollution of the water worth mentioning, it is nevertheless
possible that other hygienically undesirable influences are f{finding
their way into the water by the same route. Thus it is essential to
discover and cut off their means of access.

It must also be established whether springs and test diggings which are
near the surface have a constant rate of water yield. If they show a marked
increase in yield immediately after precipitation, or even deliver turbid
water, this means that they are not adequately protected against hygienical-
ly harmful influences and must be regarded as at risk.

Site  inspection is especially important with surface water sources
(streams, ponds, drainage ditches and artificial ground water sources in
building foundations, gravel pits, etc.). Here plant and animal coloniza-
tion provides a good means of assessing whether anthropogenic influences
are present; for example, accumulations of foam on the water surface are
generally a visible sign that waste water containing surface-active agents
is entering the system. (Foam can occur naturally, especially during spring
in the proximity of coniferous forests as a result of saponins leached from
the fallen needles. But unlike surfactant foams, this natural sort gradual-
ly turns brown with age).
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Deposits of brown iron oxide flakes on plants and stones in the water indicate
a water source with high iron content flowing into the surface water. Often
the ferric hydroxide only separates out once the iron-containing, oxygen-
deficient water mixes with the surface water which has a high oxygen level.
This means that in flowing water iron deposits on the river bed sometimes do
not start until far below the actual point of affluence.

Colonization of the water by the grey, shaggy filaments of the bacterium
Spherotilus natans indicates that the water is serving as a receiving body
for a sewage disposal plant and that it is being contaminated by household
sewage. The occurrence of Spherotilus natans in this type of water is so
frequent and characteristic that the bacterium used to be known as "sewage
fungus". Although this description is inaccurate from a microbiological
point of view, since Spherotilus natans is in fact a filamentous bacterium,
it is still no less important today as an indicator of the presence of
sewage and so the hygiene of any stream where it is discovered must be
regarded as suspect.

On the other hand, deposits of lime on the underwater parts of plants or
sinter deposits on stones in the bank area of the stream bed are not sympto-
matic of a lack of hygiene. This type of phenomenon frequently occurs in
springs which have their origin in chalky ground if the so-called Ilime-
carbonic acid balance of relatively hard water is disturbed. Such disturb-
ances can be caused either by the water becoming heated during its passage
or by mosses and higher plants growing in the water and drawing off carbon
dioxide.

As a rule sedimentation in rapidly flowing mountain streams is minimal, where-
as in slowly flowing, lowland streams sediments are usually to be observed
on the stream bed. In non-polluted flowing water these sediments are mainly
composed of fine sand and clay particles, are not black in colour and do not
have a putrid odour. If either of the latter symptoms is recognizable, this is
always an indication that the water is polluted with organic substances which
are contained in the sediments and are being decomposed by microbes under
anaerobic conditions.

The nature of the sediment is an even clearer indicator of contamination in
stagnant water than in flowing water and so should always be examined when
mak-ing an assessment of long-term water quality. When making site inspec-
tions of either stagnant or slowly flowing waters, it 1is particularly
important to observe whether any gas bubbles occur and, if so, whether the
gas rising is digester gas.

In addition to the general observations to be made during site inspection,
as described above, a more specialized study of the plants and animals in
an area of surface water can yield vital information about water quality.
Such studies of fauna and flora and microbe life (colonization of the
plankton and seston by microorganisms) lead to the classification of water
quality according to saprobic systems, but this goes beyond the scope of a
simple site inspection and often requires the use of particular equipment
and sampling techniques as well as  demanding specialist knowledge of the
relevant fauna and flora.

When it comes to analyzing the results of a site inspection and producing a
report, it has always proved advantageous to supplement these with photo-
graphs of the various items dealt with., These not only make the written
report more easily comprehensible but also provide a long-term record of
developments and changes, so facilitating the accurate assessment of water
resources and drinking water supply systems.



2 Theoretical Introduction to Selected Methods of
Water Analysis
(Classic and Instrumental Methods)

2.1 Concentration processes such as evaporation, distillation,
precipitation, coprecipitation, adsorption, ion exchange and
extraction

General introduction

Depending on their type, substances dissolved in water can occur in a broad
range of concentration according to the type of water and its genesis or
origin,

There are natural waters which are almost like distilled water, and
strongly saline waters such as seawater or so-called brines; the latter can
comprise up to more than 100 g/l dissolved salts. The level of dissolved
mineral substances for drinking water can be estimated as ranging up to
approximately 1,500 mg/l with an optimum range between approximately 100
and 1,000 mg/l.

Waste waters can contain large amounts of organic substances, but also of
industrial wastes and hazardous trace elements. The water analyst then has
to decide whether he can examine a water sample for one or more substances
according to selected methods directly, or whether he must select a
concentration process for the substance concerned, and at the same time the
disturbing substances in the water sample concerned’ must be depleted. The
customary determination methods wused in water analysis, e.g. physico-
chemical measurements such as pH value, oxidation-reduction potential,
conductivity, and also the detection of carbon dioxide or hydrogen carbon-
ate ions, calcium, magnesium, chloride or sulphate do not in general
require pretreatment of the water, although in this case, for example for
highly saline waters (brines), dilution may be necessary rather than a
concentration process.

It is often necessary in water analysis to remove the water itself by means
of evaporation or distillation, or to separate off certain substances from
disturbing constituents by means of precipitation, adsorption or extrac-
tion,

2.1.1 Evaporation

With this method, a measured or weighed water sample is heated in a
suitable evaporation vessel until the water is almost completely evaporated
and only those substances which were previously dissolved in the water and
are not volatile at the selected temperature remain in the dish. The vessel
can be a weighed platinum, glass or porcelain dish, and the sample is
heated over a boiling water bath, a heated sand bath, an electric hot plate
or an air bath, The evaporation residue can then be dried to constant
W. Fresenius et al. (eds.), Water Analysis

© Springer-Verlag Berlin Heidelberg 1988



72

weight and weighed. Various drying temperatures are used, e.g. 105 °C,
180 °C or 260 °C. If the water contains a great deal of dissolved sodium
chloride, the high drying temperature is to be used if constant weight is
required. This is so as to be certain that the so-called decrepitation
water is expelled from the forming NaCl crystals. The dry residue can then
be used for analysis or for further separation processes. Spillages are of
course to be avoided, especially when the evaporation process is nearing
its end. It should also be noted that during evaporation the compounds
which are more difficult to dissolve separate out first and the readily
soluble compounds in the water such as sodium chloride only later. This
means that either the entire dry residue must be used for further analysis
or, if aliquot parts are to be used, the residue must be homogenized
thoroughly beforehand.

2.1.2 Distillation

In this case the water is gently distilled off in suitable distillation
apparatus leaving in the flask either a highly concentrated solution or, if
distilled to dryness, a salt mass. Distillation to separate off the water
itself is carried out in glass or quartz apparatus. It is possible, if
distillation is  conducted  appropriately, to recover highly volatile
substances (such as organic substances) as the distillate is cooled (e.g.
in a cold trap). By means of distillation under acid or alkaline condi-
tions, with or without the use of additional water vapour or reducing or
oxidizing agents, certain groups of substances can be separated off in such
a way that they can be analyzed in the distillate with no disturbing
factors. Examples of this procedure would be the isolation from acid
solution of phenol-type substances volatile in water vapour, or the
isolation of trivalent arsenic from total arsenic if a reducing agent for
As V is used, and the isolation of cyanides, fluoride, ammonium and organic
nitrogen compounds. It is also possible to isolate carbon dioxide, either
bonded for example as hydrogen carbonate or carbonate, or in the free
state, physically dissolved in the water, as well as hydrogen sulphide and
its compounds, boric acid or mercury. In general, any organic substances
can be isolated which are volatile under the selected distillation condi-
tions and which are recoverable by condensation of the water vapour.

2.1.3 Precipitation

Precipitation was very frequently used in the past as a method of determin-
ing certain substances in water by direct gravimetric analysis. Even today,
for example for sulphate determination, precipitation from an acidified
water sample with barium chloride solution, yielding low-solubility barium
sulphate, is not only used for concentrating the sulphate, but also for
direct gravimetric analysis (see Section 3.2).

The precipitation of chloride and, if present, dissolved bromide and iodide
as the total of dissolved halide ions by silver salts as low-solubility
silver halides is also not only used for concentrating traces of bromide
and iodide for example, but also for gravimetric analysis, as a method of
calibration. Bromide and iodide should then be determined separately
(Section 3.2) and subtracted from the total of the precipitated halides.
Reliable results are then obtained even at high concentrations.
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2.1.4 Coprecipitation

This method is closely related to precipitation, but makes use of the fact
that when .certain substances are precipitated other substances are copre-~
cipitated. In radiochemistry in particular, coprecipitation with isotopic
or non-isotopic carriers is still commonly practised today. In classical
water analysis coprecipitation is often used to concentrate trace elements.
In this way, for example, arsenic can be more or less completely coprecipi-
tated and isolated with iron (III) hydroxide. With manganese in a manganese
(III) or manganese (IV) compound, thallium can be coprecipitated and
concentrated. Sections 3.2 to 3.5 and Section 3.7 deal with cases where
precipitation and coprecipitation are still in general wuse in water
analysis. Section 3.3 in particular covers the concentration of rubidium
and caesium together with potassium as tetraphenylborates.

2.1.5 Adsorption and ion exchange

If appropriate adsorbents are chosen, e.g. activated charcoal, aluminium
oxide, cellulose etc., it 1is possible to isolate certain substances in
water which are otherwise difficult to concentrate. Activated charcoal, for
example, is particularly suitable for isolating many organic substances in
water. Aluminium oxide is wused to isolate and concentrate fluoride,
arsenic, phosphate and uranium from aqueous solutions which have been set
to approx. pH 6 with carbonic acid. Certain types of cellulose are used for
the adsorptive concentration of traces of heavy metals.

Adsorption is carried out either with the so-called batch method or by
filtration through a column. It is possible to conduct fractional desorp-
tion in many cases, for example by using acids or organic solvents. Certain
substances in water can also be concentrated by means of ion exchange
resins. By wusing an appropriate ion exchanger, e.g. cation or anion
exchangers of certain types, it is possible not only to separate cations
and anions from water samples, but also to differentiate various groups of
substances. Elutions with suitable solvents are possible, and the eluates
can then be examined separately for the isolated substances (Chapter 3).

lon exchange is also a good method of determining the total dissolved
mineral substances in a water (see Section 3.1).

2.1.6 Extraction

Liquid-liquid extraction has become a very important method of concentrat-
ing trace substances, in particular metal traces, and of removing disturb-
ing substances. For extraction, certain substances in water can be trans-
formed directly into an organic solvent which is not miscible with water,
e.g. traces of oily or fatty substances with hexane, chloroform or
trichlorotrifluoroethane. The inorganic compounds are often transformed
into an extractable compound and then isolated by extraction. This method
is fundamental, and has become highly important in trace analysis. One only
has to think of complexing by means of dithizone, diethyl dithiocarbamate
etc. using a suitable extracting agent such as chloroform or diethyl ether.

Methods of concentration by extraction are described in Chapters 3 and 4.
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Traces of uranium can be extracted from a water sample in the presence of
high concentrations of aluminijum nitrate with a suitable organic solvent
and concentrated for fluorometric determination, for example.

2.1.7> Volumetric analysis

In this procedure a substance dissolved in the water is reacted with a
titrant of known concentration. The end point of the reaction is indicated
either by an indicator changing colour, by a precipitate forming or
electrometrically. Volumetric analysis is simple to perform, and, with
visual recognition of the endpoint of the reaction, can also be carried out
in a laboratory which does not have the latest equipment. It is possible,
for example, to «carry out the quantitative determination of chloride,
hydrogen carbonate or carbonate, or of calcium or magnesium, as well as
organic compounds such as surfactants by means of so-called two-phase
titration.

Today, volumetric determination of dissolved substances in water can be
automated. With appropriate equipment, it is possible not only to direct
the reaction quantitatively, but also to evaluate the endpoint of the
reaction electrometrically and print it out, for example, or produce a
titration diagram. The experience of the authors has shown the volumetric
procedures described in Chapters 3 and 4 to be of particular value in
practical water analysis in the laboratory.

2.2 Electrochemical processes of analysis

2.2.1 Introduction

A number of analytical methods are based on electrochemical properties in
solutions. 1If, for example, two metallic conductors are immersed in an
electrolyte solution, current can flow when an electric potential is
applied. If two different metals are present in the electrolytic cell, an
electric potential can be tapped. Its force is dependent on the type of
electrode materials and on the composition of the solution, on the gap
between the electrodes and on the electrode surface.

The separations and displacements of charges at interfaces can be deter-
mined with the aid of electrodes or even produced or changed by applying a
current. The molecules in the dissolved substances are partially polarized
as a result of anisotropy at the interface. Behind this interface, the
solvated ions are enriched or depleted, causing the formation of an induced
charge on the electrode surface. This leads to the establishment of an
equilibrium dependent on the type of electrode and electrolyte. The
following types of electrodes are distinguished, according to the compo-
sition of the system and the factors determining the potential difference
between electrode and electrolyte:

Electrodes of the first type:
A metal electrode is here immersed in a salt solution of the same metal.
The potential difference depends on the activity of the cation in the
solution, e.g. Zn/Zn2+,
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Electrodes of the second type:
These comprise metal electrodes coated with a thin layer of sparingly
soluble salt of this metal. The potential difference depends on the
activity of the anion of this salt in the solution, e.g. Ag/AgCl/Cl .

Electrodes of the third type:
The sparingly soluble salt layer also contains a second cation which
forms together with the joint anion a sparingly soluble compound with a
larger solubility product than the electrode-metal compound. The poten-
tial difference is dependent on the activity of the second cation in the
solution, e.g. Ag/AgpS/Cu/CuZ*,

Redox electrodes:
The electrode here consists of a predominantly inert metal and the
solution contains no ions of this metal. The potential difference depends
on_the normal redox potentials of the redox system in the solution, e.g.
FeZ+/Fe3+, Sub-systems of such a corresponding redox pair are joined
together by the processes of oxidation (electron donation) and reduction
(electrode acceptance).

Ion-sensitive electrodes:
Metal electrodes invested with different materials (semiconductors,
glass, ion exchangers) are immersed in a solution containing the ions to
be determined. These ions distribute themselves between electrode and
solution phase. The potential difference is selectively dependent on the
activity of the ions to be determined. Example: Fluoride electrode.

The electrode potential can be changed by applying a voltage. As a result
of this change (polarization), the potential of the electrode deviates from
the value obtained using the Nernst equation. A concentration polarization
results if enrichment or depletion of ions takes place in the vicinity of
the electrode. This produces an electromotive force opposite to the voltage
applied. The chemical polarization is based on the fact that during the
passage of current on the electrode surface, substances are produced
preventing further passage of current. Here too, a polarization voltage
arises opposite to the voltage applied. Current cannot start to flow again
until the voltage applied attains the same level as this decomposition
voltage.

The following electrochemical processes of analysis are discussed below:

a) Coulometry
This process of analysis is based on Faraday's laws, i.e. the relation-
ship of equivalence between total electric charge and chemical reaction.

b) Potentiometry
This process is based on the relationship between the concentration of
the ion located in the solution and the electromotive force of an
electrochemical cell in which this ion is one of the components.

c) Voltametry

Measuring with this process uses cells in which the one electrode acts
as a non-polarizable reference electrode and the other as a polarizable
inert electrode. The change in current is recorded against the change
in voltage applied. A special case in voltametry is polarography in
which, for example, a dropping mercury electrode is used as polarizable
electrode. In amperometry, a further special field of voltametry, two
polarizable electrodes are used.
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2.2.2 Coulometry

If DC voltage is applied to two electrodes immersed in an electrolyte
solution, the positive ions migrate to the cathode and the negative ions to
the anode under the influence of the electric field. Processes of exchange
take place on the electrode surfaces. This reaction between the dissolved
substance and the electric charge is called primary reaction. It may be
accompanied by secondary reactions.

According to Faraday, the amount of any substance primarily dissolved or
deposited on an electrode is proportional to the total electric charge

passed. The electric charge Q should here be understood as the total
electric charge passed in time t.

t
Q= Idt (1)
[¢]

The electric charge is given in Coulomb. (I Coulomb = 1 A - s).
Faraday's laws state that:

1) The amount of any substance dissolved at or deposited on an electrode is
proportional to the electric charge necessary for this reaction

m ~ I-t (2)
2) The amounts of different substances dissolved or deposited by the
passage of the same electric charge are in the ratio of their equivalent

weights.

Atomic weight 3)
Oxidation number

Equivalent weight =

The electric charge 96487 Coulomb (Faraday constant F) is required to
separate an equivalent gram of a substance. If G is the weight of the
converted substance in grams, n the quantity of electrons involved, and M
the molecular weight of the substance, then the following applies:

n-F F

c-M-Q_,i-t ®

There are essentially two different coulometric processes, namely potentio-
static and galvanostatic coulometry. The former functions with constant,
controlled electrode potential, whereas the galvanostatic method - also
called coulometric titration - functions with constant current strength and
uncontrolled potential. Fig. 13 shows the basic circuit diagram for
potentiostatic coulometry.

The potential for working electrode E) against the reference half-cell Ej3
is controlled by regulating the voltage applied to cell EJE> so that the
deflection of the galvanometer G remains constant. The substance to be
determined must be dissolved or deposited quantitatively and with 100 %
current yield on the electrode. The substance must diffuse on the electrode
surface, which means that the current required for electrolysis must not
exceed the current required for a diffusion.
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T

Coulometer

Fig. 13. Coulometry with U = const.

As the concentration of the substance to be determined falls as a result of
dissolution or depositing on the electrode, the electrolytic current also
approaches zero asymptotically if the electrolytic process is conducted
with a potential less than the half-wave potential of the substance in
question. The electric charge consumed is measured with a coulometer or
determined by integrating Equation (l). The advantage of this process is in
the selectivity of the electrode processes, e.g. a determining process can
be conducted for two metals with similar depositing behaviour.

Fig. 14 shows the basic circuit diagram for coulometric titration. As the
potential of the working electrode E| is not controlled, the experimental
conditions must be selected so that no side reactions can occur.

For this reason, a substance whose electrically produced reaction products
react quantitatively with the substance to be analyzed is added to the

- E]
®
Et/l mE2
L
Ea\_E,
_— > ]

Fig. 14. Coulometry with I = const. and electric end-point determination;
1) = clock; 2) = indication
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electrolyte solution. This intermediate reagent is produced at constant
current. The time during which the current flows is measured to determine
the electric charge.

If the end-point is determined electrically, two separate circuits are
necessary. The "generator circuit" with electrodes Ej; and Ej serves to
produce the titration agent, the "indicator circuit" with electrodes E3 and
Ey is used for end-point determination.

The advantages of coulometric titration are as follows:

- exact proportioning in the microgram range
- production of very pure reagents

- production of non-stable reagents

- no standard solutions are necessary

- no determination of titre is necessary

- high speed

In principle, all processes used in volumetric analysis can be used for
indicating the end-point. Essentially, however, coulometry is restricted to
electrical processes as these allow a high degree of automation. Any of the
usual potentiometric indicator systems can be used for end-point determi-
nation, e.g. a Pt-electrode and a calomel electrode. The choice of the
indicator system depends on the reaction occurring. If the indicator
potential measured is plotted against the period of electrolysis, the usual
potentiometric titration curves can be produced. The information required
can be gained from the potential jumps.

In amperometric end-point determination, the strengths of the diffusion
current are measured at prescribed potentials in the indicator electrodes.
In this case, the indicator current strength is proportional to the
concentration of ions involved. For this purpose, a potential of 100 - 300
mV is applied to two electrodes (double Pt-plate). The indicator current
strength is plotted against the period of electrolysis. According to the
type of reactions involved, different curves can be observed (Fig. 15):

a) The current is low and almost constant as far as the equivalent point
and then rises linearly. - Example: As3+ + Bry

b) The current passes through a maximum, falls to the equivalent point and
then rises linearly. - Example: I~ + Brp

Fig. 15. Indicator current A as function of time t
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c) The curve is similar to that described under a), but shows a dip shortly
before the equivalent point. - Example: titrations with bromine or
chlorine with high generator current strength.

A special case in amperometric indication is the "Dead-Stop Method".
Current can only flow at the indicator electrodes if both oxidizable and
reducible substances are present. The potential difference may be very low
(<100 mV). The equivalent point is characterized by the fact that the
indicator current is zero, as no reversible ion pairs are present here
(e.g. coulometric titration of FeZ+ with Ce¥+).

2.2.3 Potentiometry

The relationship between the concentration of an ion in solution and the
e.m.f. of the cell in which this ion is located can be expressed under
ideal conditions by the Nernst equation.

E=Eyg+k-Inc

where E represents the potential in the cell, E; a constant at certain
temperatures, c¢ the concentration of the ion and k = R + T/n + F (R =
general gas constant, T = absolute temperature, n = quantity of electrons
produced in the semireaction, F = Faraday constant.).

The above-mentioned equation only applies to infinite dilution, whereas the
following applies to real solutions:

E=Ey+k-lna

i.e. the activity a (calculated from the concentration and the coefficients
of activity f using the formula a = c¢ - f) is used for practical calcula-
tion.

If two electrodes are immersed in a solution whose ions can react with the
electrode, and the «circuit is «closed, the potential existing at the
electrodes can be measured. This is characteristic of the system
electrode/solution/ electrode and dependent on the temperature, pressure
and composition of the system., In two electrodes consisting of metals A and
B, the following reactions can occur:

A & At + e

B = Bt 4+ e

where the total reaction AtB* & A+ + B, i.e. A is oxidized at the first
electrode  and produces A+, and B+ is reduced at the second electrode and
precipitates metal B. There is therefore a charge transfer between elec-
trode and solution. If one of the reactions is predominant, a potential
difference is created between electrode and solution as a result of the
charge transfer. The size of the potential difference is above all depen-
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dent on the nature of the semireaction, and further on the activity of all
substances participating in the reaction. This relationship is expressed by
the Nernst equation. E, represents here the characteristic constants for
the semireaction and expresses the potential difference between electrode
and solution in equilibrium status (standard potential). If all substances
affected in the semireaction have an activity of 1 mol/l, then E = E,.

If the given constants are entered in the Nernst equation, the natural
logarithm then converted to the Briggs logarithm, and the activities
finally replaced by the concentrations, the result is the Nernst equation
in a form that can be used for practical quantitative calculations.

0.0591 oxidation
E = Eg + + lo -

n reduction
In practical terms, it is impossible to measure the potential difference in
a semireaction directly., This difficulty is overcome by introducing a
second electrode as reference electrode. The '"standard hydrogen electrode"
whose semireaction is expressed by the formula:

2 H30t + 2 e « Hp + 2 H0,

can be used for this purpose. It consists in principle of a platinum wire
covered with platinum sponge and surrounded with flowing gaseous hydrogen,
so that a layer of absorbed Hy molecules is formed.

The potentiometrical principle of measurement is, for example, used in
measuring pH with a glass electrode or in determining the concentration of
ions with the aid of ion-sensitive electrodes.

The glass electrode comprises a thin-walled glass sphere filled with a
solution of known, constant pH and immersed in the solution of unknown pH
which is to be examined. Two bridge electrodes are immersed in the internal
and external solution, e.g. two saturated calomel electrodes. In this case,
we have the following cells:

Hg/Hg2ClpK Clyot,/internal solution/external solution/KClyqt Hg2Clo/Hg.

The entire measuring set-up can be represented as in the following diagram:

J

Fig. 16. Schematic diagram of the potentiometric method of measurement; 1)
= glass electrode; 2) = Glass membrane; 3) = Reference electrode; 4) =
Measuring solution; 5) = Diaphragm
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The individual voltages E;j are produced at the following interfaces:

E| Between the bridge electrode and the solution inside the glass electrode.

E, Between glass membrane and solution inside the glass electrode.

E3 Between glass membrane and measuring solution.

Ey As diffusion voltage between measuring solution and solution inside the
reference electrode.

E5 Between bridge electrode and solution inside the reference electrode.

E{ and E5 can be kept of the same size by setting up the electrodes so that
they cancel each other out (symmetrical cell). If they are not of the same
size, they are nevertheless independent of the pH of the measuring solution
and supply the constant asymmetrical voltage Ey5 as quantity to be added to
the measured voltage.

Ey as diffusion voltage is not described by the Nernst equation (Equ. 3).
It is considerably dependent on the specific conditions and thus comprises
a source of error. However, changes in the diffusion voltage usually only
occur very slowly and can be taken into account by calibration. The
quantity of E; seldom exceeds a few mV. ’

The voltage in the measuring cell is thus essentially determined by E2 and

E3. As Eg cannot be measured independently, and only the difference between
the two voltages is of interest here, the following equation can be made:

E = E3 - Ep (Equ. %)
Inserting the Nernst equation produces the following result:
R-T .

2303 R T

T
E = 2.303 ——= lo - 2. lo
n-F 8 8H30%ytside n-F %a H30%inside

Rewriting the equation yields the following:

R-T
E = 2303 ——F (Hinside -PHoutside)
or
R
E=22303 —&-T- ApH

The above equation shows the temperature-dependence of the measuring
sensor, which must be distinguished from the temperature-dependence of the
pH in the solution analysed.

Voltage E is also designated as the Nernst voltage for ApH = l. It has the
value of 59.16 mV/pH at 25 °C and determines the gradient of the character-
istic curve.

In order to keep the pH inside the glass electrode as constant as possible
and to make it independent of ageing phenomena (e.g. by exchange of ions
with the glass membrane), a buffer solution is used inside the electrode.

In addition to the dependence on temperature described above, the linearity
of the characteristic curve also plays a part.
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Particularly in the alkaline range from approx. pH 10 wupwards, the
characteristic curves for normal glass electrodes deviate noticeably from a
straight line. This is due to the fact that the glass electrode does not
strictly respond specifically to the hydrogen ions only, but is also
affected by hydroxide ions.

If the concentration of hydrogen ions is equal to or larger than that of
the hydroxide ions, this effect can be ignored. At pH values of over 10,
however, the concentration of hydrogen ions is so small that the pH values
measured are too low, as the glass membrane only responds to the hydroxide
ions. This effect is called the alkali error. Alkali-proof glass electrodes
do exist in which the alkali error is low. (For measurement of pH see also
Chapter 1.)

If the pH is taken as a measure of the concentration of a substance
dissociated in aqueous solution, certain restrictions must be taken into
consideration. Clear results are only found in one-component solutions.
Furthermore, in cases in which the dissolved substance is not completely
dissociated, its activity must be known. The logarithmic relationship also
decreases the dependence of the pH on the change in concentration. This can
only be seen as an advantage in very large changes of concentration.

An important field of application for potentiometric measurement with the
glass electrode is electrometric titration. The e.m.f. in a cell is here
used as end-point indicator for a reaction taking place in solution. This
has the advantage of allowing one to follow the entire course of titration,
e.g. when titrating phosphoric acid with sodium-hydroxide solution (Fig. 17).

This shape of curve, which is characteristic of all such titrations, is a
result of the logarithmic relationship between E and the concentration (or
rather: activity) of the H3O* ions.

2.2.3.1 Ion-sensitive electrodes

The method of measurement with ion-sensitive electrodes also uses
potentiometric principles. Ion-sensitive  electrodes are electrochemical
half-cells in which potential differences caused by the activity of a
specific ion can be determined by measurement. Their design is similar to
that of the pH glass electrode; a suitable millivoltmeter and reference

—
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HPQ,  NaH,PO, Na,HPO,  Na,PO,
NaOH —>
Fig. 17. Potentiometric titration curve H3POy; with NaOH
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Fig. 18 a, b, c. Different types of ion-sensitive electrodes; a F- elec-

trode; 1) = Ag/AgCl bridge element; 2) = Electrolyte (NaCl, NaF); 3) = LaF3
monocrystal; b AgpS electrode; 4) = Shaft in epoxy resin; 5) = Ion-
sensitive solid; 6) = Fixed contact; ¢ Gas-sensitive electrode; 7) = Out-

side body; 8) = Reference element; 9) = Interior liquid; 10) = Interior bo-
dy; 11) = O-ring; 12) = Spacer ring; 13) = Sealing cap; 14) = Ion-sensitive
solid; 15) = Membrane

electrode are required for measuring the pH. Instead of pH it is also
possible to indicate measured values for pF-, pNHj3 or pCa2+, for example.

There are crystalline and non-crystalline electrodes. The former can be
divided into homogeneous (e.g. individual crystals, melted pellets) and
heterogeneous (e.g. AgCl in PVC) solid electrodes. The non-crystalline
electrodes can also be divided into those supported by porous (e.g. glass
filters) or non-porous (e.g. PVC) materials. Liquid ion exchangers and
neutral carriers serve as effective electrode substance. Because of the low
electrical conductivity of these substances, very thin layers are used,
giving them their name of membrane electrodes. Their thicknesses are around
0.1 mm in the case of glass, | to 5> mm in the case of organic substances
and more than 3 mm for crystals or pellets. The structures of various
ion-sensitive electrodes with fixed active phases are depicted in the
diagram.
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Fields of application for measurement with ion-sensitive electrodes

H* Mg2+ CrOy2- BF 4~
Lit  Ca2+ Mn2+ TI+
Nat  Sr2+ FeZ+ COy, CN-,SCN-
K+ BaZ+ Ni2+ Pb2+
Rb*  La3+ PdCl,2- NH3, NH4*, NO3”
Cst Cu2+ PO43-, HPO,2-
Agt SO, 52-, 5032—
F-
Zn2+ Cl-
Cd2+ Br-
ng+ I-

Oxalate, Benzoate

As there are by now approximately 30 different ion-sensitive types of
electrode, these and the reactions produced on them cannot be treated in
detail. Reference should be made to more detailed works. The Table shows
fields of application for direct measurement of various ions and neutral
components, Those parameters which are particularly suitable for such
measurements in water analysis are underlined. (See also Section 3.2)

2.2.4 Polarography

In polarographic analysis, current-voltage curves are recorded as they are
formed on a polarizable micro-electrode when the diffusion of the ions in
solution at the electrode is the determining step in the electro-chemical
reaction.

A dropping Hg-electrode usually serves as polarizable micro-electrode.
Either an Hg bottom electrode, a calomel electrode or another electrode of
the second type is used as non-polarizable reference electrode.

A variable voltage is applied to both electrodes in the solution to be
analyzed to record the current-voltage curve. The solution to be analyzed
is electrolyzed. However, this takes place to such a low degree that the
composition of the solution remains practically unchanged. The basic
circuit diagram for polarography is shown in Fig. 19.

If ions ("depolarizers") which can be oxidized or reduced in a specific
voltage interval are present in the solution to be analyzed, the current
also changes with changes in voltage. The change in current is dependent on
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Fig. 19. Basic diagram of a polarograph

the speed of diffusion of the ions on the mercury drop. Working with the
dropping mercury electrode has the advantage that a new and thus clean
electrode is constantly available. In the ideal situation, the curve shown
in Fig. 20 is produced.

The curve is divided into three sections. In field A, the voltage applied
is not sufficient to reduce the depolarizer. The low current nevertheless
flowing is referred to as residual or basic current. The charging of the
Hermholtz double layer at the mercury/solution interface is above all
responsible for the generation of this current. This layer acts as a
condenser with constantly increasing capacity.

The strength of current rises constantly at the breakpoint between A and B
because reduction of the depolarizer commences. At C, the current reaches a

I
A

Fig. 20. Current voltage curve
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limit value caused by local depletion of depolarizer in the immediate
vicinity of the electrode. Those ions reaching the electrode from the
solution are immediately reduced, and the state of diffusion is ideally
only dependent on the concentration slope solution/electrode. This means
that the limit value for the «current (limit or diffusion current) is
directly proportional to the concentration of the reduced substance.

In order to avoid the situation that current transport in the solution has
to be taken over by the ions in the substance to be analyzed, a highly
concentrated "supporting electrolyte” is added. This supporting electrolyte
must comprise sparingly reducible electrolytes (e.g. KCl, NH4CIl/NH4OH). As
soon as voltage is applied, the supporting electrolyte ions migrate to the
anode or cathode. The sparingly reducible supporting electrolyte ions are
nevertheless not discharged and surround the cathode. The positive charging
for the most part neutralizes the negative field around the cathode so that
no gradient of electric field is present at this location. This means that
only those depolarizers can be discharged which reach the cathode by
diffusion. If several reducible ions are present in the solution, a
characteristic step will form for each ion with further changes in voltage,
so that several components can be determined in one process with the aid of
polarography.

In contrast to the system of DC polarography described here, AC polaro-
graphy uses a constant AC voltage superimposed on the variable DC voltage.
The differences in the current-voltage curves for the two processes are
shown clearly in Fig. 21.

In AC polarography, peaks instead of steps are recorded, facilitating the
evaluation of the polarogram, The strength of the diffusion current iq is
given by the llkovic equation:

ig = 0732 +n+ F+c- D/2m2/3¢1/6

where:

ig = Diffusion current in pA

n = Number of electron transfers at the cathode
F = Faraday constant

¢ = Concentration of the depolarizer

d = Coefficient of diffusion for the depolarizer

g

o -M[ ' ;
AV
P vavad ! \\/ -

Fig. 21. Current-voltage curves for DC and AC polarography; 1) = DC polarogram;
2) = AC polarogram
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m
t

Mass Hg/sec.
Dropping time for the Hg

wou

The numerical factor results from calculating the surface of the Hg drop. The
equation for the strength of current as a function of voltage can be derived
with the aid of the Nernst equation, provided that the reaction occurs rever-
sibly at the dropping electrode.

Following Nernst, for process

A+n-e = AN (N
the following is true
_ R-T .,  °Al] (2)
E=Ep+ T In AN

where °[A] represents the depolarizer concentration on the electrode
surface.

In order to generate the equation for the polarographic level, it s
necessary to express the concentration in terms of the diffusion current i,
since i is determined by the ions diffusing per unit time at the electrode

(Fick's law). Furthermore, i is proportional to the decline in concen-
tration:

i=k-I[A]l- Al (3)
The decline in concentration arises from the reduction from A to APM-. As A
disappears from the solution in the same ratio as AP~ is formed, the
following is true, provided that the diffusion speeds of A and AD- are
equal:
A = °[A] + °[AD-] )
Setting Equ. (4) in Equ. (3) gives
i = k(°[A] + °[AP-] - °[A] = k °[AP-] (5)
where

k=0732+n-F-c - Dl/2m2/3t1/6

It is clear from Equ. (3) that i reaches maximum (limit current iq) when a
maximum concentration decline is present, i. e, when °[A] = 0

This gives
ig = k + [A] (6)

Deriving from Equations (4), (5) and (6) for the concentrations required:

°o[A]l = [A] - iT<= I_E - IT( and °[AD-] - i V4]

=

Inserting Equ. (7) in Equ. (1), the function required can be arrived at as
follows
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RT ig -1
E=Eo+ o7 F In i or (8)
iq
SE-EQnF/RT |

For potentials E which are considerably more positive or negative than E,,
Equ. (8) supplies the basic or limit current for intermediate values of the
function i = £ (U).

In the case of equilibrium, i.e. E = Eg, it follows from Equ. (8) that
. g
L=7

i.e. if the strength of current achieves precisely half the value of the
limit current, the so-called half-wave potential, the potential here
applied is identical with the standard potential of the redox system.

The redox system involved can thus be determined qualitatively from the
position of this half-wave potential.

In polarographic processes, two main methods are wused for determining
quantity:

1) Direct comparison:

It is important in this method that the concentrations in the solution
to be analyzed and the reference solution are approximately the same.
The solution to be analyzed and the reference solution are polarogrammed
consecutively under identical experimental conditions. The content of
the solution to be analyzed is calculated using the formula:

Ix
ig

CX:CS'

2) Standard addition:

The polarogram for the solution to be analyzed is plotted. A solution of
the element to be determined is added in a known concentration and a
fresh polarogram plotted. The added quantity of standard should be large
enough for the diffusion current to be approximately twice as large in
the second determining process as in the first polarogram. The unknown
concentration is determined from the rise in diffusion current.

cx = - vcg h
h 'V -H(V+v)
where:
cx = Concentration in the solution to be analyzed

Concentration in the standard solution

Diffusion current in the solution to be analyzed

Diffusion current in the standard solution

Height of the peaks in the solution to be analyzed

Height of the peaks in the solution to be analyzed + standard
Volume of the solution to be analyzed

Volume of the added standard

L I T | B | B 1

< <TTHEL
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2.3 Spectrophotometry (or photometry)

In this physicochemical method of investigation, light of a certain wave-
length is beamed into the solution of a substance. The light is absorbed
either entirely or partially by the molecules of the substance.

As a result of the absorption of the light, the intensity of the light beam
directed into the solution (I,) is reduced as it passes through the sample.
The residual intensity still present on exit (I) is measured with a suita-
ble measuring instrument and compared with the intensity of the irradiated
light I,. The amount of light which is absorbed during the passage through
the sample solution depends on the structure of the absorbing molecules,
their concentration in the solution, and the path length which the light
beam traverses in the medium of the solution. This forms the basis for the
two principal applications of spectrophotometry.

l. The degree of light absorption in certain spectral regions permits con-
clusions to be drawn as to the chemical structure of the substances.

2. 1f the chemical structure of the substances is known, the concentration
in the solution concerned may be deduced. The following distinctions are
made, according to the wavelength region in which the absorption spec-
trum is measured.

a) Spectra in the ultraviolet range (UV spectra), 200 - 400 nm.

b) Spectra in the visible range (visible spectra), 400 - 800 nm.

c) Spectra in the infrared range (IR spectra), 0.8 - 50 pm or
50 - 500 pm (far infrared).

If radiation of gradually increasing wavelength (i.e. decreasing energy) is
shone through the solution and in so doing the absorbed proportion of light
intensity constantly determined, sections of the spectrum are passed
through in which the energetic resistance is too large to stimulate an
electron transfer (which is responsible for the absorption of light). The
sample absorbs little light at these wavelengths. If, however, light of a
wavelength is irradiated which possesses exactly the amount of energy
required to stimulate an electron transfer, the molecule absorbs very
actively. If the wavelength of the irradiated light is again increased, the
"suitable" level for optimum stimulation is left behind and the absorption
becomes weaker again.

The absorption curve of the substance is obtained by plotting a graph with
the wavelength A of the irradiated light on the abscissa and the portion
of light intensity absorbed by the sample, i.e. light absorption, on the
ordinate. (In practical analysis the usual measuring instruments - spectro-
photometers - indicate either the transparency (transmission) or the extinc-
tion E). The graph shows the absorption spectrum. The wavelengths of great-
est absorption of light, i.e. with greatest energy uptake by the substance,
are designated the absorption maxima (A pax). They correspond to the amount
of energy required to just stimulate electron transfers. The wavelengths of
maximum absorption have a special role to play in the field of analytical
chemistry.

In spectrophotometry in the narrower sense the monochromatic light beam of
a discrete wavelength is filtered from a polychromatic light beam in an
accessory unit (monochromator: prism or grating). In addition, mono-
chromatic light may also be produced and used for analytical measurements
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by taking metal vapour lamps (e.g. Hg or Cd vapour lamps) in the place of
an incandescent lamp and monochromators. The metal vapour lamps emit light
of certain discrete wavelengths which are characteristic of the metal
concerned. If an appropriate light filter which specifically allows one of
these discrete wavelengths to pass is positioned between the light source
and the sample, monochromatic light is also produced. The intensity of the
light after it has passed through the cuvette can be measured, for example
in a photoelectric cell or by a photomultiplier.

The original photo-optical or visual method is still common in water
analysis where the colour intensity of a coloured compound of unknown
concentration is compared with the colour intensity of solutions of the
same compound of known concentration. Since the intensity of colour is
proportional to the concentration of the compound, the concentration of the
unknown sample can be ascertained by colour comparison - provided that
completely analogous test conditions are adhered to (e.g. equal path
length).

Colour comparators are frequently used in practice, the coloured sample
solution being compared with standardized colour disks.

2.3.1 Measurable variables of light absorption

Three measurable variables are available for characterizing the degree of
light absorption, i.e. the light intensity absorbed by a "dissolved" sample
substance. These are:

a) transmission T
b) absorption A
c) extinction E

Let I, be the intensity of light shone into a substance sample and I be the
light intensity still present after passage through the sample. Transmis-
sion, absorption and extinction may then be defined as follows.

Transmission T indicates what fraction of the irradiated light intensity
(in %) emerges from the sample:

T ='11" 100 (%)
(o]

If the sample solution absorbs no light (I = Iy), T = 100 %. If, on the
other hand, all the light is absorbed (I = 0), T = 0 %.

Absorption A indicates what fraction of the irradiated light intensity (in
%) is absorbed by the sample solution:




91

A = 0 % if the sample solution absorbs no light (I = I}, and A = 100 % if
all the light is absorbed (I = O).

Extinction E is the most {frequently used measurable variable for light
absorption. It is the decimal logarithm of the ratio of the intensity of
the irradiated light (1) to the intensity of the light beam leaving the
sample solution (I):

I
E:log—gr

The extinction is obtained from Lambert-Beer's law. It is zero if the
sample absorbs no light (I = I3 E = log 1 = 0). If light absorption by the
sample is absolute (I = 0), the extinction is infinite. In practical
spectrophotometry, the extinctions measured are between 0 and 1, and also
more rarely between | and 2. As a logarithmic value, the extinction has no
unit of measurement.

For the measurement of an absorption spectrum, the measurable variables A
and E should be plotted on the ordinate in ascending order, whereas T
should be plotted in descending order. The following two equations show the
relationship:

A= 100- T and E = log =

2.3.2 The Lambert-Beer Law

In order to measure the absorption of light in a spectrophotometer, the
substance is fed in solution into a measuring vessel (cuvette) with a path
length d, and the light intensity of a monochromatic beam of light is
measured before entering (Ig) and after leaving the cuvette (I). If path
length d or concentration ¢ of the solution is changed, the absorption of
light is also changed. The dependence is described by the Lambert-Beer law.
The extinction E is used as a measure of light absorption. The Lambert-Beer
law is a combination of Lambert's and Beer's law.

Lambert's law. The number of molecules struck by the light beam on its way
through a solution is entirely dependent on the path length of the cuvette,
given constant concentration. If the path length is doubled, the light beam
strikes twice as many molecules on its way through the cuvette, which then
also absorbs twice the amount of light energy. The extinction E, as a
measure of light absorption, must therefore be proportional to the irradi-
ated path length d (Lambert's law):

E ~d (d = path length in cm) becomes
E=k]-d

where:

k] = (substance-specific) proportionality factor

Beer's law. Given constant path length d, the number of molecules struck
by the light beam is entirely dependent on the molar concentration of the
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solution. Doubling the concentration causes a doubling of the number of
molecules struck and hence a doubling of light absorption. Given constant
path length, therefore, the extinction E must be proportional to the molar
concentration ¢ of the solution (Beer's law):

E ¢ (c = molar concentration in mol - litre=! becomes:
E=ky-c

where:

ko = (substance-specific) proportionality factor

Lambert-Beer law., If both path length d and molar concentration s of the
solution are changed, Lambert's law and Beer's law must be combined to
produce the Lambert-Beer law:

E = (i, kp+c-d
The proportionality factors k) and kp become a new proportionality factor &
E= -c-d
where:

E = Extinction (dimensionless)

& = Proportionality factor = molar extinction coefficient
(1« mol-l + cm-1),

¢ = Molar concentration (mo! - litre-1)

d = Path length (cm)

The Lambert-Beer law states that light absorption (extinction E) is
proportional to molar concentration ¢ and path length d. Plotting extinc-
tion against concentration given constant path length (or against path
length given constant concentration) therefore produces a straight line
(see below).

The proportionality factor & of the Lambert-Beer law is designated as the
molar extinction coefficient ("molar extinction", for short). & is equi-
valent to the extinction of a l-molar solution (c = 1 mol - litre-l) over a
path length of 1 cm (d = 1):

_ Imol
&= E Icm

Plotting a graph of & against wavelength A produces the absorption curve
of a substance in the same way as plotting A or E against wavelength A.

Each substance has a different molar extinction coefficient & for each
wavelength of its absorption spectrum. Generally, the & value quoted is
that determined for the absorption maximum Ay, namely & pax..

This value, & max.» represents a characteristic substance constant which,
depending on the structure of the substance, may lie between about 20 and
200 000 | - mol-l . cm‘l, and which is frequently given and plotted as log §
so as to avoid excessively high numbers.
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Applications of the Lambert-Beer law

The Lambert-Beer law is the fundamental law of absorption spectrophotometry.
It is applied in the following ways.

1} By measuring the extinction E of a substance in solution of known concen-
tration c, the molar extinction coefficient & may be determined:

&= —g - mol-1 - cm-1)

&, as a substance constant, may be used for testing the identity of
substances and determining the structure of organic molecules.

2) If is known, the concentration of a solution may be calculated from
the Lambert-Beer law by measuring the extinction E of the substance in
solution:

c = 8_fi_a.(mol )

This formula forms the basis of the application of the Lambert-Beer law
in quantitative spectrophotometric analysis. It should be noted that
this law applies strictly only to monochromatic light and, as a limit-
ing law, strictly only to dilute solutions, at constant temperature.

2.3.3 Design and mode of operation of an absorption spectrophotometer

In order to be suitable for measuring the absorption spectrum of a sub-
stance, a spectrophotometer must be in a position to:

a) produce light of a certain wavelength (monochromatic light); the wave-
length should be continuously variable (at the monochromator)

b) measure the intensity I, of the light shone into the substance solution
and the intensity I of the light emerging from the substance solution
at the receiver

c) display the absorption A or transmission T or extinction E, and register
the entire absorption spectrum of the substance (indicating instrument,
plotter).

The light source, for example an incandescent lamp, provides polychromatic
light. A bundle of rays is collimated through an aperture and strikes the
monochromator. With the aid of a prism or a grating, the monochromator
sorts a single wavelength (monochromatic light) from the mixture of many
wavelengths of the polychromatic light.

The intensity 1, is assigned to the monochromatic light of a certain wave-
length selected in this way. This intensity is recorded by directing the
light beam to the receiver (e.g. a photoelectric cell), but in general only
after passing the light beam through a '"reference cuvette" filled with pure
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The diagram shows the design of an absorption spectrophotometer.

23 a5 {6 7]

10 4 12 13

0

Fig. 22. 1) = Light source; 2) = Aperture; 3) = Monochromator; 4) = Aper-
ture; 5) = Cuvette; 6) = Receiver; 7) = Display; 8) = Polychromatic light;
9) = Monochromatic light; 10) = Substance; 11) = Solvent; 12) = Receiver;
D; Ig); A); 13) = ATE

solvent (beam path A in the diagram). This precludes errors which may arise
due to the individual absorption of the solvent, the reflection of light
from the cuvette and dispersion in the cuvette. In addition, the 0/100 %
setting of the device is made.

Subsequently, the same light beam passes through the cuvette containing the
dissolved sample. The intensity of the light emerging from this cuvette is
also measured in the receiver. The (automatic) indicating instrument
compares I with Iy and allows the values to be read off as A, T or E.

For identification tests or in order to record the absorption curves of
compounds these measurements are repeated, slowly changing the wavelengths
by turning the monochromator.

(As the light passes through the prism of the monochromator the various
wavelengths are refracted to varying extents; as the prism is turned, light
of a different wavelength passes through the exit aperture of the
monochromator.)

In order to determine the concentration of any known substance with a known
molar extinction, it is sufficient to set the appropriate wavelength and
measure [ at a certain constant path length.

2.3.4 Photoelectric photometers

In the case of simpler photoelectric photometers which can only be used for
the quantitative determination of dissolved substances at selected wave-
lengths (generally sufficient in water analysis), the monochromator is
replaced by a spectral filter which only allows light of a certain limited
wavelength range to pass. By appropriate selection of a metal vapour lamp,
therefore, the same purpose is achieved as with a monochromator.

The light beam emitted by the incandescent lamp or a metal vapour lamp
(e.g. Hg or Cd vapour lamp) is "sorted" by the spectral filter in such a
way that it is virtually monochromatic. As such it passes through the
cuvette containing the solution of the substance to be determined (after
exchanging the sample cuvette for a blank-test cuvette containing pure
solvent). After leaving the cuvette the residual light intensity I of the
beam is converted to an electric current in the photoelectric cell
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Fig. 23. Design of a photoelectric photometer; 1)
Aperture; 3) = Spectral filter; 4) = Cuvette; 5)
Indicating instrument

Incandescent lamp; 2)
Photoelectric cell; 6)

("photoelectric" indication). This current is passed on to an indicating
instrument (galvanometer) fitted with a scale allowing the extinction E to
be read off directly. The zero point (E = O) is set using the measured
value of the blank-test cuvette (pure solvent, plus - where appropriate -
all reagents used).

The selection of the spectral filter is dependent on the colour of the
solution of the substance to be determined. This solution always absorbs
the colour which is complementary to its own. The spectral filter must
therefore allow light of this complementary colour to pass. For example, a
solution is coloured orange because it absorbs blue, the colour comple-
mentary to orange, at approx. 450 nm. In this case, then, a spectral filter
must be used which provides blue light in the spectral range around 450 nm,
It must be remembered that, in contrast to a monochromator, a spectral
filter does not only allow light of a single wavelength to pass. The filter
has a "main wavelength range", alongside which, however, neighbouring
wavelengths also pass with decreasing intensity. Metal vapour lamps in
combination with suitable filters, on the other hand, supply monochromatic
light at the respective discrete wavelengths of the metal vapour.

2.3.5 Evaluation

(Spectrophotometric determination of content)

Extinction Eyx of the solution for analysis.

The concentration of the substance to be determined can be derived from the
value Ey using one of the following methods:

1) the Lambert-Beer law

2) with the aid of a reference solution

3) from a calibration curve

1) Application of the Lambert-Beer law

E=8 -c-d & = E Imol (in mol - litre-1)
lcm

the concentration of the substance to be determined is derived from the
measured extinction Ey (in mol + 1-1) as

Ex = &+ cyx-d, ie.

Ey
= —X . litre~1
Cx = Eod [mol - litre=1]
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2) In order to determine the content with the aid of a reference solution of
known concentration cy, the extinction of the reference solution E, and
that of the sample solution Ey are measured with the same path length d.
The Lambert-Beer law applies to both solutions.

Ey = & ¢y -d and Ex = & cx+d

The ratio of the extinction values of the two solutions is the same as
that of their concentrations

Ex _ o

Ey Cy ; converting, we obtain cy:

EX
CX = Cv E“l_

3) Interpretation with the aid of a calibration curve.

In order to plot the calibration curve, several solutions of known
concentration are prepared of the substance to be determined and their
extinction measured. These are then plotted on a graph as a function of
concentration (Fig. 24). The measured extinction Ey provides the
required concentration cy of the solution of unknown concentration.

The calibration curve provides information as to whether the Lambert-Beer
law applies to the required concentration range, i.e. whether extinction E
and concentration ¢ are directly proportional. If this is the case, the
calibration curve is a straight line. Deviations from the Lambert-Beer law
in certain concentration ranges are indicated by the curved course of the
calibration curve.

Determination of the calibration constant

In all physical methods of measurement used in water analysis it proves
advantageous, wherever a linear function exists between concentration ¢ and
measured value M within the intended measuring range, to dispense with the
use of a plotted -calibration curve, thereby avoiding unnecessary errors
when reading from the calibration lines.

E
i‘ |_—b
E
0 "/
w Fig. 24, Calibration curve for the
quantitative determination of a
substance. a, b: deviations from the

c—> Cx Lambert-Beer law.
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In such a case, the procedure is as follows: the known concentration ¢
given by measurement of a number n of calibration solutions is obtained
from each of the measured values M, the corresponding quotient calculated

F =

=0

and from this the arithmetic mean determined

N}

F-=2F

n
The value F represents the calibration constant.

According to the relation MF = ¢, the concentration value of the sample
corresponding to each measured value can now be determined. If the original
sample is used in- diluted form, multiply by the dilution factor to obtain
the concentration of the component to be determined in the original water
sample.

On the other hand, it can be seen from the manner of deviation of the F
values from F whether a linear relation between measured value and concen-
tration really exists; this would, for example, not be the case if the F
values significantly increase or decrease from n = | to n = 10,

The following example is intended to clarify the problem.

10 calibration measurements were carried out with solutions which contained
the substance to be determined in concentrations between 0.1 and 5.0 mg/!
in the sample for measurement. The table was prepared from the measured
values obtained.

From the table it may be calculated that:

IF

83.989

n = 10 F:ZTF=8.3989

C

n c M F = _M
1 0.10 0.0120 8.333
2 0.30 0.0362 8.287
3 0.50 0.0601 8.319
4 0.60 0.0722 8.310
5 0.80 0.0974 8.213
6 1.00 0.1233 8.110
7 2.00 0.2346 8.525
8 3.00 0.3365 8.915
9 4.00 0.4792 8.347
10 5.00 0.5794 8.630
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Fig. 25. 1) = Excitation; 2) = Excited state; 3) = Therm. energy; 4) = Atom
in ground state; 5) = Emission

2.4 Flame-emission spectrophotometry (FES)

In flame-emission spectrophotometry, also {frequently referred to for short
as "flame photometry", the sample under investigation is converted to
atomic vapour by applying thermal energy (a flame). As energy continues to
be added, a number of the atoms are changed to an excited state, in which,
however, they remain for only a short time (10-7 to 10-% sec.).

Following this period, the excited atoms, in which the outer electrons had
occupied more highly excited energy levels (orbitals), return to the ground
state. In this process, the energy difference AEj = hv between the excited
level and the electron ground state is released. The atomic line radiation
AE, emitted is characteristic for each element. If the flame burns evenly
and the substance is fed into the flame at a constant rate over the period
of the measurement, the intensity [, of the spectral lines observed
provides a measure of the concentration of the substances.

The principle of FES 1is based on the quantitative measurement of the
emission radiation of the intensity I, . The diagram shows the process of
atomic emission.

2.4.1 Design of the instrument

The following is a simplified schematic diagram of the arrangement of the
equipment for FES.

The usual atom reservoir in FES is the flame., The sample enters the flame,
where atomization takes place, in the form of a solution via the burner.

The degree of atomization of the sample in the flame and hence the sensi-
tivity, detection limit and magnitude of potential physical and chemical
interferences depend on a number of operational parameters of the flame.
For example, the degree of atomization increases as flame temperature
rises., Parallel to this, detection sensitivity is improved and the influ-
ence of chemical interferences is reduced.

I I
1 Ay o [ Asy g 4
Fig. 26. 1) = Atom reservoir; I An) = Intensity of the polychromatic flame
emission; 2) = Wavelength sector; 115} = Intensity of atomic emission of

the selected wavelength; 3) = Detector; 4) = Indicating instrument
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A hydrogenf/oxygen flame has proved its worth in applications in FES,
particularly when determining alkali metals. With a flame temperature of
2660 °C it is admittedly somewhat cooler than an acetylene/oxygen flame
(3130 °C), but the characteristic radiation of the hydrogen/oxygen flame is
about 10 times lower than that of the acetylene/oxygen flame.

The predominant burner type in FES is the turbulent burner, also known as
the direct-atomizing burner.

Generally, the cylindrical turbulent burner consists of two concentric jets
around a stainless-steel capillary tube. Hydrogen flows through the outer
jet, and oxygen through the inner jet. The two gases are mixed above the
rim of the jets. The sample solution is drawn up from the sample container
situated beneath the burner by the suction caused by the gas flow at the
upper end of the capillary and is sprayed directly into the flame. Since
the mixing process occurs above the rim of the jets the system is safe from
backfiring and the burner remains cool, making, for example, easy adjust-
ment possible.

Two parts of the flame may be distinguished: an inner, luminescent cone
(primary zone), and the outer, less luminescent surrounding area (secondary
diffusion zone). The highest temperature is generally found directly above
the inner cone. This region is therefore suitable for the measurement,
thanks also to the fact that the background radiation is at its weakest
here.

In FES, grating or quartz-prism monochromators are commonly used as wave-
length selectors for the polychromatic line radiation coming from the atom
reservoir (flame).

In simpler devices, so-called f{filter photometers, the monochromator is
replaced by filters which have the task of allowing the desired spectral
line to pass as easily as possible, but on the other hand to retain the
lines of other elements to a large extent. An improvement in line selection
can be achieved by arranging several different f{filters in series. However,
one is always dependent on a limited number of filters. In contrast, a
monochromator has the advantage of being adjustable to any element detect-
able in the flame simply by adjusting the prism. It is even possible to
select the most favourable line amongst the various lines of an element.

The transmission region of a monochromator can be continuously adjusted by
varying the aperture width (adjusting the entrance and exit apertures).
This makes it possible to reduce interference, but on the other hand
involves a reduction in sensitivity in the case of narrow aperture widths.
In order to measure such low radiation power, it is necessary to use a
sensitive radiation detector with high-quality electronics.

The exit radiation is measured in a secondary electron multiplier (SEM)
used as a detector as the photons hit the photocathode. The latter usually
consists of alkali-metal alloys, and is of varying sensitivity, depending
on the spectral range of the incident photon radiation. The electrons which
are primarily liberated are amplified directly by a dynode cascade by a
factor of up to 1010, The anode collector voltages may reach 2500 V. The
degree of amplification is limited by so-called thermal noise.

The current signal proportional to the incident light intensity 1 produced
in the detector or the SEM is fed to an indicating instrument. The measured
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value can be read against time (quantitative measurement) or against wave-
length (qualitative measurement). The instruments have current-proportional
digital displays giving a readout of absorption or, if a logarithmic
converter is connected in series, of extinction.

In FES, the relative detection limit is defined as the concentration for
which the intensity corresponds to twice the noise level. The absolute
detection limit thus refers to the masses of this concentration. The
optimum measuring range generally lies between 15 and 100 times this value.

It should be noted that while sensitivity and selectivity do indeed
increase as spectral band width decreases (aperture width of the mono-
chromator), at the same time the total intensity recorded at the detector
decreases, worsening the signal-to-noise ratio.

2.4.2 Evaluation

Since it is difficult to determine all the values contained in the basic
equation for the evaluation of the intensity measurement, the simpler
relative method is preferred in FES. This is based on calibrations which
are carried out with known element concentrations with the same operational
parameters as for the measurements on the sample. The content of the sample
of the element to be determined is then given by comparing the intensity or
extinction of the calibration solution and the sample solution. The aim
should always be for the matrices of the two solutions to agree.

A further calibration and evaluation method is the addition method. Here,
known quantities of the element to be determined are added to the sample
solution. Treated and untreated sample solutions are then measured. The
measured intensities or extinctions are plotted on a graph against the
element concentration with the addition, and the resulting calibration
curve is extended to the intersection with the abscissa. The value at the
intersection point with the abscissa represents the concentration of the
untreated sample solution. The particular advantage of this method lies in
the fact that if the matrix of the sample is unknown the same matrix is
retained for the calibration. This method should not be confused with the
"internal standard" method, where a known, constant quantity of an element
which was not originally contained in the sample is added to the sample and
calibration solutions.

Improved accuracy of evaluation in FES is given by using the so-called
"pincer method", which is recommended for example for rubidium and caesium
determination. In this method, two calibration solutions as close as
possible to - the solution for analysis are taken from the series of
calibration solutions; the concentration of one of the two calibration
solutions should be below and that of the other calibration solution above
the concentration of the solution for analysis. Under these conditions
(optimum approximation = pincer), determination can be carried out to an
accuracy which deviates from the true value to an ever decreasing extent as
the difference in concentration between the two calibration solutions
decreases and as the calibration curve runs ever straighter.

Flame-photometric measurements are particularly subject to the influence of
the following factors:

1. Surface tension, viscosity and density of the solution under investi-
gation
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2. Hindrance of evaporation due to accompanying substances which form new,
thermally stable compounds in the flame with compounds of the element
to be determined

3, Mutual influence of excitation of the excitable elements present in the
sample

4, Cross sensitivity, i.e. raising the measured value by the radiation
emitted by accompanying elements which reaches the photoelectric detec-
tor as a result of incomplete optical separation.

In principle, the simplest way to eliminate these disturbing factors is to
adjust the composition of the calibration solutions with regard to all
accompanying substances to match the composition of the sample solution
under investigation. This procedure presumes at least approximate knowledge
of the composition of the sample which in most cases is not available in
practice, not to mention the considerable calibration work in each indi-
vidual case.

Reference is made here to a method perfected by W. Schuhknecht and H.
Schinkel (Fresenius' Z. Anal. Chem. 194, 161 - 183 (1963) for the elimi-
nation of such interference factors in a mode of operation universally
valid for alkali determination. It also forms the basis for the methods of
determination of lithium, sodium, potassium, rubidium and caesium presented
in this book (Section 3.3).

In the case of alkali determination, interference factor 2 plays no signi-
ficant role due to ‘the relatively high volatility of all alkali compounds.
The cross sensitivity, interference factor 4, of most of the elements
potentially present in the sample is so much smaller than the intensity of
the alkali lines that it can likewise be ignored. This also applies to the
mutual cross sensitivity of potassium, sodium and lithium. Alkaline earths
present in the solution form an exception. The interfering alkaline-earth
cross sensitivity can be suppressed by adding aluminium nitrate to cali-
bration and measurement solutions as a "physical buffer". Since the rela-
tively high aluminium salt content - required here also predominantly
determines the physical properties of all solutions (surface tension,
viscosity, density), the addition of aluminium nitrate also dispenses with
interference factor 1.

The wuse of caesium chloride as a "spectroscopic buffer" helps towards
eliminating interference factor 3. It can be seen that caesium, an element
with very low ionization energy (3.89 eV), eliminates the mutual influ-
encing of excitation of potassium, sodium and lithium,

2.5 Emission spectrum analysis

Spectral analysis is wused for qualitative and quantitative analysis. The
analysis is carried out by producing, observing and measuring the electro-
magnetic spectra of the substances under investigation with the aid of
appropriate spectrometers.

In the case of emission spectrum analysis the substance under investigation
is vaporized under an electric discharge occurring between two electrodes,
and the atoms are excited to produce radiation by supplying electrical or
thermal energy. This radiation is produced in the following way: the
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additional energy raises the electrons of the outermost electron shell of
the atoms to a trajectory with a higher energy level (orbital); during the
transition to the ground state the energy previously taken up is released
again in the form of radiation of particular wavelengths. The radiation is
then spectrally decomposed in a grating or prism spectrograph. As a rule,
the line spectrum produced is recorded on a photographic plate. Qualitative
detection of the elements is made on the basis of the location of the
spectral lines, and the intensity of the lines serves to determine their
quantity. Compared with photographic recording, photoelectric measurement
of the spectra has the disadvantage of lower resolving power.

The main light or energy sources which can be used to excite the elements
in trace analysis are the electric arc (direct-current arc) and spark
discharge. Arc discharge has the advantage of lower detection limits, while
spark discharge exhibits better reproducibility with lower detection power.

See also Section 3.4

2.6 X-ray Fluorescence Analysis

X-ray fluorescence analysis is used for qualitative analysis of water
samples, in particular to determine the presence of heavy elements, and
also for semi-quantitative determination, especially of heavy elements such
as barium or thallium whose presence has been demonstrated.

In X-ray fluorescence spectrometry, primary X-ray radiation is produced by
means of an X-ray tube, exciting the sample located in this beam to emit
fluorescence. This secondary radiation is rendered parallel by a collimator
and diffracted and reflected by a movable analyzer crystal. The intensity
of the radiation is measured in the receiver, e.g. a geiger, proportional
or scintillation counter, at a wavelength specific to the element.

In water analysis, a dry residue of the water sample is most commonly used
for X-ray fluorescence analysis. The polychromatic radiation emitted by
X-ray tubes excites the heavy elements in the dry residue to emit corre-
sponding radiation.

This secondary radiation is diffracted in an analyzer crystal, thereby
breaking it down into the various wavelengths. By measuring the angle of
deflection it is possible to calculate the wavelength of the diffracted
radiation,

Disregarding higher-order reflections only one value of the angle of deflec-
tion exists for a given wavelength. The spectra emitted by an element
consist of a small number of characteristic lines. If the ionization of the
element to be determined takes place in the K shell of the atom, it is
mainly the K- line that is produced. The K- « line is always accompanied
by the weaker K-8 line.

If ionization of the element to be determined takes place in the L shell,
then the L spectrum, which has more lines, is observed. Here the L-& and
L-B) lines are preferred for analysis. Thus the fluorescing elements can
be identified from their emission lines, thereby permitting qualitative
analysis of the sample.
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Fig. 27. 1) = X-ray tube; 2) = Primary X-ray beam; 3) =
escence radiation; 5) = Collimator; 6) = Analyzer crystal; 7)

Sample; 4) = Fluor-
= Receiver

For quantitative analysis, which is also possible, it is necessary to
perform suitable calibrations.

This involves:

a) first identifying the element on the basis of wavelength,

b) measuring the intensity of the radiation emitted, using (for example) a
proportional or scintillation counter, and

c) performing the calibration with the aid of calibration samples of appro-
priate concentration under identical experimental conditions.

Qualitative X-ray fluorescence analysis can form a useful supplement to
qualitative emission spectroscopy when analyzing water samples, since the
X-ray. fluorescence technique is particularly good for identifying the
so-called heavy elements in the dry residues.

2.7 Atomic Absorption Spectrometry (AAS)
Theory

The AAS method is based on the fact that atoms in their ground state can
absorb light of a particular energy (i.e. frequency). This process is the
reverse of the emission of light by atoms excited by being exposed to
energy (e.g. thermal energy in flame photometry). In AAS, light of a
defined wavelength radiates through the atomizer system (flame or graphite
tube cuvette) and is absorbed there by atoms in the ground state. The
quantity of absorbed light is proportional to the concentration of non-
excited atoms. It is measured as selective resonance in a detector.

Light is emitted at the source of radiation and absorbed by atoms in the
atomizer system at exactly defined wavelengths and within strictly limited
spectral ranges (half width of hollow cathode discharge lamps acting as
source of light, approximately 0.002 nm), whereby each spectrum line is
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specific for a given element. As every element has its own characteristic
emission wavelength (which is identical to the absorption wavelength in the
ground state), hollow cathode discharge lamps whose cathode consists of the
element to be determined are used as source of radiation. If voltage is
applied to the two electrodes in the hollow cathode lamp, a glow discharge
forms in the rare gas atmosphere of the lamp. This excites the cathode
material, which thus emits its characteristic spectrum

Over a wide range, AAS obeys Beer's law, which describes a linear relation-
ship between extinction and the concentration of the element in question.
The concentration required is determined by multiplying the measured
extinction by a calibration factor or by reading off with the aid of the
calibration curve.

2.7.1 Design of the equipment

An atomic absorption spectrophotometer consists of a source of light
(hollow cathode discharge lamp) emitting the spectrum of the element to be
determined, a monochromator separating from the spectrum the resonance line
typical of the element in question and selected for the determining
process, and a detector converting the flow of photons into a flow of
electrons. An amplifier tuned to the modulation frequency of a rotating-
disc shutter can be connected between detector and indicating instrument.
This rotating-disc shutter modulates the radiation between source of light
and sample in accordance with the amplifier frequency. In this way, any
non-modulated radiation, even if emitted spuriously by the flame, can be
eliminated,

The flame <can be replaced as an atomization device by flame-less
"atomizers" (graphite rod, graphite tube cuvette), but special working
instructions must be observed when using these (see Fig. 28). The advantage
of this kind of modification lies in a considerable improvement in detec-
tion sensitivity.

In order to atomize in the flame an element to be determined, the sample is
sprayed via a pneumatic sprayer into a mixing chamber where it is mixed
intimately with a combustible gas (e.g. acetylene) and an oxidation agent
(e.g. air or nitrogen (I) oxide). It then reaches the flame through the
burner slit in a laminar burner. As a result of the heat, dissociation
takes place in the atoms which absorb the light at a defined wavelength
from the hollow cathode lamp.

o-F1-e

l 1 21 3 |4 |5 |6]

Fig. 28. Design of an atomic absorption spectrophotometer (double-beam
alternating light device); 1) = Source of radiation; 2) = Flame; 3) =
Monochromator; 4) = Detector; 5) = Amplifier; 6) = Indicating instrument

(after B. Welz)
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The monochromator used in AAS does not require the high resolving power
necessary for other spectrometric processes, because spectral interference
is for the most part eliminated by the use of sources of light specific to
the element and the selective amplifier. It merely has to eliminate
adjacent resonance lines in the element to be determined, not emission
lines from accompanying elements. For this purpose, a resolving power of
approximately 0.2 nm is generally sufficient. On the other hand, the
possibility of working with large slit widths (up to approximately 2 mm)
means a high degree of light passage through the monochromator and thus a
favourable signal/noise ratio, leading to good identification limits and a
high degree of reproducibility.

Disturbances

An important disturbing factor in AAS is "chemical interference". This can
occur if the element is present in the flame both in atomic and in mole-
cular form (flame temperature not high enough, secondary reactions with
formation of compounds which are difficult to dissociate). In this form the
light emitted by the hollow cathode lamp is not absorbed.

In order to eliminate these disturbing effects, which as a rule overlap,
attempts must be made to create more favourable conditions for atomization
by optimizing the flame and the position of the burner and by increasing
the flame temperature (e.g. NpO/acetylene instead of air/acetylene).
Individual disturbing factors can be suppressed selectively. Thus, the
difficulties caused by phosphate when determining Ca and Mg can be elimi-
nated by adding a lanthanum salt. The addition of calcium similarly elimi-
nates the obstacles presented by silicic acid to the identification of
manganese. In the case of barium, the proportion of atoms ionized in the
flame - reducing the basic level of the (absorbing) population - is
considerable. This problem can be eliminated by adding to sample solution
and standard an excess of a more easily ionizable element with a similar or
lower ionization potential (e.g. Na* as NaCl).

Interference due to scattered light is particularly noticeable at short
wavelengths. It arises when the flame contains solid particles or droplets
of liquid, and also from molecular association of radicals in the flame (O,
OH, CN) with the added salts. These disturbances can be eliminated by
largely matching the content of foreign matter in both sample and standard,
or by making a background correction. The background is measured at a
wavelength as close as possible to the analytical line, but at which the
element to be measured is not recorded, and this figure is subtracted from
the one obtained at the analytical wavelength.

The wuse of a continuous radiation source can also eliminate background
absorption. In this method, radiation from a hollow cathode lamp and
radiation from a continuous radiation source are transmitted alternately
through the flame. The advantage is that the correction takes place direct-
ly on the line. A certain disadvantage in this method is admittedly to be
found in the increase in noise.

2.7.2 Scope

The table gives a summary of the elements which can be determined with and
without flame by means of AAS.
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Identification limit pg/l

Element Graphite tube furnace Flame
(100 pl measuring solution)

Ag 0.005 1
Al 0.01 30
As 0.2 20
Au 0.1 6
B 15 1000
Ba 0.04 10
Be 0.03 2
Bi 0.1 20
Ca 0.05 1
Cd 0.003 0.5
Co 0.02 6
Cr 0.01 2
Cu 0.02 1
Fe 0.02 5
Hg 2 200
K 0.002 1
Li 0.2 0.5
Mg 0.004 0.1
Mn 0.01 1
Mo 0.02 30
Na 0.01 0.2
Ni 0.2 4
P 30 50 000
Pb 0.05 10
Pt 0.2 40
Sb 0.1 30
Se 0.5 100
Si 0.1 50
Sn 0.1 20
Te 0.1 20
Ti 0.5 50
Tl 0.1 10
\' 0.2 40
Zn 0.001 1

Examples of relative identification limits (in pg/l) which can be achieved
with the graphite tube furnace and flame techniques. The values for the
graphite tube furnace technique relate to a sample volume of 100 ul.

The table gives average values which are subject to considerable fluctua-
tions from case to case depending on equipment, composition of the sample
and the method selected to optimize the parameters for the instruments.

A number of metals (e.g. Al, Ba and Be) require the use of a (hotter)
NoO/acetylene flame to dissociate the molecules. Barium can be sprayed into
the flame directly in aqueous solution, whereas for the determination of
aluminium and beryllium in the concentrations in which they are found, for
example, in water treatment in waterworks, previous enrichment is necessary
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by chelating and extracting the metal-chelate complexes with an organic
solvent.

There are no generally valid working instructions for handling the equip-
ment, Under all circumstances, the instructions supplied with the equipment
by the manufacturer are binding. Attention should be paid to good horizon-
tal adjustment to the equipment, to the correct insulation of the hollow
cathode lamp and to correct setting of the monochromator to the wavelength
of the element in question. Check slit width and lamp current as stated by
the manufacturer. After igniting the flame, adjust the flow of oxidizing
gas and combustible gas accurately. Adjust burner to maximum absorption and
flame stability.

When spraying organic solvents into the flame (after extraction stages, see
Sections 3.3. and 3.4), the combustible gas/air ratio should be reduced, as
the organic solvent itself acts as combustible gas. If this step is not
taken, there is a risk of an interfering luminescence if the flame rises to
high above the burner. In order to correctly adjust the ratio of combusti-
ble gas to air, commence with the mixture ratio prescribed by the manufac-
turer for the appropriate analysis, and then reduce the supply of combusti-
ble gas step by step, in line with the spray rate of the organic solvent,
so that the flame remains at the same height as it was before spraying
started. The air/acetylene flame 1is regulated to give a bluish colour
rather than burning brightly, The flow of the acetylene for the laughing
gas flame 1is regulated so that the flame takes on a pink colour. In
general, the flow of acetylene for a laughing gas flame must be double the
flow for an air/acetylene flame.

2.7.3. General aspects of calibration and analysis

After producing suitable series of dilutions from the stock metal
solutions, first spray for 2 minutes with demineralized water (4 - 5
mi/min.). The standard solutions are then atomized. A blank sample consist-
ing of demineralized water should be inserted between every two measure-
me/n)ts. The readings are plotted as "extinction against concentration" (in
ve/D.

In the case of metals which are determined after enrichment by extracting
in an organic solvent, all procedural steps must also be applied in the
calibrating process. The calibration curves for nearly all elements are
practically linear.

The samples for analysis and calibration are treated according to the
equipment instructions prescribed by the manufacturer. In order to keep the
equipment drift as low as possible, care should be taken that all measure-
ments (blank reading, calibration and sample solutions) are taken speedily
one after the other without unnecessary pauses. At least three readings per
measurement should be taken to determine the average value. In cases of
uncertain values, the "pincer" method should be used. Repeated checking of
the zero point is particularly important in the case of samples with low
extinction, because a zero point drift can easily occur with increasing
soot formation on the burner.
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2.7.4 AAS measurements using the graphite furnace technique

The sensitivity of the conventional flame techniques is limited in that
only 3 to 10 % of the sprayed sample reaches the flame. A feed system
consumes approximately 4 ml/min., of which 0.2 ml/min.- reaches the flame.
With a gas flow rate of 10 I/min. in an air/acetylene burner, the sample is
thus diluted approximately 50 000-fold. If the same solution is dried and
the dry residue rapidly heated and atomized, a considerable increase in
sensitivity is to be expected. This can be achieved by placing a small
volume (2 to 50 pl) in the graphite tube cuvette. The table above shows
examples of the relative detection limits of the graphite tube furnace and
flame techniques. The graphite tube cuvette is normally 2 to 5 cm long. By
applying high currents of low voltage to the ends of the tube, the cuvette
is heated. By means of this type of resistance heating, a precise gradu-
ation of the heating temperature and thus the selection of optimum tempera-
ture conditions for atomization of every single element can be achieved.
Atmospheric oxygen should be kept away from the system, which must there-
fore be flushed with inert gas. The maximum operating temperature is in the
region of 3000 °C. The majority of cuvette manufacturers supply tubes
coated with pyrolytic graphite. This improves sensitivity and reduces
"memory effects" in the case of such carbide-forming elements as molyb-
denum, silicon, titanium and vanadium. Furthermore, improved resistance to
oxidizing mineral acids and longer life at higher temperatures can also be
observed.

Nitrogen is frequently used as shielding gas. As a rule, however, argon is
used in the case of elements which form nitrides, e.g. barium, molybdenum,
titanium and vanadium. In order to reduce condensation of the sample and
evaporation of the matrix products at the cooler ends of the cuvette, the
shielding gas is wusually fed in at the ends and escapes from the sample
insertion hole. The flow of gas is usually optimized by the equipment
manufacturer.

The sensitivity of this technique depends directly on the volume of the
sample. Volumes of between 10 and 20 pl are very frequently used. The use
of an automatic feed system is of considerable importance in this graphite
tube AAS technique, having a crucial influence on the sample dosing on
which precision and accuracy depend. Thus, not only the point in the
graphite tube at which a sample is introduced is important, but also how
the drop is applied to the tube wall. These factors can only be completely
controlled by automation. A degree of reproducibility better than 1 % is
achieved in this way.

The majority of commercial appliances allow temperature and time selection
for evaporation of the solvent, for the incineration phase and for the
atomization phase. It is important for the sample to evaporate completely
before the incineration phase commences. If the heating rate is too rapid,
the solvent spatters and reproducibility deteriorates appreciably. The
temperature for incineration should be selected so that the maximum evapora-
tion of the matrix occurs without reducing the concentration of the element
to be determined. In the case of samples with high proportions of volatile
substances, mechanical loss can occur if incineration is too rapid. It has
proved suitable for evaporation of the solvent to raise the temperature
rapidly to near the boiling point of the solvent, to continue heating
slowly to boiling point and slightly beyond, and to stay at this tempera-
ture approximately 10 to 20 seconds. The rises in temperature are usually
followed by an isothermal phase. As rapid arise in temperature as possible
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is selected to atomize the element, since the more rapid the heating rate,
the greater the density of the atom cloud and hence the greater the sensi-
tivity. If the matrix accompanying the sample is not removed during the
atomization phase, changes in sensitivity can be observed after a certain
measuring time. This can be overcome by selecting a noticeably increased
final temperature after approximately 10 to 20 samples, In complex matri-
ces, e.g. salt waters, a slow heating rate can be selected in order to
separate the element to be determined from the matrix.

In the case of non-saline waters, the maximum heating rate is usually
selected, as this generally reduces chemical interference. Sensitivity is
also increased, particularly with such low-volatile elements as molybdenum,
titanium and vanadium. It is of considerable importance to heat the cuvette
to a higher temperature than the atomization temperature of the element to
be determined.

The signals produced can be evaluated with the aid of the peak-area method
or the peak-height method. Suitable integrators are available for this
purpose in modern equipment.

Non-specific  background absorption occurs to a larger extent in the
graphite furnace technique than with flame AAS. For this reason, it is
urgently recommended that automatic background compensation be used. When-
ever a new method is developed, the background absorption of typical
samples should be checked. If such significant absorptions exist, improve-
ment can be achieved by modifying such parameters as incineration tempera-
ture or by adding matrix modifiers. Interference phenomena can be further
reduced by a variety of methods, e.g. calibration with the aid of the
standard addition process, or selective extraction of the element to be
determined. Interference should be checked with graphite tube cuvettes of
different ages.

2.7.5 Example of an AAS measuring system after Perkin-Elmer

Atomic absorption spectrometry (AAS) is one of the most commonly used
instrumental techniques of analysis for the quantitative determination. of
metals and metalloids particularly in water samples, including those from
wastewater, refuse seepage water, sludges and wastes. (See preceding
Section and Sections 3.3 and 3.4)

The main advantages of AAS are its high specificity and selectivity, the
sensitivity being variable over broad ranges depending on the type of
atomization selected (flame, graphite, cold vapour or hydride technigue).

Information concerning the equipment used, the hollow cathode lamps, the
graphite tube, hydride and cold vapour devices can be obtained from the
suppliers of this equipment together with further details of fuel gases,
safety regulations, fume exhaust facilities and evaluation units. Enquiries
are always valuable, amongst other things because the development of this
type of apparatus is constantly advancing, as is the entire field of
instrumental analysis.
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Fig. 29. 1) = Spectrometer; 2) = Data system; 3) = Printer; 4) = Cold-
vapour and hydride technique; 5) = Graphite-tube furnace with automated
sample feed; 6) = Graphite-tube furnace; 7) = Burner; 8) = Flame unit with
automated sample feed (Perkin-Elmer)

2.8 Atomic Emission Spectrometry with Inductively Coupled Plasma
Excitation (ICP-AES)

2.8.1 General

A solid state of aggregation is no longer possible above 6000 °C. At such
temperatures, states occur which can be described as "plasma" in the widest
sense of the word. Plasma is characterized by the fact that electrically
charged particles are created by the breaking up of gas molecules - a
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process referred to as ionization. A plasma is thus a gas whose atoms or
molecules have to a greater or lesser extent broken up into positive and
negative charge carriers.

For atoms to ionize, a specific energy, the so-called ionization potential,
must first be applied. This energy must furthermore be fed to the atom
itself. The ionization potential is expressed in electron-volts (eV). The
value for the majority of elements lies between 4 and 25 electron-volts.

In emission spectrometry, plasmas have the task of exciting the atoms to be
measured to emission. Plasma 1is in principle an electrically conductive,
fluid system in predominantly gaseous matter. The properties of a plasma
are determined by the charge carriers already mentioned and by its quasi-
neutrality, as the plasma has an overall electrically neutral effect when
observed for a longer period of time.

A plasma is produced by transferring electrical energy to a flow of gas. In
the case of inductively coupled plasma, a high frequency generator with an
induction coil is wused to supply energy for the ionization potential
required. The energy is directly proportional to the density and tempera-
ture of the plasma. In most cases, easily ionizable argon, and in some
cases helium is used as gas. When using a cooler gas, e.g. nitrogen, as
cooling jacket, the temperature of the plasma and thus the ionization
potential can be increased simultaneously. In this way, ionization poten-
tials in the upper electron-volt range can also be achieved.

It is particularly important for the practical analytic application of
plasma that high temperatures speed up thermal ionization. This effect is
used as follows in inductively coupled plasma (ICP).

A gas is fed through a system of quartz tubes whose shape facilitates flow
and to the end of which a strong current of high frequency is applied.
After ionization of the gas, a homogeneous plasma of high thermal intensity
is produced. Minutely atomized particles of solution are fed via an added
carrier gas into the hot plasma core and atomized or ionized as a result of
the residence time of these element particles in the plasma. This causes
the elements to emit spectra which can be recorded qualitatively and
quantitatively with the usual spectrometric systems (Fig. 30).

In recent years, inductively coupled plasma excitation (ICP) has particu-
larly come to the fore. By means of the high temperature produced in an
ICP, which can reach up to 10000 K in the region of the high frequency
generator, a very efficient transfer of energy from the plasma to the
sample material is achieved, together with relatively long residence time
of the aerosol in the system of excitation. Above all, two phenomena are
avoided in ICP which occur in conventional atomic absorption spectrometry:

L. Absorption of the radiation emitted within the source of radiation by
atoms from the same element. This phenomenon, referred to as self-
absorption, has the effect of extending the physical line profile.

2. Absorption by atomic vapour of lower temperature in the peripheral zones
of the source of radiation. In this phenomenon, referred to as
"self-reversal", radiation at the line centre is lower than that at the
flanks. Both in self-absorption and in self-reversal, reductions in
sensitivity can occur. It is also advantageous that alkaline-earth
elements and boron and silicon can be determined free of any interfer-
ence on account of the low partial pressure of oxygen in the ICP.
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Fig. 30. Schematic diagram of ICP; 1) = HF generator; 2) = plasma 10,000 K;

3) = source slit; 4) = refractor plate; 5) = grating; 6) = atomizer; 7) =
sample; 8) = amplifier; 9) = exit slit; 10) = photomultiplier; 11) = argon;
12) = simultaneous measurement system; 13) = computer; 14) = terminal; 15)
= printer

Each ICP system consists of a high frequency generator with induction coil,
the plasma burner, an atomizer chamber, the atomizer and an appropriate gas
supply. Attention must also be paid to further factors necessary for an
effective measuring system, such as the actual height of the high frequency
output at the induction coil, the use of a gas as cooling jacket, the
mechanical flexibility of the burner unit and various technical elements
(pump, needle valves, flow meter for gas control).

The conditions for measurement can be selected for routine analysis so that
approximately similar conditions of excitation exist for a particular
prescribed number of elements. For this reason, ICP is  particularly
suitable as source of excitation for multi-element analysis of solutions.

2.8.2 Equipment
The total configuration of equipment consists of the following modules:
- High frequency generator

- Plasma burner
- Atomizer system
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- Spectrometer
- Systems for processing measured values

The high frequency generator supplies the energy for the inductively
coupled plasma. As a rule its output lies between 0.7 and 2.5 kilowatt at a
normal frequency of 27.12 MHz.

In the majority of cases, argon is used in the plasma burner both as plasma
gas and as cooling gas. The burner consists of three quartz tubes inserted
one within the other, with the tulip-shaped interior tube initially ensur-
ing a build-up of gas which is only then followed by high acceleration
along the interior wall of the outside tube. The cooling gas is fed into
the high frequency field via the outside tube. It is required exclusively
for the formation of the plasma. The temperature achieved is approximately
10 000 °K. The consumption of cooling gas is 10 to 20 litres per min.

As is also the case in atomic absorption spectrometry, the sample must
enter the burner via an atomizer in ICP as well. The efficiency of the
atomizer plays a considerable role in producing as finely distributed an
aerosol as possible. For example, the Meinhardt atomizer, a concentric
pneumatic glass atomizer with fixed capillaries, is often used. The quanti-
ty of carrier gas and the efficiency of the atomizer have in the meantime
been well matched for ICP analysis. The cross-flow atomizer similarly works
on pneumatic principles. The two capillaries used are adjustable and can be
adapted to differing plasma conditions. At a carrier gas flow of approxi-
mately 1 I/min. 0.5 to 2 ml/min. of sample can be sucked in depending on
capillary diameter. The ultrasonic atomizer offers the highest efficiency
of all atomizer systems known to date. The sample solution is drawn in by a
peristaltic pump and fed via a capillary to an ultrasonic vibrator disc.
Its advantage is a considerable increase in intensity compared with pneu-
matic atomizers, but memory effects as a result of the fine atomization
make rinsing periods of several minutes necessary.

Sequence emission spectrometers and multi-element emission spectrometers
are used in ICP analysis according to the method of analysis required. In
the case of the ICP sequence spectrometer, the constituent elements are
measured sequentially, i.e. consecutively. The different wavelength ranges
in the spectrum are selected by turning a grating. Depending on which
element is selected, a synchronized automatic wavelength selector selects
the appropriate wavelength, and this demands a high degree of precision in
the movement mechanism of the grating. In this variation of an ICP spectro-
meter, the lines of analysis can be freely selected, which is advantageous
in the case of possible background interference.

In the case of the simultaneous spectrometer, the quantity of a large
number of elements can be recorded at the same time within a very short
period. Good dispersion, high resolving power, a wide spectral range, and
where possible process control coupled with data processing are the require-
ments for such a system. Limitation to a pre-determined selection of
elements is a disadvantage. The information gained in ICP should, like the
total programme sequence, be evaluated and/or controlled by coupling to a
suitable computer. For example, the following operations can be automated:

- Input of data and user programming by interactivity

- Determination of the spectral window and number of wavelengths to be
measured

- Recording the calibration concentration, determining the signal/noise
ratio, calculation of mean value and variance.
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- Dynamic background measurement at any specified distance from the peak

- Filing of spectra on storage media

- Reporting results of analyses and output of all necessary measuring and
result parameters

- Retrieval of stored spectra from the data media

- Control of automatic sample feed equipment

2.8.3 Analytical limits

ICP is used to analyze samples of water and waste water, and also solid
samples after suitable maceration processes. The detection limits and
reproducibility = factors (coefficients of variation) are summarized at
defined wavelengths for 24 elements in the following table (Hoffmann).

It is clear that the detection limits lie in the samé range as for flame

AAS. The advantages over flame AAS lie in the possibility of determining

Reproducibility and detection limits in ICP emission spectrometry

Element Wavelength Detection Coefficient of variation
limit
nm pg/l for 1 mg/l for 10 mg/l

Agl 328.07 6 0.6 0.3
All 308.22 20 1.5 0.9
As 1 193.69 30 1.2 1.0
B I 249.68 5 0.6 0.5
Ba II 493.41 1 0.4 0.3
Be II 313.04 0.5 0.7 0.6
Call 396.85 0.5 0.5 0.4
Cd1I - 228.50 2 0.8 0.4
Coll 228.62 3 0.8 0.7
Crll 205.55 6 0.6 0.6
Cul 324.75 2 0.2 0.2
Fe II 259.99 3 0.6 0.5
Mgll 279.08 0.5 0.4 0.3
Mnll 257.61 I 0.7 0.4
Moll 202.03 5 0.7 0.7
Nal 589.59 20 1.0 0.5
Ni II 231.60 10 0.4 0.3
P I 214.91 50 1.5 0.5
Pb II 220.35 20 1.1 0.9
Sb I 206.83 30

Sn II 189.99 30 1.0 0.8
Sr 11 407.77° 0.5 0.5 0.3
vV 1 292.40 5 0.4 0.2
Zn 1 213.86 2 0.5 0.4

I) = Atomic line; II) = Ionic line
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the elements phosphorus and silicon. Enrichment processes must be carried
out before analyzing elements in the lower trace range, such as occur in
ground water or drinking water,

2.9 Fluorescence Spectrometry

The application of fluorescence spectrometry presupposes that the substan-
ces to be analyzed display fluorescence which can be measured, or can be
made fluorescent by such measures as producing derivatives. Precisely these
processes of producing derivatives are becoming increasingly important, as
in many cases they make it possible to take advantage of the benefits of
fluorimetry and its low detection limits,

2.9.1 Equipment

The four main components of a fluorescence spectrophotometer are as follows:

- Light source for excitation

- Monochromator or filter for the selection of excitation and emission
wavelengths

A schematic configuration of a fluorescence spectrophotometer is shown in
Fig. 31.
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Fig. 31. Schematic diagram of a fluorescence spectrophotometer; 1} = Power

supply; 2) = Light source; 3) = Slit; 4) = Excitation monochromator
(filter); 5) = Light-absorbing wall; 6) = Measuring cuvette; 7) = Emission
monochromator  (filter); 8) = Photometer, recorder; 9) = Photomultiplier

cell
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- Measuring cuvette
- Photomultiplier cell as detector

The sources of excitation frequently employed in spectrophotometers for
measuring fluorescence are gas discharge lamps. These have the advantage of
a high radiation intensity and of emitting over a wide range of wavelength
from approximately 200 nm to above 1000 nm. The most important types are
mercury vapour, Xenon or mercury-xenon lamps. The lamps most commonly used
are high-pressure lamps in which the intensity of excitation must be kept
constant. Tungsten lamps are also suitable in the visible range. However,
their intensities fall off appreciably in the ultraviolet range.

The wavelengths in fluorescence spectrophotometers are generally selected
with the aid of monochromators; line emitters are predominantly used in
simple filter fluorimeters, but continuum radiators can also be employed in
conjunction with cut-off filters. Fig. 32 clearly shows the basic principle
of a monochromator.

The radiation arriving from the fluorescent sample is focussed by condens-
ing lens L onto entrance slit S. The light passing through this entrance
slit passes through the collimating lens K and the prism (or grating) D,
where it is dispersed into a spectrum. The light emerging from this dis-
persion unit is focussed by lens F onto exit slit Sa. The exit slit
isolates a narrow range of the spectrum., For high standards in the case of
mixtures, types of equipment possessing monochromators to diffuse the
excitation and emission radiation are necessary.

In contrast to cuvettes for measuring absorption, the standards of measur-
ing cuvette accuracy required in fluorimetry are not so high, as only a
comparatively small range of the excitation radiation is recorded. In this
context, the effect of flaws in layer thicknesses and parallelism is not as
great as when measuring absorption. As a rule, square or round cuvettes are
used. In contrast to cuvettes for absorption photometry, cuvettes for
fluorimetry are permeable on all sides, as the fluorescent radiation is
emitted on all sides. For special tasks (e.g. low cuvette volume in high-
pressure liquid chromatography), flow-through cells with very low layer
thicknesses are used.

The light signal leaving the cuvette is directed into a detector, which is
generally a photomultiplier cell. When light falls on the photo-cathode,
electrons can be released which are subsequently attracted and collected by
the anode. A potential difference of approx. 100 V is generally maintained
between cathode and anode by means of an external voltage supply. The
electrical output of a photomultiplier cell is a direct current signal. One
disadvantage of such direct current amplifiers is the fact that not only

Fig. 32. Schematic diagram of a monochromator
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the component of photocurrent due to the emitting sample is amplified, but
also undesired components of the photocurrent, e.g. the dark current of the
detector.

Compensating apparatus is employed to eliminate such difficulties.

2.9.2 Interference

Considerable problems can arise in fluorimetric analysis from the selection
of the solvent. Fluorimetric analyses are generally conducted in those
solvents whose states of electron excitation are higher in terms of energy
than those in the substances to be analyzed. The absorption of excited
light is thus hindered by the solvent. In addition, the solvent should be
photochemically stable, i.e. during measurement there must be no formation
of photochemical species which may under certain circumstances absorb or
fluoresce in the spectral range of the sample. As a rule, non-polar
solvents, such as n-heptane, cyclohexane or benzene, should be preferred in
fluorimetry.

Many organic compounds can be determined in the range of concentration
below 1 pg/ml due to their intrinsic fluorescence. A variety of compounds
(aromatic hydrocarbons, heterocyclic and conjugated, non-aromatic substan-
ces) display high molar absorption coefficients.

In the production of derivatives from functional groups, a fluorescent
group of one reagent is transferred onto the substance to be analyzed. A
new fluorescent system is thus formed. Such production of derivatives has
been described for amino groups and thiol, carbonyl and carboxyl groups.
Notable reagents for the production of derivatives are fluorescamine,
o-phthaldialdehyde or DANS-Cl (= 5-dimethylaminonaphthalene-1-sulphonyl chlor-
ide).

Measurements of the intrinsic fluorescence of substances in thin-layer
chromatography can be conducted directly on the thin-layer plate. Poly-
cyclic aromatic hydrocarbons are frequently analyzed in this way. The
determination of aflatoxins, a group of highly carcinogenic and toxic
substances, is also conducted with the aid of fluorimetry on the thin-layer
plate. In addition, numerous pesticides are detected fluorometrically on
thin-layer plates, due to their molecular structure. Depending on the type
of substance and the nature of the adsorption material, detection limits of
between 1 and 20 ng are achieved. Inorganic substances present in water can
also be detected by fluorimetric means, e.g. traces of uranium (3.4).

2.10 Infrared Spectroscopy

2.10.1 General remarks
Analytical significance of the infrared spectrum:

Infrared spectroscopy (IR spectroscopy) is a form of absorption spectrosco-
py, and is an important and easily applied method of qualitative and quan-
titative instrumental analysis of the molecule: by means of this method it
is possible to establish those functional groups of atoms which are present
in the molecule and those which are not present, how they are linked, what
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form the structure of the molecule takes and the degree of concentration of
substance. For the purpose of water analysis, the use of infrared spectros-
copy is currently still limited to the testing of concentrations of organic
substances, e.g. oils and fats, following extraction. Since the method is
constantly being further developed, however, a discussion of the general
principles appears useful within the overall framework of water analysis
for organic contaminants.

The measured variable is the transmittance of the substance under analysis,
as a function of the wave number

% (cm-1)

or the wavelength  (pum) of the infrared light. The wave number is defined
as the number of waves per centimetre of path. The correlation between wave
number and wavelength is

= X cm-l= 22 10000

L
A X
The sample may be in gaseous, liquid or solid form.

Measurements are made in the infrared range of the spectrum between about
4000 and 400 cm-l or 2.5 and 25 pm. The result of measurement is plotted
as a curve and is termed the IR spectrum. The spectral ranges with low
transmittance are known as absorption bands. The analytical significance of
an IR spectrum is deduced primarily from the position of the bands and band
groups within the spectrum and their intensity and form.

Approximately 1 mg of a substance is required to record an IR spectrum. If
microscopic techniques are used to prepare the sample, as little as 10 pg
of the substance provides a representative IR spectrum. For measuring
purposes, this permits infrared spectroscopy and gas chromatography to be
combined, and may imply the combination of structure elucidation and
substance separation.

Equipment manufacturers now offer Fourier-transform IR spectrometers as
standard. These use the multiple-scan technique to analyze about ! pg of
substance and extend the examined spectral range to 10 cm-! or 1 mm wave-
length, to the boundary of the microwave range. Fourier-transform IR spec-
troscopy facilitates the interlinking of gas chromatography and infrared
spectroscopy.

The problem as far as water analysis is concerned is the detection limit
of IR spectroscopy. This is in the percentage range, or under particularly
favourable conditions in the range of mg/kg.

The bands in the IR spectrum result from the ability of the molecule to
absorb defined, measurable amounts of energy (energy quanta) from the
infrared radiation. The magnitude of these amounts of energy is specific to
the molecule and determines the wave number or the wavelength of the band.
The absorbed energy excites the atoms in the molecule such that they
vibrate. The prerequisite for a molecule to absorb infrared light and thus
be caused to vibrate is an electrical dipole moment which changes periodi-
cally whenever vibration takes place. Consequently, even molecules which
have no permanent electrical dipole moment may also be IR-active.
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Atomic vibration parallel to the directed valency is termed stretching
vibration. It brings about a periodic change in interatomic spacing. Atomic
vibration perpendicular to the directed valency is known as bending
vibration. In this case the interatomic spacing remains constant but the
valency angles change periodically. Accordingly, a molecule may vibrate in
a number of ways (normal vibrations). In IR spectroscopy, however, only a
small number of vibrations are activated at any one time.

If stretching and bending vibrations have been localized within the
molecule, the characteristic wave numbers of the associated band (group
frequencies) indicate the presence of particular functional groups and
types of bonds. For example, stretching vibrations of:

C-H in aromatic hydrocarbons 3000 - 3100 cm-l
C-O in alcohols, ethers, carbonic acids and esters 1080 - 1300 cm-1
C=0 in aldehydes, ketones, carbonic acids and esters 1690 - 1760 cm-1
C-H in alcohols and phenols with hydrogen bridges 3200 - 3600 cm-l
C-N in amines 1180 - 1360 cm-1
C=N in nitriles 2210 - 2260 cm-l

If the vibrations are not localized, but instead the molecule vibrates as a
unit, this is known as skeletal vibration. The excitation energy required
for skeletal vibration is very closely dependent on the structure of the
molecule. The associated bands are typical for the whole molecule. They are
to be found in the spectral range between about 1500 and 500 cm-l or 6.5
and 20 pum. This fingerprint range also includes the bands of the stretching
vibrations of heavy atoms and metals and the bands of bending vibrations.

It is significant that the characteristic wave numbers of functional groups
are different in differing chemical surroundings for the same group of
atoms. The vibration sequence, the group frequency and hence -the spectral
position of the absorption band of a functional group change as a result of
interaction (mechanical and electrical coupling) with the rest of the
molecule. The greater the difference between the functional groups and the
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Fig. 33. Schematic structure of a double-monochromator infrared device; S)
= radiation source; M) = measuring beam; 2 radiation paths; Vg) = reference
beam; Sp) = rotating mirror system; E) = entrance mirror; A) = exit mirror;
D) = detector; K) = aperture; the aperture setting is a measure of the ab-
sorption of the substance at a given wavelength
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rest of the molecule in terms of atomic mass, the type of bond and distri-
bution of electrons, the less marked the change is. This interrelationship
is utilized for structure elucidation of the molecule with great success.
Hydrogen bridges are a noteworthy form of mechanical and electrical
coupling between molecules. They have the effect of shifting the OH group
frequencies to lower wave numbers.

Double-beam IR spectrometer (schematic diagram), see Fig. 33.

2.10.2 Evaluation of an IR spectrum

When evaluating an IR spectrum the first step is to attempt to identify the
high intensity bands and band groups. To do this, the practical analyst
makes use of a comprehensive collection of IR spectra which is arranged
according to families, structural features and functional groups and is
equipped with search aids. He should constantly supplement the collection
with spectra he has recorded himself. Careful comparison of spectra and
familiarity with the possibilities and limitations of the method have been
shown to form an essential basis for analytical findings, and this is
equally true in IR spectroscopy. The conclusions drawn may be checked
against other analytical data. Uncritical application of reference spectra
and frequency tables leads to incorrect results.

A number of laboratory rules for use in the experimental evaluation of IR
spectra have been established empirically:

The prerequisite for structural elucidation is a chemically pure substance.
If its molecular weight is known, this facilitates structural elucidation,
The IR spectrum is to be read from left to right.

Atomic oscillators with strong polar bonds provide high-intensity bands.
Oscillators which are damped, e.g. by their interaction with hydrogen
bridges, produce broad bands.

If the band characteristic of a functional group is missing in the spectral
range, it is highly probable that the functional group is absent from the
molecule.

If a characteristic spectral range contains the band of a functional group,
it is highly probable that a molecule contains this group only if bands of
this group also appear in other spectral ranges.

High-intensity bands may almost always be assigned uniquely to functional
groups.

In order to be able to determine the substance class at hand, first study
the spectral ranges of the C-H stretching vibrations between 2700 and 3100
cm-1, the C=C stretching vibrations between 2100 and 2300 cm-l, the C=z=C
stretching vibrations between 1500 and 1690 cm-l and the C-H wagging vibra-
tions, a form of bending vibrations, between 690 and 1000 cm-l.

Fig. 34 shows the IR spectrum of an aromatic compound. This is indicated by
the bands between 3000 and 3100 cm-l (aromatic C-H stretching vibration)
in combination with the high-intensity bands at 1585, 1478 and 1446 cm~
(aromatic C=C stretching vibrations) and with the bands at 695 and 735 cm-l
(aromatic C-H wagging vibrations).
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Fig. 34. The infrared spectrum of chlorobenzene. Path length 10 pm; 1) =
"Benzene fingers" monosubstituted

The spectral position of the two last-named bands, in conjunction with the
previously established facts, points towards a monosubstituted benzene ring.

This interpretation is reinforced by the band shape of the combination
vibrations in the "benzene finger" region between 1650 and 2000 cm-l, In
this case it consists of four main bands; their intensity decreases from
left to right. The high-intensity band at 1080 cm-l is the signal of an
aromatic C-Cl stretching vibration. It is not possible to determine bands
of other functional groups in the spectrum. Accordingly, it can be said
that we are here dealing with chlorobenzene.

Fig. 35 shows the IR spectrum of a pure mixture of xylene isomers and is
the result of the superimposition of three single spectra.

The aromatic character of the compounds is nevertheless clearly recogniz-
able. The bands at 2920 and 2865 cm-! belong to the C-H stretching
vibrations in the CH3 groups. The C-H bending vibrations give rise to the
bands at 1375 and 1465 cm-l.

The high-intensity, specific analytical bands of the aromatic C-H waggin
vibrations at 741 cm-l (o-xylene), 769 cm-! (m-xylene) and 795 cm-
(p-xylene) are of major diagnostic value.

In order to be able to conduct IR spectroscopy and achieve reproducible
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Fig. 35. The infrared spectrum of a pure mixture of xylene isomers. Path
length 10 pm; (Mixture of o-, m- and p-xylene)

results, it is necessary to use a double-beam device, The sample to be
analyzed is placed in the path of the measuring beam, and standards and
known reference samples are placed in the reference beam path of the IR
spectrograph. In this way, the spectrum can be compensated and a quantita-
tive result obtained.

The IR spectrum in Fig. 36 also indicates an aromatic compound (D.O.
Hummel).

Evaluation per example in pm:

Between 3.2 and 3.3 pm, aromatic C-H stretching vibrations; at 6.2, 6.7 and
6.8 um bands of the aromatic C=C stretching vibrations; at 13.3 and 14.5 um
bands of the aromatic C-H wagging vibrations.

This high-intensity band at 3.0 pum is caused by O-H stretching vibrations
and the band at 7.4 pm by O-H bending vibrations. We are in all probability
dealing with a phenolic O-H group. The intense band at 8.2 um supports this
assertion. The band indicates a C-C stretching vibration in phenol. The OH
and CO bands are key bands for alcohols and phenols. In phenols the C-O
bond is attributed more double-bond characteristics than in alcohols. In
phenol this brings about a shift of the CO band to lower wavelengths or
high wave numbers than in alcohols (C-O stretching vibrations in phenols
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Fig. 36. Infrared spectrum of phenol; 1) = phenol

between 1150 and 1250 cm'l, or 8.7 and 8.2 pym, and in alcohols between 1070
and 1170 cm-l, or 9.3 and 8.6 pm.)

Since other functional groups are absent, the substance under investigation
can be identified as phenol.

The IR spectrum in Fig. 37 does not contain the typical aromatic signals,
and therefore originates from a non-aromatic compound. The bands at 2860
and 2940 cm-! indicate C-H stretching vibrations in CHp and CH3 groups.

At 1375 cm-! one may observe the C-H bending vibrations in CH3 and at 1460
cm-l the C-H bending vibrations in CHp and CH3. The medium-intensity band
at 720 cm-l is characteristic and arises as a result of skeletal vibrations
of a methylene chain with generally more than 3 components. The spectrum
rules out the possibility of the presence of other functional groups.
Accordingly, we are dealing with an aliphatic hydrocarbon. Since the bands
of the C=C and the C=C stretching vibrations are also absent, it is an
alkane. After determination of the molecular weight it would be identified
as n-hexane.

2.10.3 Preparation and handling of the samples
The aim of sample preparation for IR spectroscopy is to obtain thin, plane-

parallel layers of the substance under investigation. This is almost always
successful; the state of aggregation of the substance plays no decisive
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Fig. 37. Infrared spectrum of n-hexane. Path length 10 pm; 1)} = n-hexane;
2) = skeletal vibration

part. It is customary to use path lengths between a few pm and Imm or in
special cases somewhat thicker layers. In gas cuvettes light paths up to
40 m long are obtained by multiple reflection.

Of all the techniques of preparation used, a 10- to 20-per cent solution of
the substance provides the best IR spectra with the least disturbance. It
proves most practical to fill the solution into detachable, sealed liquid
cuvettes. The path length is set by means of spacers. The windows consist
of plane-parallel NaCl plates (16 um transmittance limit) or KBr plates (25
pm transmittance limit). In quantitative analysis, the plane-parallelism of
the layers and plates must be checked and the path length measured by
interferometry with an empty cuvette.

There is no suitable solvent for IR spectroscopy which 1is sufficiently
transparent over the whole range from 4000 to 400 cm-l. Between 4000 and
900 cm-l carbon tetrachloride is frequently used, and between 1400 and 400
cm-l carbon disulphide. Below 400 cm-l or 25 pm all the main solvents are
sufficiently transparent. If the substance does not dissolve to an adequate
extent, solvents such as n-hexane, chloroform or dimethyl formamide may be
used. Water should be avoided as a solvent. In cases where this proves
impossible, spectroscopy may also be performed with aqueous solutions with
the aid of certain manipulative measures. The simplest is to saturate the
solution with NaCl or KBr, the same material as the windows. Should this be
chemically undesirable, the analysis should be conducted without cuvettes.
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According to H. Hausdorff's method the surface energy of the aqueous
solution should be reduced by small additions of wetting agents and the
solution then stretched as a lamella over a wire ring. A controllable
inflow into the lamella and an outflow permit the lamella thickness to be
adjusted.

Note:

The very low transparency of water between 4000 and 3000 cm~! can be
eliminated by using heavy water. The decrease in the transmittance of HO
and DO beneath 1800 cm-l is avoided by appropriate reduction of the light
intensity, independent of wavelength, in the reference path.

Good results in the IR spectroscopy of aqueous samples are given by the ATR
technique (attenuated total reflection) and a further development of this,
the MIR technique (multiple internal reflection); a prerequisite is that
the sample space of the IR spectrophotometer is sufficiently large to
accommodate the supplementary MIR device. The MIR technique likewise
involves measurement of the absorption spectrum of the substance. All of
the same molecule-specific and analytical conclusions can therefore be
drawn as with an IR spectrum in the transmission of the same substance,
even though the two spectra are physically not quite identical.

The advantage of the MIR technique lies in the radically simplified prepara-
tion of the samples. Thin layers and cuvettes with infrared-transmitting
windows are no longer necessary. Low-intensity bands become measurable, and
in addition to aqueous solutions it is also possible to investigate paints
or highly viscous samples, for example. The sample under analysis (1) is
applied to the upper and lower surfaces of a trapezoidal prism (2), see
Fig. 38, and the primary beam of infrared light, PL, is shone into the
prism at the angle of incidence specific to the substance (3). After
leaving the prism, the beam of infrared light VL enters the IR spectro-
photometer. The quality of an MIR spectrum is basically dependent on the
refractive index ny of (2) being everywhere clearly greater than the refrac-
tive index nj of (1) in the analyzed spectral range, and the seli-
absorption of (2) being low. Only then is undisturbed total reflection, TR,
obtained at the boundary surfaces between (2) and (1). On each total reflec-
tion the beam of infrared light penetrates the substance under analysis (1)
to a depth of approximately 1 pm as a cross-attenuated electromagnetic
wave. Each time, the substance impresses its absorption pattern on the beam
of infrared light.

When using the MIR technique for the analysis of aqueous solutions,
germanium is taken as the prism material (angle of incidence (3) 19° to
20% infrared-transmitting between 5000 and 500 cm-l1). It should be noted
that the MIR technique yields good results only if used in clean, carefully
controlled conditions.

When preparing samples of solid substances, their physical properties must
be taken into account. Either sheets of small thickness are used or the
substance is partially dissolved, poured as a film onto an infrared-
transmitting target and the solvent evaporated. Solid substances are
frequently prepared wusing the KBr moulding technique. Under pressure,
potassium bromide flows when cold. Samples are available in the form of KBr
mouldings of 13 mm diameter and approximately 0.5 to 1 mm thickness. A
useful method of preparation is to grind 200 to 300 mg of dry KBr powder
(of spectroscopic quality) as the embedding medium in a vibratory mill,
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Fig. 38. Schematic diagram of the path of the infrared light beam through
the sample, using the MIR technique

together with about 1 mg of the substance to be embedded. Substances with
low melting points should be ground under liquid nitrogen. The particle
size of the substance should not exceed 1 pm; otherwise, the moulding may
scatter the infrared light beam to the sides. This is expressed in the IR
spectrum as an over-rapid rise in the left-hand slope of bands in the
shortwave spectral range (Christiansen effect). The ground mixture is
pressed into a mould under a vacuum of 10 - 20 bar for several minutes at a
mould pressure of approximately 10% bar. The ideal KBr moulding is clearly
transparent. This is achieved when the bonds of the substance are highly
polar. Mouldings are generally turbid to a greater or lesser extent. This
does not, however, detract from the significance of the IR spectrum. Mould-
ings which are too turbid may be made clearer by repeating grinding to a
finer level and a longer pressing period under higher pressure.

When the KBr moulding technique is used, the potassium bromide, the water
it contains or the crystal lattice may react with the embedded substance
and alter the structure of the IR spectrum. It must be emphasised that no
KBr moulding is stable in the long term.

This problem does not arise with the Mull technique. The finely ground
substance is added to a few drops of Nujol, for example, a mixture of
long-chain liquid paraffins, The paste thus obtained is then rubbed until
it becomes viscous and is pressed out to form a thin film between KBr
plates. In this case, too, the scattering of light must be checked. The
Mull technique offers rapid preparation of the samples and moderate-quality
IR spectra.

The methods of preparing the samples outlined above frequently require
compensation of the IR spectrum. If it is necessary to compensate for the
self-absorption of the solvent, a reduced layer thickness (path length)
should be selected in the reference beam path, the reduction being in
inverse proportion to the concentration of the sample. With a little
patience it is then possible to eliminate the solvent bands from the IR
spectrum of the substance under analysis. However, the result will be
satisfactory only if the spectral position, intensity and shape of the
absorption bands of the dissolved substance are not altered by solvent
effects.

Compensation should not be forced if the transmittance is less than 5 %.

The possibilites of applying IR spectroscopy in water analysis appear, as
things stand at present, to be limited. Essentially this means they are
confined to investigation of organic contamination, for example by hydro-
carbons including aromatics.
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2.11 Chromatographic methods
2.11.1 General

Chromatographic methods, which today provide indispensable assistance not
only to analytical but also to preparative chemists in overcoming formerly
insoluble problems of separation, may be traced back to around the middle
of the last century.

In 1850, F. Runge published his book "Zur Farbenchemie. Musterbilder fiir
Freunde des Schonen und zum Gebrauch {fiir Zeichner, Maler, Verzierer und
Zeugdrucker" (On colour chemistry. Examples for lovers of beauty and for
use by artists, painters, ornamenters and cloth printers), in which he
described for the first time the migration of various dyes on paper using
water as an eluent.

"Chromatography", the origins of which are more properly ascribed to the
aesthetic and artistic fields, entered the realm of the natural sciences in
1861 when Schonbein, in the course of investigating ozone with iodide,
established that different substances are transported by water on paper at
different speeds.

The next step was in 1903 when Tswett separated the plant pigments carotene,
xanthophyll and chlorophyll in a column; this had not been possible with
other, earlier methods.

Not until 25 years later, however, did chromatography come into its own as
a result of work by Kuhn, Winterstein and Lederer. Further development then
led to "open-column chromatography", thin-layer chromatography, gas chroma-
tography and, as the latest development, high-pressure liquid chromato-
graphy.

Chromatographic methods have secured a permanent position among the
techniques of investigation used in water analysis. Chromatographic methods
are used both for separation and for detection in water analysis. Alongside
paper and column chromatography, thin-layer chromatography in particular
has gained considerable significance following the work by E. Stahl. With
special reference to water analysis, this applies especially to the use of
thin-layer chromatography to separate the so-called polycyclic aromatic
hydrocarbons (see Section 4.2) or heavy mineral-oil hydrocarbons.

In all chromatographic methods of separation and determination the differ-
ing distribution of the substance mixture to be separated between the fixed
and liquid phases is important; the use of different mobile phases also
results in different separation efficiencies. Depending on the type of
chromatographic technique used, the separated substances can be detected
with the aid of various detectors.

Definitions

_ Length of run of substance
~ Length of run of solvent

Chromatography is at its simplest when the substances to be separated and
determined are coloured, thus making simple, direct detection possible. In
addition, detection may be carried out by using certain reagents which form
coloured compounds with the separated substances in the same way as with
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colorimetric methods of analysis. In this context mention must be made of,
for example, the separation by thin-layer chromatography of the various
phosphorus compounds which may occur in water, i.e. orthophosphate, poly-
phosphates, condensed phosphates and so on.

2.11.2 The main chromatographic techniques used in innumerable variations
in water analysis are

Paper chromatography

Thin-layer chromatography (1- and 2-dimensional)
Column chromatography with various column packings
Liquid chromatography (LC)

High-pressure liquid chromatography (HPLC)

Ion chromatography (IC)

Gas chromatography with packed columns and capillary columns, and various
stationary and mobile phases and different detectors (see the Section on
gas chromatography (2.12) in this chapter)

Even if the instrumental techniques gain ever more ground, some of them in
automated form, evaluated and documented by computer, the simple, manual
methods such as paper and thin-layer chromatography still have their role
to play. One need only think of the separation of the various forms of
phosphate such as orthophosphate, pyrophosphate, metaphosphate, polymeric
phosphates and condensed phosphates, or the separation of polycyclic
aromatic  hydrocarbons  (specifically ~with thin-layer chromatography) in
water analysis.

Ion chromatography is used to detect not only inorganic anions and cations
but also organic group parameters in water samples.

Where instrumental chromatographic techniques have found a place in water
analysis they are discussed in this section or the principle is mentioned.
Details of individual methods are to be found, for example, in Sections 3.2
(ion chromatography for anions), 3.6 and 4.2 (gas chromatography), and 4.1
and 4.2 (HPLC).

2.11.3 General comments on GC-MS techniques in water analysis

Combinations of gas chromatographic techniques of separation with indi-
cation by mass spectrometry are used in water analysis for specific
purposes, for example to ensure the detection of organic compounds in gas
chromatography, and also to clarify their structure. For GC see Section
2.12; schematic diagram of mass-selective detector see Fig. 39 a-d.

The GC-MS technique in water analysis is a typical example of the appli-
cation of modern technology. Computer-controlled GC-MS coupling is pre-
ferred. Small, compact quadrupole mass spectrometers are frequently used
for mass spectrometry. The preliminary gas chromatographic separation is
preferably conducted with capillary separation columns.



129

In addition to the quadrupole mass spectrometer, which is used relatively
frequently in water analysis, electron impact ionization, chemical ioni-
zation, qualitative multiple ion selection and quantitative multiple ion
selection (with a certain mass as the internal standard and direct admis-
sion of the substances, e.g. for mass calibration) are also used.

The range of sensitivity of the mass spectrometer following preliminary
separation by gas chromatography lies well below the pg range and, under
favourable conditions, even reaches the nanogram region.

In addition to low-resolution devices (quadrupole or magnetic devices),
high-resolution devices are also used, such as double-focusing sector-field
devices or maximum-resolution sector field devices such as the triple-quad
system, although the latter devices are now hardly encountered in practical
water analysis, tending to be used more for research. Mass spectrometry may
also be used to measure the isotopic ratios of dissolved gases in water
samples, e.g. 13¢c-12¢c, 15n-14N, 180-160 and to detect inert gases. In order
to measure the isotopic ratios, so-called gas devices for the analysis of
gaseous samples and thermionic devices for measuring solids are also used
directly for mass spectrometry. In many cases, however, the GC-MS analysis
must be preceded by a concentration of the substances under investigation
in the water sample, for example by liquid-liquid extraction, adsorption
processes, ion exchange and so on,

This elegant method of detection using a mass spectrometer as a detector
for compounds separated by gas chromatographic means presupposes that an MS
can be linked - on line - to a gas chromatograph.

Further conditions are:

a) The use of a carrier gas which has only a low ionization yield under the
conditions of the ion source. One such gas with a low ionization vyield
under these conditions is helium;

b) A gas flow rate as low as possible - of the order of 2 ml/min. - so that
the operating pressure of the analyzer can be maintained (capillary
column);

and finally

c) The GC and the MS must be pneumatically decoupled: the end of the separa-
tion column normally works against atmospheric pressure; the ion source
of the MS is in a high vacuum (10-6 bar). This pressure gradient is
overcome by means of a '"restrictor" consisting of a split and an extreme-
ly fine hair capillary.

When using the MS as a detector for GC separation, two approach.es have
proved particularly valuable: firstly, recording mass spectra at intervals
of about 1 s - this has the advantage of providing information on the
nature of the eluted compound - and secondly, recording specified mass
traces (single ion monitoring).

Even though the GC-MS coupling has made possible the detection of certain
organic compounds, and also inorganic substances, in water in innumerable
cases. One should be extremely careful not to underestimate the possibility
of interference occurring in this modern analysis system.
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Owing to the multiplicity of individual substances and the resulting
combinations of matter, the mixtures of substances which occur in water,
particularly surface waters or wastewaters, are so complicated that this
analytical technique, particularly when attempting to advance into the
ultratrace range, i.e. below pg/l, can only be employed by specialists with
appropriate experience and adequate equipment for substance separation and
mass-spectrometric detection with corresponding valuation. Thousands of
organic compounds have been detected in water samples where the detection
limit has been shifted below the ng limit, depending on the ratio of signal
to background noise. Nevertheless, with an inexperienced operator and
inadequate apparatus, serious mistakes are to be expected, and it must be
emphasized once again that evaluation by mass spectrometry also requires
verification of the substances detected, and also that in this extreme
trace region the relevance of the detected substances should always be
judged by a specialist.

It is indispensable when involved with this type of analysis to establish a
spectrum library or to link up with and share the use of an existing
facility.

Mode of Mass-Separation: a) Quadrupole massspectrometer
b) Magnetic field spectrometer

Mode of Ionization: a) Electron impact ionization
b) Chemical ionization
c) Fast atomic bombardment
Mode of Detection: a) Multiple ion selection
(qualitative/quantitative)

Diagram of a GC-MS installation as an example:

1
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(GC-side) 6 L \ (MS-side)

4
Fig. 39 a. Structure of GC coupling unit; 1) = Helium makeup; 2) = Inter-
changeable glass insert; 3) = Transfer capillary; 4) = Open coupling; 5) =

Capillary column; 6) = Substance flow; 7) = Column connection
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Fig. 39 b. Schematic diagram of a GC-MS system; Example: GC-MS system MAT 44
(Finnigan) with on-line SpectroSystem MAT 44; 1) = Ionization; 2) = Quadru-
pole; 3) = Photomultiplier; #) = GC and MS supply; 5) = Interface; 6) =
Interface; 7) = Integrating measuring system; 8) = Disk storage; 9) = Memory;
10) = Electrostatic plotter; 11) = Video terminal; 12) = Mass storage; 13)
= Processor; 14) = Recorder; 15) = Copier unit; a - g = MS-system
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Fig. 39 c. Magnetic sector mass spectrometer; 1) = Ion source; 2) = FFR 1

collision cell; 3) = Source slit; 4) = Magnetic sector; 5) = Focusing ele-
ment; 6) = Intermediate slit; 7) = FFR 2 collision cell; 8) = Focusing ele-
ment; 9) = Electric sector; 10) = Collector slit; 11) = Conversion dynode;

12) = Secondary electron multiplyer (SEM)
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Fig. 39 d. Quadrupole Mass spectrometer or mass-selective detector; 1) =
Forevacuum; 2) = Pump stages; 3) = Ion source; 4) = GC column; 5) Heating
for oil diffusion pump; 6) = Pump oil; 7) = Ilon path; 8) = Quadrupole rods
(separation of ions in the electrical field; 9) Secondary emission, elec-
tron multiplier (based on Hewlett Packard)
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Fig. 39 e. Massspectrometer system MAT 90
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Fig. 39 f. lon trap detector 700
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2.12  Introduction to gas chromatography

2.12.1 Principles and definition of the method

The term chromatography was introduced by M. Tswett in 1903. It covers
various analytical separation techniques, whose primary purpose is to
separate multiple-component mixtures of varyingly complicated composition.
Separation is usually followed by quantification of the individual sample
constituents.

A chromatographic system always consists of at least two phases.
1. Mobile phase (Carrier gas):

This serves as a transport medium for the components contained in the
sample (carrier gas).

2. Stationary phase (Column filling material):
Separation of the mixture takes place here.

The chromatographic methods are primarily subdivided according to the type
of mobile phase used, which in addition to its role as a transport medium
may also directly influence the separation of the individual components. A
distinction is therefore made between gas-chromatographic separation
systems and liquid-chromatographic separation systems. In addition to the
state of aggregation of the mobile phase, a further criterion for differen-
tiating chromatographic separation techniques is the distribution mechanism
of the separation system.

Gas chromatography (GC) is a physico-chemical separation technique for
mixtures of substances which can be evaporated without becoming decomposed
up to approximately 400 °C. All gas-chromatographic separations are based
on the principle of distributing a substance between two phases. One of the
phases consists of a stationary, large-area bed (stationary phase), and the
other phase is a carrier gas (He, N2, Ar, Hj3), which flows past the station-
ary phase and acts as a transport medium for the individual components of
the sample (mobile phase). The character of the stationary phase is such
that it allows the carrier-gas molecules to pass with the minimum impedi-
ment, but interacts with the various components of the sample to varying
degrees. This interaction causes the sample components to be held by the
stationary phase for shorter or longer periods, with the result that they
finally emerge from the separation column at different times, in other
words separated.

If the stationary phase is a solid, the method is known as gas-solid
chromatography (GSC). In this case the separating medium and the stationary
phase are identical: typical absorbing materials are used, such as silica
gel, aluminium oxide, molecular sieve or activated charcoal, to name but a
few, whose ability to absorb different molecules to differing degrees on
their generally very large surface 1is utilized to achieve separation. GSC
is particularly suitable for the analysis of gases.

Gas-liquid chromatography (GLC) makes use of a liquid stationary phase. The
separating medium is made up of two components, a highly porous solid
material, the support, whose chemical and sorption properties should be as
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inert as possible, and the stationary phase proper, which is attached to
the surface of the support in the form of a thin film. In GLC, the decisive
factor for separation is the different degree of solubility of the sample
components in the stationary phase. GLC is the most efficient method of
separation which is available to modern analysis, both with regard to the
actual separation power and to the field of problems which can be processed
with this method.

In addition to GLC and GSC in the outlined form, there are a number of
other variants, of which two are of particular importance. Capillary gas
chromatography is a type of GLC in which the separating liquid is applied
as a thin film to the inner wall of glass or quartz capillaries (internal
diameter approximately 0.3 mm, 12 - 150 m long). It is used where maximum
separation efficiency is required with the smallest of sample quantities.

The other variant that has to be mentioned here makes use of porous
polymers (e.g. Porapak®, Tenax GC®, Chromosorb Century®) as separating
media. Separation columns filled with porous polymers are excellently
suited to the analysis of complicated mixtures made up of components whose
boiling points are not too high and which may also be found in aqueous
solution.

2.12.2 Structure of gas-chromatographic apparatus

The principal parts of a gas-chromatographic apparatus are shown in Fig. 40
below.

The gas chromatograph shown schematically in Fig. 40 {fulfils the necessary
conditions for carrying out the intended substance separations, and enables
the analyst to control the separation. The system consists of a carrier-gas
source (1), e.g. a pressure cylinder with high-purity nitrogen or helium; a
pressure-reducing valve and precision adjusting valve ensure that the
pressure andfor rate of flow of the carrier gas is set uniformly; this is
monitored with a pressure gauge or flow meter. The sections following that
are the sample inlet (2), the separation column (3) (incorporated in the GC
oven) and the detector (4). All parts (2 - 4) may be thermostatted independ-
ently of each other and thus adapted to the respective separation problem.

The substances to be separated are transported through the separation
column by the carrier gas. The sample mixture enters a partition process
between the gas phase and the stationary phase; for each component of the
sample, this process is determined by the coefficient of partition Kp,
which is substance-specific (a high partition coefficient corresponds to
high solubility in the stationary phase). The partition process leads to
the formation of discrete bands of substances in the carrier gas, each of

1 — 2 AN A 5
3
Fig. 40. Gas-chromatographic apparatus; 1) = Carrier-gas supply with pres-
sure and/or flow control; 2) = Injection system; 3) = Column oven with ana-
lytical separation column; 4) = Detection unit; 5) = Recording system with

data evaluation
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which contains one of the sample components. The temperature of the
separation column remains constant throughout the analysis. This procedure
is known as the isothermal elution technique. The process is allowed to
run, at least ideally, until all of the substance bands have left the
separation column and have been detected as substance peaks by the detector
and recorded.

It must be considered a disadvantage that those components with greater
affinity to the stationary phase have a long residence time in the column.
The technique of temperature programming may be used in order to reduce the
elution time: temperature programming is the technique of increasing the
column temperature during the analysis.

The detector of the gas chromatograph supplies an analogue signal which, in
the simplest case, is plotted by a self-balancing recorder in the form of a
continuous graph (chromatogram) (5). Time is normally taken as the abscissa
of the graph and detector output voltage as the ordinate. Fig. 41 shows a
chromatogram of this type. The most important information provided by a
chromatogram is:

l. Retention time - residence time of the substance in the column. On the
chromatogram, this is the distance measured from the injection point to
the peak maximum.

2. Peak area - this is the area beneath a substance profile, bordered above
by the curve and below by the base line (shaded area in Fig. 41).

Peaks Cjg, Cjg:1 and Cjg.2 in Fig. 41 represent the methyl esters of
stearic acid, oleic acid and linoleic acid.

Separation of these substances by other methods is exceedingly difficult or
even impossible: the difference in their boiling points is negligible and
they differ only in the number of double bonds. With gas chromatography it
is possible to separate substances with virtually identical boiling points.
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Fig. 4l. Relationship of the detector signal (response) to time (refer to
text for explanation); 1) = Injection point; 2) = Air
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By using selective phases it is possible in this way to achieve a degree of
resolution which is unattainable with distillation or any other method.

It is now common practice to supply the detector signal not only to the
plotter but also to an electronic integrator which prints out the main
information - retention time and peak area - in digital form. Even though
the integrator printout contains all the figures necessary to calculate the
results of the analysis, the plotted chromatogram remains indispensable for
control purposes.

2.12.3 Identification of sample components

Gas chromatography is capable of achieving notable results in qualitative
analysis, even though it is not, in principle, a qualitative technique. In
a particular separation column and under specific operating conditions
(column temperature, type of carrier gas, carrier-gas flow) each component
of the sample has only one retention time, which is reproduced precisely
and can be used to identify the substance causing the peak. It is, however,
possible that two substances quite by chance have the same retention time,
but a coelution can always be overcome by the use of a more selective sta-
tionary phase. By connecting specific detectors and mass spectrometers to
the gas chromatograph it is possible to identify substances unambiguously;
the results should be confirmed by analysis of reference substances.

2.12.4 Determination of sample concentrations

Gas chromatography is excellently suited to quantitative analysis.

The area of each recorded peak is proportional to the concentration of the
substance. The area may therefore be used to determine the concentration of

each individual substance.

In the chromatogram shown in Fig. #4l, the relative areas for the different
substances are as follows:

Cig @ 36.7 (%)
Ci8:1 : 33.0 (%)
Cig:2 @ 30.3 (%)

(C1g + Cyg:1 + C18:2 = 100 (%) )
The actual concentrations are 36.4, 33.2 and 30.4 percent by weight.

The accuracy attainable by gas chromatography depends on the technique used
(detector, method of integration and concentration of the sample).

Even with manual injection, quantitative results are normally accurate to
1 - 2 % (RSD)L. With the aid of appropriate technology, e.g. electronic
integrators or data systems, accuracy may be improved to less than 1 %
(RSD).

1 RSD = Relative standard deviation.
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2.12.5 Sensitivity

The main reason behind the extremely widespread acceptance of gas chromato-
graphy is its sensitivity. The simplest version of a thermal-conductivity
detector can determine concentrations down to 0.01 % (100 ppm) (depending
on the type of carrier gas and the substance to be determined). A flame
ionization detection (FID) detects substances whose concentrations are in
the ppm to ppb range.

Detectors which are sensitive to specific elements or structures, such as
electron capture detectors (ECD) or phosphorus- and nitrogen-selective
detectors (TSD) respond even to quantities of substances in the picogram
(10-12 g) or femtogram (10-15 g) ranges.

2.12.6 Speed of analysis and automation

The separation of the fatty acid methyl esters as shown in Fig. 41 is
completed after approximately 23 minutes. By using gas as the mobile phase,
the establishment of equilibrium between the mobile and stationary phases
is rapid, thus permitting relatively high carrier-gas flow rates to be
used. Standard separations can generally be timed in terms of minutes.
Using current technology, however, separations may also frequently be
conducted in seconds. If the duration of the analysis is rather long, for
whatever reason (e.g. thermal instability of the components or large
partition coefficient), or if a large number of samples are to be measured,
gas chromatographic analysis can be conducted fully automatically. This has
the advantage that the time-consuming measurements described above can be
taken overnight. An important constituent of fully automatic measuring
apparatus is a data system which undertakes both control and evaluation
tasks. Particularly wuser-friendly data systems permit all the necessary
analytical parameters to be stored under one method name on a diskette
(magnetic disk). To activate the entire system, the method is then entered
into the data system via a disk unit.

Gas chromatographs are simple to operate and to understand. It is generally
possible to interpret the data obtained rapidly and directly. In comparison
with the value of the results achieved, the costs of a gas chromatograph
are low.

2.12.7 Theory of the chromatographic process
Introduction

When a substance is fed into the separation column via a suitable injection
system, it becomes distributed between the stationary and the mobile
phases. A short time after injection of the sample, the concentration in
the gas phase is very high and that in the stationary phase virtually zero.
Some molecules of the substance then become dissolved in the separating
liquid and a dynamic equilibrium is established, which means that per unit
time the number of molecules desorbed is equal to the number absorbed.

The position of the partition equilibrium is determined by the coefficient
of partition Kp.
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Kp . oL (2.1)
Cm

CL = Concentration of the substance in the stationary phase
CM= Concentration of the substance in the mobile phase (M = Mobile)

Kp is dependent on:

a) the chemical nature of the substance
b) the chemical structure of the phase
c) temperature

It is also necessary that the mobile phase does not go into solution in the
stationary phase, nor the stationary phase in the mobile phase. The former
possibility can be excluded by wusing inert carrier gases. The latter
eventuality may occur if the vapour pressure of the stationary phase is so
high that the separating fluid evaporates. Strictly speaking, the concen-
tration ratio for Kp also only applies if the molecular state of the
substance is the same in both the gas phase and in the stationary phase.

If concentrations Cg and C, are expressed by the quotients of the molar
number and the phase volume, we obtain Equation 2.2.

. Vm (2.2)

The ratio of the mole quantities ng/ng is termed the capacity factor k',
and the ratio of the volumes V.,/Vg the phase ratio B.

Kp = k' - B (2.3)

The phase ratio B is a measure of the permeability of a separation column.
By way of example, Fig. 42 shows a comparison of a packed column and a
capillary column. It has been assumed for the purposes of this comparison
that completely non-porous particles (support and phase) have been used for
the packed column.

The B-values of packed columns lie between 5 and 35, and the B values of
capillary columns between 50 and 1500.

v

b)

Fig. 42 a and b. Cross-section of a packed column a and a capillary
column b (simplified). Only the shaded parts are available to the mobile
phase; 1) = Direction of flow
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2.12.8 The separation process

The efficiency of gas chromatography as a separation method is judged
according to the quality of the separation obtained. A measure of the
separation quality is resolution, R. Resolution is always calculated for
two adjacent peaks. The parameters required for the calculation of R must
be taken from the chromatogram (see Fig. #43) or from the printout of a
data system.

The defining equations for resolution R are then:

2 - At (2.4)
Wgp(A) + Wp(B)

R

At (2.5)

L7705 7 W 5(B)

R

H

For good separations the resolution values obtained are greater than 1, and
for partial separations the values are less than 1.

The following conclusions may be drawn from Equations 2.4 and 2.5:

Resolution may be increased by increasing At, the difference in retention
times, and/or by reducing the peak widths (Wp or Wgq 35). Since the retention
times and the peak widths are each influenced by different processes, it is
useful to give a simplified explanation of the mechanisms involved. The
desired effect, that is the separation of two components, depends on the
components displaying different retention characteristics in the column. In
gas-liquid chromatography, the chemical nature of the separating medium has
the greatest influence on retention. The decisive step towards obtaining a
sufficiently large At, therefore, is selection of the 'correct" stationary
phase.

@
)
é * 60,7 % of height
¢
[v4
—Wg(a—* —Wa (e~
—p t
Fig. 43. Chromatogram, illustrating resolution R; Wpg = Base-line widths;

Wg.5 = Widths at half height; t = Difference in retention times
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The effect which is detrimental to resolution, peak broadening, originates
from two undesirable but unavoidable physical processes in the column,
which are virtually independent of the chemical nature of the separating
medium. It is possible to minimize the peak-broadening processes by techni-
cal means, but they can never be fully eliminated.

2.12.9 General remarks on the formation of the peak shape

Let us assume that a small quantity (at the most a few pg) of a substance A
is injected in vapour form at the top of the separation column. The sample
vapour contains a little air, and the detector is of a type which is also
capable of detecting air. The separating liquid and column temperature are
selected such that for practical purposes the constituents of the air do
not interact with the column packing. The peak shape is then formed accord-
ing to the following pattern.

It should be observed that:

1. The dead time t;, is constant for a specific column and a set carrier-gas
flow. It is equal to the time which the carrier-gas molecules themselves
or other non-interacting substances (in this case air) require to pass
through the separating column. (Therefore ty, = t (mobile phase}).

2. The peak of substance A appears at a time where tyg > ty. Time tpg con-
sists of the time component ty which the molecules of A have spent in
the mobile phase plus the time tg during which they were dissolved in
the stationary phase. This means that tg = tpg - ty.

tg is also known as the adjusted retention time. This is the measured
quantity which is actually characteristic for the substance.

3. The peak of substance A is considerably broader than the concentration
profile in the injector shortly after injection. The greater the value
of tys, the broader and hence flatter the substance peak becomes.

o 2
2
o
a
(7] (
c ‘k !
f —
t=0 t=&M tthS
Start

Fig. 44. Chromatogram of a two-component mixture consisting of a substance
A with retention time tpg  and air with retention time tp; Concentration
profile in the injector during dosage: 1) = Air peak in the detector; 2)
= Peak of substance A in the detector; tp = Dead time; tpg = (uncorrected)
retention of A
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2.12,10 The partition isotherms

If a pure liquid is heated, a temperature-dependent vapour pressure is
established above its surface. In a two-component system, consisting of two
completely miscible liquids A and B, the vapour pressure P is equal to the
sum of the partial pressures of the individual components (Dalton). In a
gas-chromatographic system, A is equivalent to the substance to be separa-
ted, whereas B constitutes the stationary phase. Generally speaking, the
working temperature must be selected such that the vapour pressure of the
stationary phase is negligible. The vapour pressure P; above the stationary
phase is then produced almost entirely by substance A, and apart from
temperature is dependent on the concentration of A in the stationary phase.

The relationship between the concentration of A in the stationary phase
(Cg) and the concentration of A in the mobile phase (Cp) with regard to a
particular component is measured at constant temperature. For this reason,
the curves generated by plotting Cg against C;; are known as partition iso-
therms (see Fig. 45).

The shape of the partition isotherms in the chromatographic process has a
decisive influence on the shape of the peak. Let us now differentiate
between two possible cases:

1. Ideal distribution of substance A between the mobile and stationary
phases

(Curve a in Fig. 45)

The function displays a linear relationship. The partition coefficient
Kp remains constant over a large concentration range.

Fig. 46 a shows the resultant peak profile. This is symmetrical as
regards peak height and is known as a Gaussian curve).

2. Non-ideal distribution of A between the mobile and stationary phases
a) (Curve b in Fig. 45) (concave isotherm)
According to curve b in Fig. 45, Cg increases more rapidly than Cp,.

This signifies that the substance tends to be retained more in the
mobile phase. The peak shape is asymmetrical (Fig. 46 b).

Cg —»p

b)
a)

c)

Fig. 45. Relationship of concen-
trations Cg and Cp, (of a component
i) in the case of linear a and
non-linear b and ¢ partition (T
Cm —*® = constant)
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b) (Curve c in Fig. 45)

According to curve c, Cg increases less rapidly than Cp. In this
case, a non-linear, convex isotherm results.

Asymmetry is also the result here, expressed by gradual fading (tailing)
of the signals (Fig. 46 c).

In Case a we have an example of linear gas chromatography, and in Cases b
and ¢ of non-linear gas chromatography).

2.12.11 Causes of peak broadening

Column efficiency

The shape of the chromatographic peak in gas-liquid chromatography is gene-

rally the result of random, diffusion-type processes which occur in the
column.,

t —»

t —»

Fig. 46 a - c. Relationship of
the shape of the peak profile Cm c)
(change of concentration in
the carrier gas over time) to
the partition isotherm; a =
linear; b = concave; ¢ = con-
vex isotherms (Schomburg)

t —»
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If a diffusible, originally tightly limited system, e.g. a volume of gas,
is left to its own resources for a time t, it spreads out by diffusion and
is diluted. A Gaussian distribution is always obtained for the character-
istic value of the system, e.g. the local concentration. The spreading of
the system is described by the standard deviation ¢ which is related to the
diffusion coefficient D and the diffusion time t by

0=42-+D" 1t (2.6)

In the separation column there are several simultaneously occurring but by
their nature different processes which have the same effect as diffusion.

The phenomenon is called dispersion, the spreading of an originally com-
pact substance peak. In a model described by Giddings (random value model)
the various processes can be treated uniformly for calculation and finally
combined in an effective diffusion coefficient which describes the overall
peak broadening in the column.

Longitudinal diffusion in the mobile phase

As long as sample molecules remain in the mobile phase, i.e. the carrier
gas, they will continue to diffuse. Since the concentration of the peak in
the direction of the column, at its exit we are interested only in the pro-
portion of diffusion in the direction of the column. In the event of free
diffusion the variance produced would be:

02 - 2.D -t (2.7)

Since diffusion is impeded by the column packing, the actual variance is
somewhat smaller:

02 = 2+ 7%+ Dy -ty (2.8)
Dy, = Diffusion coefficient in the mobile phase

tm = Dead time of the column (equal for all substances)
y = Obstruction factor (p<l1)

non

The dead time is substituted by
tm =L /U (2.9)

where L is the column length (in cm), and U the average linear flow rate
(cm - min.-l) of the carrier gas. By substituting 2.9 into 2.8, we obtain:

-

0—2=2.7.Dm. (2.10)

v
The variance is replaced by a more expressive value which is taken from the
theory of distillation columns, the theoretical plate height Hp (the pro-
portion of the plate height which is due to longitudinal diffusion). The
relationship between Hp and the variance 02 is:

02 =H, - L (2.11)
Equating 2.10 and 2.11, we obtain:

HL=2-7-DM-iﬁ (2.12)
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Fig. 47. "Multiple-path effect" (eddy diffusion) as the cause of broadening
of a peak A; B) = Resultant substance profile

As a general rule it may be said that low values of Hj lead to narrow peakS.
The multiple-path effect or eddy diffusion

The carrier gas "carries" the sample molecules as it flows through the
separation column. In so doing, it has to transport the sample molecules
through the column packing. Since the packing always displays some form of
irregularities, the carrier gas will find a variety of different paths
through the column: some virtually unimpeded, others meandering to a great-
er or lesser extent, and occasionally even "dead ends".

Let us consider a cross section of the carrier gas in which it is divided
into individual "flow threads". The majority of these will be of average
length. Accordingly, sample molecules of type A which are carried by such
flow threads require an average time ta to pass through the column. Mole-
cules in shorter or longer flow threads travel for correspondingly shorter
or longer periods of time. This "multiple-path effect" (eddy diffusion) is
another reason why an originally narrow substance peak becomes wider on the
way through the column (Fig. 47).

The contribution Hg made by eddy diffusion to the total theoretical plate
height H is:

HE =2 N+ dp (2.13)

A= measure of the irregularity of the packing of the column (measure of
the quality of the filling)

dp = diameter of the support particles.

Table. Influence of particle size dp on the measure of quality, A .

Particle size (mesh) A
200 - 400 (dp = 0.07 - 0.04 mm) ~8
50 - 100 (dp = 0.3 - 0.15 mm) ~3

20 - 40 (dp = 0.8 - 0.4 mm) ~1
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One obvious way of reducing the Hg value would seem to be to use small
particles of carrier. The constant A, which characterizes the type of
packing, is entered in the equation in the same way. According to Klinken-
berg and Sjenitzer it is easier to obtain a uniform packing with large
particles. This shows that there is a limit below which a smaller particle
size brings no improvement. The Table shows the influence of particle size
(mesh) on A.

A further factor which limits particle size is the pressure drop over the
column, This is, of course, increased by small particles. Since with a low
pressure drop the flow tends much more towards the laminar, it is desirable
to operate the entire column with a flow which supplies optimum separation
efficiency.

If it is intended to reduce the Hg value and hence increase separation
efficiency, care must be taken to use fine material of uniform grain size,
as well as narrow columns, and to keep the size small by even packing. The
aim must be to achieve high packing density with as little packing-material
fracture as possible.

Transverse diffusion

Eddy diffusion, which relates to a variety of flow states, should always be
considered in conjunction with transverse diffusion. Transverse diffusion
takes place in a radial direction, in other words, in the cross-sectional
plane of the column. The flow threads, which play the major role in eddy
diffusion, are interlinked by transverse diffusion. Let wus consider an
extreme case, in which sample molecules enter a stationary flow thread, a
"dead end", i.e. cease to flow. These molecules would have to remain perma-
nently in the column if they were not able to jump into a "moving" flow
thread by a lateral diffusion step. On the other hand, a molecule which is
about to diffuse to a point in the column packing which does not favour
transport may be prevented from so doing by being carried further on by the
flow. To some extent, then, transverse diffusion and eddy diffusion cancel
each other out.

The plate-height component of transverse diffusion is termed Ho; we thus
obtain:

_ dp? ” (2.14)
Hg = Wj - Do -V

Wi is a measure of the inequality of the diffusion pathways and of the flow
differences bridged by means of the diffusion steps. In simple investiga-
tions, HQ is generally ignored. The plate-height components of eddy diffu-
sion (Hg) and of transverse diffusion (HQ) can be combined thus:

1

K= + .
HQ Hg

(2.15)

Delayed substance interchange

The interchange of sample molecules between the mobile and the stationary
phases is, of course, a desirable effect, and is what makes chromatographic
separations possible. It does, however, also contribute to undesirable peak
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broadening. The reason for this is that submersion into the separating
liquid and returning to the carrier gas take time. If all molecules of a
type A were to require exactly the same amount of time for this, no peak
broadening would result. But as may easily be imagined, particularly deeply
immersed molecules require considerably longer to return to the mobile
phase than those which have penetrated only as far as the upper layer of
the separating liquid. Relative to the bulk of the molecules, which reach
an average submersion depth, the former molecules are eluted later and the
latter molecules sooner.

In this way, delayed substance interchange also means that the more
frequently the molecules enter the stationary phase the broader an original-
ly narrow substance peak becomes. The plate-height component of the trans-
fer term is:

Hp =f +p - (l-p) » df2 -+ 0 - L (2.16)
Ds
f = structure dependent shape factor for the stationary phase
df = layer thickness of the separating liquid
p = proportion of sample molecules of type "A in the mobile phase, averaged
over time
Dg = diffusion coefficient in the stationary phase
U = average flow rate (cm/min.) of the mobile phase.

f takes into account the geometric arrangement of the separating fluid on
the carrier (spherical, rod-shaped, planar, etc.). HT is in inverse propor-
tion to Dg. Narrow peaks, and hence high resolution, are therefore obtained
with separating liquids of as low viscosity as possible. Since the viscosi-
ty increases as temperature drops, GLC columns must not be operated at too
low temperatures. In the equation for plate height, the layer thickness df
of the stationary phase and hence the degree of coating of the column is
raised to the power of two and thus exercises a significant influence.
Minimum plate height and hence maximum separation efficiency require a
minimum degree of coating and layer thickness. There are, however, practi-
cal limits to this, in that on the one hand the quantity of stationary
phase limits the amount of sample that can be injected, while on the other
hand the carrier should be coated as evenly as possible with no gaps.

The product p - (l-p) reaches a maximum at p = 0.5. p = 0.5 characterizes
substances which stay equal periods of time in the mobile and the stationa-
ry phases. Considerably larger p values signify extremely short retention
times and are not advisable for gas-chromatographic separations. Most sepa-
rations on packed columns are conducted with retention times tpgg equal to
between twice and about one hundred times the value of the dead time. It
should be considered here that tyg = 2 tp is equivalent to a p value of
0.50, i.e. the maximum Hf value, as already mentioned. Accordingly, better
resolution is obtained with somewhat lower p values and hence longer reten-
tion times.

2.12.12 The van Deemter equation
The three components of plate height, Hg, Hi and Ht, may simply be added
together to give a total plate height Hg, which describes the total peak

broadening of the column:

Hg = Hg + Hy + HT (2.17)
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The reason is that the plate height H stands for variances 02 and that va-
riances are additive. By substituting the individual parameters into Equa-
tion 2.17 and combining some of the elements, we may simplify as follows:

Hg = A +B +=+C ¥ (2.18)

<l

This is the simplest form of the van Deemter equation. It is quite clear
from the graph (Fig. 48) that the total plate height Hg passes through a
minimum: the smallest possible plate height Hpjn, and hence minimum peak
broadening is obtained at the optimum linear flow rate Uopt. The linear
velocities may be replaced at any time by the customarily specified flow
rates (cm3/min.) since the two values are proportional to each other.

It is particularly significant that in the range where v < Eopt. the van
Deemter curve is much steeper than in the range where U < Uppt. Whereas if
the carrier gas flow is too low, separation quickly deteriorates until it
is no longer useful, v may frequently be increased to a value considerably
greater than Ugpt, Wwhile still attaining the required value for resolution.
It should be remembered that doubling wvresults in a halving of analysis
time.

In addition to the peak-broadening effects in the separation column, there
are also those which may arise in dead volumes and turbulences in column
connections, injectors, detectors and valves. It is virtually impossible to
quantify these factors. Structure-related effects such as these frequently
constitute the difference between good gas chromatographs, in which such
disturbances are minimal, and those of inferior quality.

2.12.13 The number of theoretical plates

A linear value (e.g. in mm) for plate height Hg may be calculated from
Equation 2.18. It should be understood, however, that it is in reality a
small volume dV in which a distribution equilibrium of the substance
molecules is established between the stationary and the mobile phases.

V< VOpt V> VOpf

\
Hg \ |
\ 1

/
N
Hmin.

VOp’( N>

Fig. 48. Van_ Deemter curve: Relationship of plate height Hs to average
flow velocity v in the separation column.
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If the entire column length L is considered as being divided into sections
of the length Hg (in the following referred to simply as H), we obtain the
theoretical plate number N:

N = L/H (2.19)

The plate number N may be derived from the chromatogram if the total
(uncorrected) retention time tyg is related to the base width Wg.

" 2

ms (2.20)
Nip = 16 | ——
th < Vg >

In order to determine N it is merely necessary to measure the total uncor-
rected retention time tyg of the peak and its base width, both, of course,
in the same unit of measurement. Since it is frequently not possible to
determine the precise position of the inflectional tangents which delimit
Wp on the base line, the relationship between Wq 5 and Wp is often used and
N is calculated thus:

tm 2

S

N o554 (2.21)
Wo.5

The higher the plate number N in a separation system, the greater is the
separation efficiency. In Equations 2.20 and 2.21, the total retention time
tms still includes the dead time, which makes no contribution towards sepa-
ration.

A somewhat more realistic measure of the separation efficiency of a column
is the effective theoretical plate number Nggpg:

s\ (2.22)
NEfFF = 5.54 - W

tg = adjusted retention time = hold-up time of the substance in the statio-
nary phase.

2.12.14 The efficiency or selectivity of the liquid phase

It has already been mentioned that when using GLC it is possible to sepa-
rate substances which have a different solubility in the separating liquid.
Such substances have different partition coefficients, expressing the di-
stribution between the stationary and mobile phases.

The solubility of sample molecules A in the liquid phase is determined by
the strength of the interaction between the molecules concerned. The princi-
pal types of interaction are listed below in the order of increasing force
of interaction.

1. Dispersion forces
2. Induced dipoles

3. Permanent dipoles
4. Hydrogen bridges
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As a rule of thumb it may be said that particularly effective interaction
is possible, thus yielding relatively high solubility, if the chemical
nature of the sample molecules (dissolved substance) and the liquid phase
(solvent) is as similar as possible.

The capacity factor k' and hence the retention time of a sample component A
depend primarily on its partition coefficient Kp. If a different substance,
B, is to be separated from A, Kp(A) must be different to Kp(B). If Kp(A) <
Kp(B), A emerges after a shorter retention time than B. The most practical
measure of the ability of column to react to differences between A and B
with different retention times is its selectivity & or relative retention.

_ t5(B) (2.23)
RN
Since the adjusted retention times are proportional to the partition
coefficients, « is also the ratio of the partition coefficients of the
substance pairing under investigation. Symmetrical, Gaussian peaks may only
be expected if the partition coefficient is constant over a broad concentra-
tion range (see Section 2.12.10).

The selectivity of the separation column obviously determines the distance
between the two substances to be separated in the chromatogram. Besides
physical separation efficiency, which is expressed in terms of plate
numbers, N, selectivity is therefore the second value which determines the
attainable resolution. As a final consideration when calculating the reso-
lution, allowance must be made for the fact that during separation peaks
which elute later are increasingly far apart. This is accounted for by in-
cluding the capacity factor k'.

2.12.15 The resolution equation
If all the parameters described above are combined, namely plate number,
capacity factor and selectivity, we obtain finally a general formula for

the resolution R:

R N @l K (2.24)
! o k' + 1

The aim of every gas-chromatographic analysis is to separate the individu-

al substances from each other. A measure of the quality of the separation

is the resolution R, already defined in Section 2.12.7. According to

Equation 2.24, the resolution is equal to the product of the capacity term

(\/kl}<'+ 1), the selectivity term (- 1)/) and the column-efficiency term
N/4.

In order to improve the resolution R, each term may be optimized.

Optimization of the capacity term

According to Equation 2.3, the partition constant Kp is equal to the
product of k' and B. Resolving in terms of k' and substituting Vp/Vs for B,
we obtain:
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Vs (2.25)
Vm

k! = Kp -

Since Kp is a constant for a particular substance/stationary phase pairing
(where T is constant), k' can be increased by increasing Vg or reducing
Vm. This means that k' is a measure of the quantity of stationary phase in
the column.

The quantity of stationary phase cannot be increased at will; it is highly
dependent, for example, on the nature of the carrier. H. Rotzsche provides
an excellent summary.

The maximum value which the capacity term may assume is one. In practice,
the k' values should be between 2 and 5, since otherwise the retention times
are unacceptable long.

Optimization of the selectivity term

The selectivity ¢ of a separating liquid must always be seen in conjunction
with the sample molecules to be separated. A separating liquid is consider-
ed to be selective if it engages in intensive intermolecular interaction
with the molecules of the substance.

According to the definition of o (see Equation 2.23), the function
((a- 1)/ ) is meaningful for values between 0 and +l only. ( @& in Equation
2.23 cannot be less than 1, and where &= 1, ((a- 1)/a) = 0.

The selectivity term, and hence the choice of the "correct" stationary
phase, has a major influence on the resolution R.

Optimization of the efficiency term
Optimization of the efficiency term is best illustrated by an example.
How long must a column be in order to obtain a resolution of 1.57

The theoretical plate number of a 3-meter column is calculated according
to Equation 2.20 and the data taken from Fig. #49:

17 \ 2
Nip = 16, <1—> o (2.26)

The theoretical plate number N*{; required to achieve a resolution of 1.5
is calculated from Equation 2.24 as:

|
e I I A (2.27)
Nh = 16 = R <a- 1) ( K's )

(k'g = capacity factor of peak B)
ts(A) = 13 min.y tg(p) = 16 min.; ty = 1 min.

Total uncorrected retention times may, of course, also be used for the
calculation of R.

WB(A) = 0.818 min.; Wp(p) = 1 min.
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17min. 2

14min. .

—‘ min. A B

I\

AR ES

0818min.  1min.
Fig. 49. Separation of two substances on a packed column; Optimization of
column length

The calculated resolution of 3.3 is much too large and the analysis time of
17 min. is unacceptable long. Even a resolution of R = 1.5 signifies a
"base-line separation" (99.7 % separation). A shorter column with fewer
theoretical plates would suffice.

The values for @ and k'p are obtained from Fig. 49.

17 - 1
— = L2315 kg = <= = 16

17 -1
a =71y

Substituting these values in Equation 2.27, we obtain:

. o . [L231\2  [17\2 (2.28)
N*h = 16 - (1.5) <0.231 T3

N¥p, = 1154 (2.29)

Since the plate height Hy; remains constant, the column length is calculated
as:

T (2.30)
L=L" Wi
1154
L =37y
L =075 (m)

It can be seen, that the desired separation is achieved with a much
shorter column. Since separation is complete on the 3-m column, a higher
rate of carrier-gas flow may be used to shorten the analysis time (see
Equation 2.18).

2.12.16 General remarks on GC detectors
Thanks to their sensitivity or specificity, the following types of detector

have proven valuable for performing gas-chromatographic analyses of trace
amounts of organic substances in water:
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A) Flame ionization detector (FID) (2.12.16.1)

B) Electron capture detector (ECD) (2.12.16.2)

C) Thermionic specific detector, alkali TSD (AFID) (2.12.16.3)
D) Flame-photometric detector (FPD) (2.12.16.4)

E) Thermal conductivity detector (2.12.16.5 and 3.6.1)

F) Microcoulometric detector (2.12.16.6)

G) Mass-selective detector (2.12.16.7 and 2.11.3)

It should be understood that there are two types of detectors: those which
produce unequal signals from equal concentrations of different substances
in the mobile phase are specific. If this only applies to substances incor-
porating a particular element, a particular functional group or with some
other outstanding property, the detector is selective.

2.12.16.1 Flame ionization detector (FID)
A) Flame ionization detector (FID)

The FID is used to measure the electrical conductivity of a flame in an
electrical field. The flame is produced with hydrogen as the fuel gas,
which is mixed with the carrier gas ahead of the burner nozzle. The air
required for combustion is supplied to the flame separately. Positive
fragments of the organic substances and electrons are produced in the
flame as a result of ionization. The electrons are accepted directly by
the anode. The positive ions are discharged at the cathode.

When operating the FID, care must be taken that the flows of Hp, Ny and
air are set at a constant rate precisely according to the specifications
of the equipment manufacturer. The gases must be dry and of high purity.
The FID is outstanding for its very high sensitivity and wide range of
linear response. Careful calibrations are required for each component
under analysis. The FID is capable of taking direct measurements only of
substances with CH bonds. Inert gases, N2, Op, Hp, CO and COjy are not
recorded.

There is a voltage (300 V) between the flame tip and a cylindrical
collecting electrode. The carrier gas from the column is mixed with
hydrogen and burned via the nozzle. If an organic component is eluted
from the column, charged particles result which reduce the resistance
between the electrodes; the current which then flows is proportional to
the quantity of eluted organic material.

2.12.16.2 Electron capture detector (ECD)

B) Electron capture detector (ECD)
Virtually all modern electron capture detectors operate according to the
pulse-modulated constant-current technique (PMCC). The ionization source
is a 63Ni foil (B--emitter), which is attached to the inside of the
detector cell. When carrier gas (highly pure nitrogen or a mixture of

Ar/CHy) flows through the cell, the gas becomes ionized. The slow elec-
trons formed flow to the anode, thus generating a current.

TG + B- —=TG~ + e~ (primary, slow)

(TG = carrier gas)
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AR =
H, ©
COLUMN
Fig. 50 a. Flame ionization detector (FID); 1) = Cooling fins; 2) =

Insulator; 3) = Outlet; 4) = Ring electrode; 5) = Flame; 6) = Ceramic
insul.; (Based on Siemens, Sichromat)

If negative pulses with a frequency of f, are applied to the foil, the
electrons are able to reach the collector only during a negative pulse
period. In this way, the pulse frequency f, determines the residual cur-
rent of the ECD. If an electron-absorbing substance S enters the detec-
tor cell, the electron concentration falls. This loss is compensated by
an increase in pulse frequency to fg, so that the residual current re-
mains constant. The difference f = f5 - f5 is proportional to the
quantity of S and is fed to a recording instrument.

The ECD is dependent on concentration. It must be ensured, therefore,
that the volumetric flow rate of the carrier gas is constant. Since
sensitivity is a function of detector temperature, the temperature
should be kept constant, + 0.3 - 0.5 °C.

It is advisable before and after each quantitative analysis to calibrate
the detector with a known amount of the substance to be detected.

This type of detector is used for the detection and determination of
very small quantities of substances with high electron affinities. In
the trace range, the ECD is employed amongst other things for the analy-
sis of traces of pesticides, nitro compounds, ozonides, chemical poison
gases, pharmaceuticals, carcinogens, metabolites and metallo-organic
compounds.
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Fig. 50 b. Cross-sectional view of flame ionization detector

The carrier gas (Hp, N or Ar: CHy - 95 : 5) flows through the detector
cell and is ionized by the B- radiation of a radio-active source (3H or
63Ni). The "slow" electrons formed migrate to the anode (which usually
has a potential of 90 V); as a result, a residual current of approxima-
tely 10-° A flows. If an organic substance is eluted which is capable of
"capturing" electrons, the current flow is reduced.

Modern ECDs achieve a constant current flow with the aid of pulsating

voltages at the electrodes. The frequency of the voltage pulses is di-

rectly proportional to the concentration of "electron-capturing" mole-
cules.
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Fig. 51. Electron capture detector (ECD); 1) = Radioactive foil; 2)
Gas out; 3) = Electrodes; 4) = Gas in
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2.12,16.3 Thermionic detector (TSB) and alkali flame ionization detector
(AFID)

C) Thermionic detector (TSD), alkali flame ionization detector (AFID)

The alkali flame ionization detector is a variant of the FID; it is
available in various versions. They may be specific and selective for
organic compounds which contain nitrogen and/or phosphorus, depending on
model, and are therefore frequently used in trace analysis of pesti-
cides. The desired selectivity is achieved by holding a bead of alkali
salt (containing Rb or Cs) over an FID flame (AFID) (Fig. 52 b) or by
heating the bead electrically (Fig. 52 a) (TSD, approx. 500 - 850 °C).
The ionization of compounds containing nitrogen and phosphorus, in parti-
cular, is made easier in the presence of alkali atoms in the ionization
zone close to the surface of the bead. According to recent theory, the
alkali atoms serve as electron carriers from the heated salt beads to
the compounds. Larger quantities of halogen-containing substances
(particularly halogenated solvents) should be avoided, since otherwise
there may be irreversible evaporation of alkali halogenides, resulting
very quickly in the destruction of the detector.

N- and P-selective detectors

TSD with electrical heated bead

AFID

Fig. 52 a and b. a 1) = Collecting electrode; 2) = Amplifier; 3) = Power
supply unit; 4) = Nozzle; 5) = Alkali source;
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Fig. 52 c¢. TSD N/P selective

2.12.16.4 Flame-photometric detector (FPD)
D) Flame-photometric detector (FPD)

This type of detector is frequently used in pesticide-residue analysis
because of its high specificity and selectivity and its high sensitivity
to sulphur and phosphorus compounds. In the arrangement devised by Brody
and Cheney the radiation from a hydrogen-air flame is directed to a
photomultiplier through an interference filter. Measurements are taken
at a wavelength of 526 nm for the determination of phosphorus, and at
394 nm for sulphur. Disturbances due to other products in the flame are
largely avoided due to the fact that only the upper part of the flame is
in the light beam (Fig. 53). In the presence of a hydrocarbon matrix a
double flame FPD is essential.
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Fig. 53. Flame-photometric detector (FPD)

2.12.16.5 Thermal conductivity detector

E) Thermal conductivity detector (see Section 3.6.1)

2.12.16.6 Microcoulometric detector
F) Microcoulometric detector

The eluted halogen-organic compounds are pyrolized; the resultant hydro-
gen halide is quantified selectively by microcoulometric titration.

1
3 )
| 2
lAacoroand
4> ARRRRR
l UUUVVUUJ ]
5 6
Fig. 54. 1) = Microcoulometer; 2) = Electrolysis circuit; 3) = Measuring

circuit; #) = Column; 5) = Pyrolysis oven; 6) = Titration Cell
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2.12.16.7 Mass-selective detector
G) Mass spectrometer or mass-selective detector (see 2.11.3)
Note:

It is of advantage to use gas chromatographs with two detectors of
different types in conjunction with a two-channel plotter. When operat-
ing two such detectors simultaneously, such as FID and ECD, it is possib-
le to make assertions regarding the nature of components separated by
gas chromatography: while the FID records all organic compounds contain-
ing CH, the ECD indicates only those compounds containing halogens.

2,12.17 Theoretical considerations regarding detectors

2.12.17.1 General remarks

A GC detector has the task of translating the material signal leaving the
separation column into an electrical signal, avoiding distortion at all
times. In so doing it should "ignore" the carrier gas, in other words in
the absence of substance it should produce a =zero signal. The output
voltage of the detector is displayed on a strip chart recorder as a chroma-
togram (Fig. 55).

In some detectors, the electrical output signal is proportwnal to the mass
flow (in g - secr ly and m others the output signal is proportional to the
concentration (m g - mi-l) of the components. The main representative of
the first type is the thermal conductivity detector, and of the second type
the flame ionization detector. The most obvious difference between the two
categories of detector is in their differing reaction to changes in
carrier-gas flow rate.

Response—

1 /\

t t —b
1

t

Fig. 55. Chromatogram of a differential detector. The shaded area is pro-
portional to the total mass of the substance emerging from the column in the
time ty - t|
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Fig. 56. Detector signal S as a function of time

In a concentration-dependent detector the level of the detector signal is
given as follows:

S=K-C (1)

S = Detector output signal (mV)
K = Apparatus constant (mV - g-1 + ml)
C = Concentration of sample substances in the detector (g - ml-1)

HoH

If the detector signal S is plotted against time t, we obtain the function
shown in Fig. 56.

The shaded area A is defined as:

A = j S .« dt (2)
tl

If we substitute the value for S from Equation 1 into 2, we obtain:

12 12
A= [ (K-C-+dt)=K-=- | C-dt 3)
tl tl’

The limits of integration, t] and tp, correspond to the times at which peak
detection begins and ends. Depending on the degree of accuracy required for
the analysis, for quantitative measurement of the peak area tp - t] = At
should have a value between 6 0 and 8 0 , for symmetrical peaks. ( 0 is the
standard deviation or half inflection-point width of the Gaussian peak.)
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The actual quantitative measured value, which should be proportional to the
quantity of sample substance, is the integral of the detector-signal level
(mV) over time (sec.), i.e. the peak area A with the dimension (mV - sec).

For the sake of simplification let us assume that the substance peak emerg-
ing from the column is rectangular (Fig. 57).

During time At = tp - t] the concentration of sample substance in the
detector is constant.

M (4)

C =
vV - At

= Mass of the sample component causing the peak (ﬁ)
= Average flow rate of the carrier gas (ml « sec.~!)
= Volume of carrier gas contained in the peak (ml)

<<z

At

As a result of 1, during the same time period the detector supplies a
constant output signal S, which is not dependent on flow rate. The peak
area A, however, here instead of the integral in 2 simply the product S - At,
is clearly directly proportional to the time At during which concentration
C is kept constant in the detector. If in the centre of the rectangular peak
(Fig. 57) the carrier-gas flow is stopped, the detector would issue signal
S for an indefinite time; A would therefore be of indefinite size.

If the above relationships are combined, we obtain:

A:S-At:K'C-At:K-M—'-—A—t—
V. At

t—

N ———
—
N

Fig. 57. Idealized relationship of substance concentration to time t (refer
to text for details); 1) = Substance concentration; 2) = Retention time*
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K+ M
\

A = (5)

(mV - sec.)

For concentration-dependent detectors the implications of this, therefore,
are:

a) The peak area is proportional to the quantity of sample.
b) The peak area is in inverse proportion to the carrier-gas flow.

In order to obtain comparable results, a thermal conductivity detector must
be operated with a constant flow rate.

The mass flow sensitive detector (e.g. FID) first translates its input

"quantity of substance" into the variable "electric charge". M (g) of sub-
stance generates the charge:

Q=M-gq (6)
(q = charge per g of substance in (A + sec.. g-1))

A flow of substance from the separation column of M(g sec.-l) produces a
current:

I=M - q (A) (7)

which generates the voltage U (V) = I + R via load resistance R. The signal
level is then:

S=M-q-+ R (V) (8)

However, with a constant sample concentration in the carrier gas, i.e.
within the rectangular peak, the following applies:

M=C-V(g- sec.)) (9)

Under these conditions, the signal level is proportional to the carrier-gas
flow V.

In this case, too, the peak area A is given by S - At:

A:M-q-R-At(V-sec.) (10)
In the case of real peaks, M is not constant, meaning that the following
must be used:

A = _gq-R-M-dt (11)

Evaluation of the integral yields, as for Equation 10:
A=q-+R-M (12)
from which we may derive for mass flow sensitive detectors that:

a) The peak area is proportional to the sample mass.
b) The peak area is not dependent on the carrier-gas flow.
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2.12.17.2 Characteristic parameters of detectors

In principle, any property of a substance which can be converted into an
electrical signal can be wutilized in the design of a gas-chromatographic
detector. There are indeed a great many different detectors, but only few
types have found broad acceptance.

In general, a distinction is drawn between differential and integral detec-
tors. Differential detectors constantly issue an output signal which corre-
sponds to the quantity of substance emerging from the separation column at
that moment.

Integral detectors successively add all input signals together and issue a
corresponding summated signal at the output. Only differential detectors
play a major role in gas chromatography.

A further distinction is drawn between destructive and non-destructive
detectors. The first type alters or destroys the sample components during
detection (e.g. thermal conductivity detectors), the second type does this
not (e.g. TCD).

The following parameters characterize a detector:

. Selectivity

Linear range and linearity
Noise level and detection limit
Sensitivity

. Measuring volume (cell volume)
. Time constant

A WN -
e & o

Depending on the purpose of the detector, particular emphasis will be placed
on one or other of the characteristic parameters, which will then be opti-
mized accordingly.

Selectivity

It is generally desirable to have a detector which detects all substances
well. Such a device is impossible to achieve, since each detector is based
on the measurement of a particular substance property and different substan-
ces have correspondingly differing substance properties. There are, how-
ever, detectors which are suitable for very broad substance ranges. Flame
ionization detectors and thermal conductivity detectors, for example, are
virtually universal. Even with these types, though, different properties
from substance to substance play a part to the extent that substance-
specific correction factors must be used for the correlation between
substance mass and peak area.

Highly selective detectors have been developed specifically for the detec-
tion of more or less closely delimited substance classes. These are of
exceptional value in the analysis of complicated mixtures.

Linear range and linearity

The proportionality between the sample input of the detector and the elec-
trical output voltage should extend over as great a range as possible. Let
us consider the relationship of the signal to concentration in a concen-
tration-sensitive detector (Fig. 58).
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Two characteristic quantities are defined as follows:
the linear range (LR):

C
L -Soe v
min

and linearity M:

M log Smax, - 10g Smin. a

~log Chax. - log Cmin,

where:
Smax. = Signal level at Crax.
Smin, = Signal level at Cpjp,

(see Fig. 58)

The linearity value of a detector should be as close to one as possible.
Formally speaking, the linearity indicates the slope of the S —»C function
within the linear range.

In many detectors the linear range extends over several orders of magni-
tude. For this reason, the calibration curve is usually shown on a logarith-
mic scale. Fig. 58 shows a calibration curve for an FID.

From Fig. 58 it can be seen that the detector signal is proportional to
mass flow M over seven powers of ten, The linear range is accordingly 107.

If the logarithm is taken of Equation (8), we obtain:

log S = log (q + R) + log M (15)
The linear section in Fig. 58 should, therefore, have the gradient I.
Values encountered in practice tend more to be between 0.95 and 0.99, depend-

ing on the design of the FID.

The total linear range of a detector, also known as the dynamic range,
cannot be mapped with recording instruments such as recorders, plotters or

7 c
s| 17 —-8-:107 i b=Cmax.

a=Cmin.

—_
105 (—b =0

1 10 102 103 10° 10° 105 107 108 10° 10° 10" 102
— -

Fig. 58. Linearity curve of a flame ionization detector
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magnetic tapes. For this reason, signal-attenuation stages are connected
downstream of the detector. The resistance networks are almost much less
linear than the detector itself.

Noise level and detection limit

All detectors also produce an output signal when only the carrier gas is
passing through them. When the amplifier is adjusted to a low sensitivity
this signal is not visible and the connected recording instrument shows a
smooth base line running parallel to the edge of the paper. With high am-
plification, however, in the least favourable case three effects may be ob-
served:

a) The base line runs away monotonically in a positive or negative direc-
tion. This phenomen is known as drift. Drift can almost always be traced
to some kind of operator error.

b) The base line appears in a wavy form, thus simulating low peaks. The
spacing of these apparent peaks is measured in minutes. "Long-term noise"
of this type is also traceable to incorrect operation of the gas chroma-
tograph.

c) The base line is modulated by "short-term noise" and appears in the form
of a band (Fig. 59). The interval of noise oscillations is in the range
of seconds or less. This noise originates partly from the detector and
partly from the amplifier. It can never be completely eliminated and can
only be minimized. A genuine detector signal can only be recognized as
such when it clearly stands out from the noise band.

If the average noise voltage (peak-to-peak) is designated N, a signal is
still considered to be detectable if its level is at least 2 - N. That
sample concentration or sample mass which produces a signal level of 2 N is
known as the detection limit of the detector system (LLD = lower limit of
detection or MDQ = minimum detectable quantity).

Sensitivity

The slope of the detector calibration curve (Fig. 58) is known as sensitivi-
ty. In the case of concentration dependent detectors, sensitivity has the
dimension [A + ml - g-ll] and for mass flow sensitivity  detectors
[A - sec. + g-!1. If the linear range sensitivity is constant, and outside
this range it changes to a greater or smaller degree. If the detector is
greatly overloaded, it enters the saturation area. In this operating range
its sensitivity is zero.

T T T Y T T

Time

Recorder Response
in. Millivoits
eI,

Fig. 59. Relationship of
nimum detectable quantity

[7)
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—

level to time; N) = Noise level; 2N) = Mi-
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Measuring volume

The actual measuring volume of the detector should be as small as possible.
This requirement is all the more vital the narrower the chromatographic
peaks are. If the detector is to reproduce the substance peak as faithfully as
possible, it must scan the peak differentially. This means, however, that
the detector volume must be small in relation to the carrier-gas volume in
which the entire peak is contained. Let us assume that a very narrow peak
has a base width of 1 sec. = & + 0. The peak elutes almost completely,
therefore, within 2 seconds. At a carrier-gas flow of 3 ml/min it may be
calculated that the peak is contained in 0.1 ml of carrier gas. If the
detector volume were 1 ml, for example, several narrow peaks of this type,
eluting in direct succession, could be accommodated in the detector simul-
taneously. In this way, the effect of separation would be completely cancel-
led out.

Time constant

The purpose of any detector is to convert emerging substance peaks into a
useful electrical signal without delay and without any distortion of shape.
To achieve this it is necessary that the detector be capable of converting
the substance peak into the signal considerably more rapidly than changes
in the peak occur. The detector must have a small time constant. If one
considers that very narrow capillary peaks may well have a base width of
only 100 msec., it is clear that the time constant of the detector must be
in the region of a few msec. Virtually all detectors in current use fulfil
this condition. It must nevertheless be taken into account that a detector
can only be operated in conjunction with the associated amplification elec-
tronics. In some devices the amplifiers are overdamped so as to give an ap-
pearance of producing particularly low noise levels. This may result in
such great distortion of the peaks that quantitative measurements are no
longer possible.

2.13  Gas-chromatographic headspace analysis (cf. also Chapter 4)

2.13.1 General remarks

In water, volatile organic substances frequently occur only in the trace
range. However, the human senses of smell and taste respond to the minutest
traces of such organic substances, with the result that such traces may
make drinking water unpalatable. On the other hand, volatile organic substan-
ces such as fuels or organic solvents which are only very slightly soluble
in water may be emulsified by surface-active substances, with the result
that more marked concentrations of such volatile organic products may also
occur in water. This applies in particular to wastewater from refineries or
from chemical plants, or to the wastewater from petrol (gasoline) separa-
tors at {filling stations.

It has also been observed that traces of organic solvents may be transferred
into the water from drinking-water containers which have been freshly lined,
rendering the water undrinkable.

If volatile organic substances are present in a water sample, and the water
is kept in a closed thermostated system, a balance of vapour pressure is
established between the liquid aqueous phase and the gas phase. The estab-
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lishment of the vapour pressure equilibrium can be accelerated by raising
the temperature or by shaking out. When the vapour pressure equilibrium is
established, gas samples are taken from the headspace of the flask and the
gas samples are analyzed by gas chromatography. If the presence of certain
organic substances is likely in view of the retention times, identification
can be carried out using the admixture method under otherwise identical
test conditions.

2.13.2 Area of application

Gas chromatographic headspace analysis is a trace chemistry technique.
Volatile organic substances can be detected even in the picogram range by
this method.

Since gas chromatographic analysis, by its very principle, is not a qualita-
tive but a quantitative method of analysis, the signals obtained must be
attributed to particular substances. Experience shows that the analyst will
recognize contamination by heating oil or petrol by their characteristic
chromatograms, If assignment is impossible, a qualitative statement regard-
ing the substance cannot be made; instead, it can only be established that
substances are detectable in the gas chromatogram, without being able to
describe their nature.

It is possible to conduct calibration according to the admixture method in
conjunction with this technique if the organic impurities can be recognized
on the basis of the gas chromatogram. Equal quantities of water are
measured into similarly shaped glass vessels so that the same size of gas
space relative to the water volume is present in all calibration samples.
Increasing quantities of the suspected substances are then measured into
the water in correspondingly low concentrations, and headspace equilibrium
is established, as in the analysis of the sample. In the case of fuel
contamination, for example, using the admixture method with fuels of vari-
ous origin not only enables the fuel itself to be identified, but also
allows its origin to be established at least with some degree of probabil-
ity. Great care should be taken that the external conditions, such as flask
volume, water volume and gas-space volume, as well as temperature and the
time taken to establish headspace equilibrium, are always kept comparable.

An initial indication as to whether the technique of gas chromatographic
headspace analysis is applicable is given by checking the smell of the
water; this may also provide information concerning the nature of the vola-
tile organic substances.

It should be noted that the gases naturally occurring in solution in a
water, such as carbon dioxide, nitrogen, oxygen or methane, are also concen-
trated in the gas space and, like methane, may be measured in addition.

Completely odourless glass flasks which have been carefully cleaned should
be used for taking the sample.

Glass flasks should be chosen which provide approximately the same remain-
ing gas space when filled with 1 litre of water. The flasks should be heat-
ed for 24 hours at 105 °C in a drying oven before taking the sample, and
when cool provided with a ground-glass stopper fitted with a septum to
allow samples to be removed from the gas space with a gas syringe.
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Blank tests without the addition of water but using the same septum and
otherwise treating the flask in the same way should be carried out at all
events in order to discover any potential influences. (For details of the
method see section 4.2)

Common injection systems for capillary columns
- Split injector after Grob

simple headspace analysis

- Headspace ~

~ dynamic headspace injection
(purge and trap)

- Cool column injection
Types of columns

- Packed columns: Glass or metal columns filled with a solid
support; this support is coated with a station-
ary phase (generally a liquid with a high
boiling point).

- Capillary columns: Usually glass or quartz capillaries 30 to 100 m
long (internal diameter: 0.25 to 0.5 mm) in
which the stationary phase is applied as a
thin film (thickness 0.5 to 0.1 pm) or is in
the form of a "bonded phase" (fused silica).

2.14  High-performance liquid chromatography (HPLC)*

2.14.1 Basic principles

The following section aims to provide a brief description of the principles
of HPLC and its most important parameters in water analysis.

In contrast with classical column chromatography, HPLC uses columns with
considerably smaller internal diameters (2 to 5 mm) and considerably
smaller particle sizes in the stationary phase (3 to 10 um).

This results in a build-up of considerably higher back pressure (up to 400
bar) as the solvent passes through the separation column. Today the method
achieves separation efficiencies and detection limits which previously
could not be expected of anything but the most sophisticated gas chromato-
graphic methods.

A pump (2) delivers a certain quantity of solvent through the system from a
reservoir (1) at a very even rate (even against differing back pressure).
(Fig. 59 b)

* H. G. Deckert, K. Jung, Millipore-Waters, 6236 Eschborn, FRG.
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Reverse Phase

Pump —— Injector p— C;3 Column — DeltJe\:;tor Data
lon Analysis
. lon Exchange -
Pump —— Injector | Conductivity Data
Column Detector

Fig. 59 a. Schematics of typical liquid chromatographic systems for organic
and inorganic compounds

A special injection system (3) permits a certain quantity of sample (liquid
or dissolved) to be introduced precisely into the pressurized overall
system. Separation of the substance mixture takes place in the column (&),

Finally, in a detector system connected directly to the column outlet, the
individual substances are indicated and the resulting detector signal (5)
is transmitted to a recorder, electronic integrator or a data system (6)
for qualitative or quantitative evaluation.

In the next section, the parameters which describe or influence chromatogra-
phic separation are discussed.

2.14.2 Retention

In HPLC, the individual substances reach the column exit, i.e. the detec-
tor, at different times, one after the other. This means that with a
constant flow of solvent the substances differ in their retention time on

the stationary phase, so that the t'otal retention time tR comprises the
retention time on the stationary phase t g and in the mobile phase t,.

tR =ty + tR

If a substance failed to interact with the stationary phase at all, it would
leave the column after tR = tg, the "dead time".

1 2 3 5 6

Fig. 59 b. Principle of the apparatus layout of an HPLC system 1) = Reser-
voir; 2) = Pump; 3) = Injector; 4) = Column; 5) = Detector; 6) = Integrator
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The retention time is a necessary parameter but not sufficient to identify a
substance. Under the same external conditions (temperature, solvent composi-
tion, flow, stationary phase), different substances may have the same reten-
tion times.

Capacity factor

tR is dependent both on column length and on flow rate. In the literature,
therefore, the capacity factor, k', of a substance is used to describe its
chromatographic behaviour. k' is the ratio of the retention probability of
a substance in the stationary to the mobile phase

k' = D stat
~ n mob

or

tR R -1

k' =
) to

k' values between 1 and 5 are generally considered to be optimum. In the
case of lower values, interaction with the stationary phase is too low, and
if k' > 5 the analysis time is too long.

Selectivity factor

The ratio of the capacity factors of two substances, 1 and 2, is designated
the selectivity factor o,

~
—

= o 1,2

x|

2

It follows that o« is a measure of the separation of two substances in a
defined chromatographic system. If & = 1, no separation takes place.

Selectivity factors between 1.3 and 1.5 are optimal.
Resolution

The resolution of two peaks is designated as the ratio of the distance
between the peak maxima tRz - tR] to the average of their base widths

Wi + Wp
2

(see also Fig. 60)

R - 2R2 - tRI)
- Wi + Wo

The following equation relates R with « , k' and N:

. —
R1,2=%-(a- 1) - 1k -, VN
+

where k'] = k'y
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Fig. 60. The most important parameters for characterization of a chromato-
graphic separation

It is worth noting that doubling the number of plates improves resolution
by a factor of l.4.

From a practical point of view, this means that if resolution is unsatis-
factory:

First of all an attempt should be made to alter the mobile phase, i.e. the
solvent is altered such that its polarity is in fact retained, but the type
of interaction possible with the substances to be separated is changed. In
practice, these may be for example two solvent components which have the
same polarity but only one of which forms hydrogen bonds and the other not.

If no success is obtained in this way, the stationary phase should be
changed. This therefore means a change from "reversed-phase" chromatography
to "normal-phase", or vice versa.

2.1%.3 Separation mechanisms

The following section deals briefly with the most important separation
mechanisms in HPLC.

Adsorption chromatography

Most packing materials used in HPLC are based on silica gel, which may
differ in particle size, surface area and pore size. (Typical particle
sizes lie between 5 pm and 10 um. Pore size is 600 to 1250 nm and surface
area 100 to 300 m2/g).

Pure, i.e. wunmodified, silica gel is highly polar and the separation
mechanism is based on the interaction of the substances to be separated
with the free Si-OH groups of the stationary phase. In practice, this means
that polar substances are retarded to the greatest extent.

Reversed-phase chromatography

Silica gel is a highly reactive material to which various functional groups
may be bonded relatively easily. If, for example, silica gel is caused to
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— Si— 0 —Si—Cqg
|
0

l Fig. 6l. Example of a chemically modified silica

{'—Si—O—'Si—C18 gel.

react with R-Si-Cl (R = CgH)7, CigH37), the alkyl chains are bonded to the
Si-OH groups and HCI is given off. (Fig. 61)

In this process, a highly non-polar silica gel is formed. In normal-phase
chromatography, the eluent is less polar than the stationary phase. If the
mobile phase is more polar than the stationary phase one speaks of
reversed-phase chromatography.

In reversed-phase chromatography, non-polar substances are retarded to a
greater extent., Typical solvents are aqueous buffers, methanol, acetonitri-
le, tetrahydrofuran, and mixtures of buffer and these organic components.

Today, the majority of separations in HPLC are conducted on reversed-phase
materials. These materials can be balanced more rapidly, require a solvent
with aqueous organic components and are more versatile with regard to their
areas of application.

Ion-exchange chromatography (see also 2.15)

The stationary phase contains bonded cation- or anion-exchange groups (e.g.
NR3* or SO32- groups) which interact with molecules of opposite charge.

For details of further specialized techniques (ion-pair chromatography, gel
permeation), refer to the supporting literature.

2.15 Ton chromatography
(Introduction)l

The analysis of organic anions, such as organic acids or also phenols,
sugars and alcohols, as well as that of organic cations such as amines and
amino acids, has long been a constituent part of high-pressure liquid
chromatography.

In the case of inorganic ions, however, the situation is different. Well
into the seventies, analysts were still dependent on wet analysis or other
non-chromatographic  techniques. The conductivity of inorganic ions in
aqueous solutions suggested itself as an aid to detection,

However, the problem of detection remained unsolved until the eighties. It
was, of course, necessary to measure minute changes in conductivity in the
presence of very high background conductivity of the appropriate eluents.
By chemically suppressing the background conductivity of the eluent, Small,
Stevens and Baumann succeeded in getting round the detection problem for

L H, G. Deckert, Millipore-Waters GmbH, Eschborn, FRG.
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the first time in 1975. They described their development of the so-calied
suppressor technique under the title "Novel Ion Exchange Chromatographic
Method".

As early as 1976, then, it was possible to obtain the first analyzers
(offered as chloride and sulphate analyzers).

Further development since 1979 has been in two directions. Whereas on the
one hand attempts have been made to reduce the disadvantages of the suppres-
sor technique by developments to the suppressor and columns, as a parallel
development initial tests are being made using ion chromatography without a
suppressor, but with separator columns on a silicate base and a conductivi-
ty detector.

In 1982 it proved possible to construct a self-generating hollow-fibre-
membrane suppressor.

Fig. 62 is a schematic representation of the structure of an ion chromato-
graph using the suppressor technique:

Carbonate/Bicarbonate H,SO,
m Eegejerate
Pump
Sample Waste Injection

Valve

LATEYED ANION SEPARATOR
Bﬁ’_‘[‘l
N+—HCOy- Sample \

REECA

Separator
Column

:.
s

Fiber
Suppressor
a8 k
Conductivity
Detector

I

Fig. 62. Structure of a suppressor ion chromatograph (ion chromatography
using fiber suppressor)
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Eluent
= Reservoir

Pump

Sample
Injector

Separator
Column

B Conductivity
Q Cell

Etectronik Fig. 63. Structure of an ion chromato-

Recorder Integrator | | Computer graph without suppressor

In 1984, advances in electronics made it possible to develop a highly sensi-
tive thermostated conductivity detector for the single-column technique,
and finally help the suppressorless IC technique to come to fruition. Fig.
63 is a schematic representation of the structure of an ion chromatograph
without suppressor.

2.15.1 Ton chromatographs with suppressor

Ion chromatography with a suppressor has achieved the widest distribution
in laboratories. The first analytical separator columns for ion chromato-
graphy consisted of ion exchangers with a plastic base. The suppressor
which is required for the suppressor technique has two functions. On the
one hand it removes the ions of the mobile phase, and on the other it
reinforces the ionic character of the sample ions and hence boosts their
detection limit.

Today's suppressor technique uses anion columns with exchange material on
polystyrene diphenylbenzene copolymers, the surfaces of which are sulphon-
ated and subsequently agglomerated with amine latex (see Fig. 64).

The cation columns consist of sulphonated polystyrene diphenylbenzene (see
Fig. 65).

As a result of their relatively high capacity, these columns require strong
eluents with high intrinsic conductivity., The problem arising from this is
to detect ions in the presence of very high background conductivity, in
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LATEXED ANION SEPARATOR

Fig. 64. Anion column for the suppressor technique

other words a similar problem to the measurement of small changes in absorp-
tion in UV spectroscopy with a highly UV-absorbent eluent.

The first solution to this problem, as already mentioned, was the develop-
ment of the suppressor. In the suppressor, the sodium ions in the anion
eluent (e.g. sodium carbonate/hydrogen-carbonate) are replaced by hydro-
gen.

In the case of cation eluents the chloride is replaced by OH ions. This
reduces the background conductivity of the eluent from approximately 800 uS
to about 25 pS (Fig. 66).
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Structure of the Flow Cell Unit

Eluent - @)%—LLLLI:[[‘_"QJ ]

Fig. 67. Thermometric conductivity detector with 5 electrodes; 1) = refer-
ence electrode; 2) = detection electrode; 3) = guard electrode; 4) = cell
unit; 5) = cell oven; 6) = 2 meters of 0.25 mm i.D. stainless steel tubing

The eluents which can be used for this technique are limited by the suppres-
sor used. Accordingly, changes in the necessary resolving properties make
it necessary to change the separation columns,

2.15.2 Ton chromatography without suppressor

In ion chromatography without a suppressor the conductivity of the eluent
is no longer suppressed chemically but rather by electronic means. Fig. 67
is a schematic representation of the structure of a modern conductivity
detector.

As a result of the electronic compensation of the background conductivity,
the full dynamic range of a detector of this type is retained. Today, ion-

Fig. 68. Anion Column (Waters)
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Eluent versatility

— Stronger Weaker .
EB mmol 1 mmol 5 mmol 1.3 mmol 5 mmol 1 mmol o
Trimesic Potassium Phospate Potassium Potassium Potassium
Acid Eluent Phthalate buffer Gluconate/ Hydroxide Benzoate
(pH B.6) (pH 6.5) (pH 6.5) 1.3 mmol (pH 11.7) (pH 6.0)
borax
(pH 8.5)
0
— HPO, 2= 5042 — — " — F- F- 5i032-
L NO3~ Cr0,2- c1~ o] €1~ — C1- —
— Citrate t— NO3~ —— —— N0y~ ———— CN~ —]
5 ——Py044- Br- B NSt —
- 3 [ AceticH
—— N0y~ ———t—— N0y~ — — Formic—
— 50,2~ —f—— Br~ — — Br0z~
10 L Se0,2- ——— Nog ——— HPO,ZT—__ o2 — 1
I Crﬂaz‘ —
— I~ ———— 50,2 — NDy~
15 — 50427 — 2-
— 530327 — | Oxalate—| 04 T ]— Br-—
— MoDy2Z~ — — €103~
20 ——P,01g°" - NO3-

Fig. 69. Overview of the eluents most commonly used for ion chromatography
without suppressor

exchange materials on a polymethacrylate base, amongst others, are used for
this technique, since their use permits correspondingly weaker eluents as a
result of reduced capacity (Fig. 68). In addition, in contrast to the
silicate-base columns used previously, these columns are stable over the
entire pH range.

Very precise temperature control of the detector is necessary for trace
analysis since conductivity is heavily dependent on temperature.

2.15.3 Anion separation

In the case of ion chromatography without a suppressor the resolving proper-
ty of the column can be adapted to the particular analysis in question by a
simple change of eluent. Fig. 69 shows a schematic representation of the
possibilities for anion separation offered by a single-column system of
this type.

2.15.4 Examples

The following chromatograms illustrate the possibility of mastering differ-
ent separation problems with one column and different eluents.

The demands made by environmental analysis are very varied. Whereas on the
one hand when investigating drinking water the anions are to be detected in
the lower ppm range, investigations of the acid-forming anions in rainwater
sometimes reveal notably high concentrations.
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Chromatogram of Anions with Potassium Benzoate

Column: IC-PAK A
1 Detector: waters™ 430
2 Conductivity Detector
4 Eluent: 1 mmol, potassium benzoate
Sensitivity: 4 uS/s
s Flow rate: 1.2 ml/min,

Sample volume: 100 pl

1. Acetic acid 50 ppm

3 : ] 2. Formic 20 ppm

7 3. Br03- 20 ppm

4. C1- 10 ppm

h 5. NOp~ 10 ppm

L1 6. Br~ 10 ppm
P - . . - - 7. Cl03~ 20 ppm
] H 10 15 20 25 8. NO3- 10 ppm

Minutes

Fig. 70. Anion separation using potassium benzoate eluent

The greatest demands are made of the system at differences in concentration
of 1000 and more. In these border regions, columns with a higher exchange
capacity prove to be advantageous.

Other detectors are possible in ion chromatography, in addition to the
measurement of conductivity. UV detection enables anions absorbent in the
UV range (e.g. NOp-, NO3-) to be detected specifically, and also makes it
possible to work with a UV-absorbent eluent. In the process, the background
absorption is reduced by the non-absorbing ions. With this indirect UV
absorption, therefore, negative peaks are obtained.

Chromatogram of Anions with Potassium Phthalate

Column: IC-PAK A
Detector: Waters™ 430
Conductivity Detector
Eluent: 1 mmol, potassium phthalate
Sensitivity: 5 pS/s
3 Flow rate: 1.2 ml/min,
Sample volume: 100 pl
1 8
1. C1- 5 ppm
23 5 g 2. NOy~ 5 ppm
4 7 3. Br- 5 ppm
4. ND3- 10 ppm
5. 50472 50 ppm
H 6. Se042‘ 50 ppm
7. Cr0,-2 50 ppm
t() g M 5 20 zls 8. Sp03-2 50 ppm
9. M004'2 50 ppm
Minutes

Fig. 71. Anion separation using potassium phthalate eluent
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Anion Capability

Column: Waters™ IC-PAK A
Detectors: Waters™ 430 Conductivity detector
Eluent: Borate buffer
Flow rate: 1.2 ml/min.

34 Chart speed: 0.5 cm/min,
Sensitivity: 2.5 pS/s

2 Temperature: Ambient

: Ss Sample volume: 50 pl

8 '

: . ppm's
1. F~ 1
2. C032- -
3. C1- 2
4. N0y~ 4
5. Br— 4
6. NO3- 4
7. HPO,2- 5
8. S0,42- 4

Fig. 72, Anion separation using borate gluconate eluent; anion capability

Another important detector for ion chromatography is the electrochemical
detector (ECD). This makes it possible to detect anions such as cyanide,
nitrite, sulphide, bromide, iodide and sulphite with maximum sensitivity.
Thanks to its specific detection capabilities it is also possible to identify
these ions without interference alongside high concentrations of other
ions which may also display similar retention values (Fig. 75).

In water analysis it is also important to identify the cations as well as

the anions. Fig. 76 shows the determination of the cations in the analyzed
rainwater.

Chromatogram of Anions with Potassium Hydroxide

5 Column: IC-PAK A
1 Detector: Waters™ 430
Conductivity detector
[ Eluent: 5 mmol, KOH
Sensitivity: 20 uS/s
Flow rate: 1.2 ml/min.
2 Sample volume: 100 ul
4
1. sins2- 3 ppm
7 2. C1- 4 ppm
3. CN- 10 ppm
J 4, Br- 10 ppm
5. NO3~ 25 ppm
r T T T 7 6. C032- 25 ppm
0 s 10 15 20 7. 5042_ 50 ppm
Minutes

Fig. 73. Anion separation using KOH eluent



180

Anions in Rain

Column: IC-PAK A
Eluent: Borate buffer
z , Detector: Waters™ 430
Conductivity detector
. Sensitivity: 1 uS/s
4 Flow rate: 1 ml/min.
! Chart speed: 0.5 cm/min,
Injection volume: 200 ul

Sample (ppm)

- - -
Oilgz 3 S 9 Peak number 11th 13th 1l4th
;m v P P
l. A 1. Carbonate - - -
\ \H 1 2. Chloride 0.17 13.0 3.70
— { t 1 t { 3. Nitrite 0.08 0.10 0.07
13 min. 13 min. 13 min. 4. Nitrate 2.20 3.70 3.10
5. Phosphate - - ?
11th January 13th January  14th January 1984 6. Sulphate 1.35 6.90 2.00

Fig. 74. Analysis of rain on three consecutive days

The cation analysis made it possible to confirm the greatly increased
concentration of chloride ions on 13th January, 1984. The alkaline-earth
metals can be identified alongside the alkali ions, using the same column.

In addition, a further interesting application by contrast with AAS and ICP,
is to determine metal ions in different stages of oxidation in a single run.

Both in anion and in cation analysis, automatic concentration makes it
possible to go down as far as the ppt range, thus providing a linear range
from below 1 ppb (pg/kg) to approx. 400 ppm (mg/kg).

Iodide Analysis

— 10 ppb
Column: IC-PAK A
Detector: M 460 Electrochemical
Ag-Electrode
Eluent: KHP
Flow rate: 1.2 ml/min,

Sample volume: 200 pl of 10 ppb
Standard injected

_&:_ Inject

e

Fig. 75. lodide analysis using an electrochemical detector
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Cations in Rain

Column: IC-PAK C
Mobile phase: 2 mmol HNU3
Detector: Waters™ 430
1 Conductivity Detector
Sensitivity: 20 uS/s
1 Flow rate: 1.2 ml/min.
Chart speed: 0.5 cm/min,

Injection volume: 100 pl

Sample (ppm)

Peak number 11th 13th  14th

- - 23 -
L 2, G ; o 1. Sodium 0.13 18.5 2.43
= = \J = \J 24 2. Ammonium 0.16 0.38 0.12
{ — 3. Potassium 0.05 1.25 0.16

$ [ 1
8 min. 8 min, 8 min,
Sample 1 Sample 2 Sample 3

11th January 13th January 14th January 1984

Fig. 76. Analysis of rain on three consecutive days

2.16  Radiochemical analysis of water samples (Introduction)

2.16.1 General information

Water can contain radionuclides which may be of natural origin, e.g. potas-
sium 40 or wuranium and thorium and the members of their decay series. On
the other hand, man-made radionuclides may be present, particularly in
surface waters. These are created by atomic fission and enter the water via
fall-out, or as a result of reactions in nuclear reactors, or even from the
waste water from institutions working with radionuclides.

As man has no sensory organ for emitters of radioactivity, and as these
generally occur in extremely low concentrations and can be enriched from
the water via the food chain to a level conceivably harmful to man and
beast, highly sensitive methods for identification and measurement are
necessary to analyze radionuclides. (For methods see Section 3.7)

Natural or synthetic radionuclides can occur in the dissolved state in
water samples or be linked adsorptively to particles and exist as corpus-
cular radiators or as emitters of electro-magnetic radiation. In practice,
a distinction must be made between emitters of -, B~ and yp-rays.

2.16.2 Types of radiation

In the case of o-decay, dipositively charged particles (helium nuclei) of
mass "4" are ejected from the parent nuclide. This parent nuclide thus
suffers the loss of 4 mass units and 2 positive charges, so that a daughter
nuclide is created located two places to the left of the parent nuclide in
the periodic system. The corpuscular radiation in &/ -decay is characterized
by a considerable energy of several million electron-volts and, linked to
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this, a high level of ionization in the irradiated matter. On the other
hand, it is also characterized by only a low range of the «-particles on
account of the relatively high mass. ¢ -particles are absorbed by such thin
objects as sheets of paper. The two natural decay series in uranium and
thorium result in solid radionuclides which are soluble in water, and in
the case of radon, in a gaseous radioactive intermediate product with the
character of a rare gas. The decay chains in the uranium series, for exam-
ple, lead via radium 226 to the radioactive rare gas radon 222 which has a
half-life of 3.8 days. The products of radon 222 decay are polonium, lead
and bismuth which through multiple &¢ - and B--decay are converted into the
inactive lead 206, partly via excited states (thallium 210 and thallium
206) with the emission of « -radiation but also B--and ¥ -rays. Similar
conversions take place in the thorium series with radon 220 as a gaseous
radionuclide with a half-life of only seconds.

«-radiation can occur in water samples, particularly in the case of uranium
and thorium decay. Radium 226 and radon 222 are separated by suitable proces-
ses and their o -radiation is measured.

The second type of corpuscular radiation in radicactive decay is B -radiation.
In this case, negatively charged electrons are ejected from the radionuclide.
The atomic mass number of the radionuclide does not change.

The emission of R -radiation creates a daughter nuclide of the same mass as
the parent isotope and located immediately to the right of it in the periodic
system of elements, owing to the loss of a negative charge.

A R -radiating nuclide existing naturally in water is potassium 40. Potas-
sium, which exists dissolved in small quantities in practically every Kkind
of natural water, is a mixture of isotopes with a proportion of approxi-
mately 0.012 % of the B -radiating radionuclide potassium 40,

B -emitters have a relatively low range. They are nevertheless important for
the organism if they can build up in the body and cause parts of the body to
be exposed to local radiation over a lengthy period of time.

Strontium 90 may here be mentioned as example, an artificial radionuclide
with a half-life of some 28 years, which can be stored in the bone as B -
emitter and, in spite of the low range of R -radiation, can lead for exam-
ple to abnormal conditions in centres producing blood cells.

p -radiation, a no-mass electromagnetic wave-type radiation, does not invol-
ve any change in the atomic number of the element or of the atomic mass
number. The y -rays (photons or jp-quanta) have a considerable range, repre-
senting the excess energy emitted from an excited core on reversion to its
ground state.

p -emission occurs in the natural decay series of uranium and thorium,
y -radiating nuclides occur in nuclear fission, and isotopes which
emit yp-rays, such as cobalt 60, are produced and used for particular
technical purposes.

2.16.3 Radionuclides in water

Depending on the origin of the water, the following radionuclides may be
important:
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Carbon 14, phosphorus 32, sulphur 35, cobalt 60, strontium 89 or strontium 90,
yttrium 90, ruthenium 106, silver 110, iodine 131, caesium 137, barium 137,
barium 140, cerium 144,

and also the heavy radionuclides uranium, thorium, the actinoids and their
decay products, and potassium #0.

2.16.4 Units of measurement

The unit of measurement for radioactivity in the international system of
measurement is the bequerel, defined as 1 decay - s'l, corresponding to 60
decays/min. The previous unit, Curie (Ci), 1is also still in use to some
extent today:

1 Ci = 3.7 - 1010 disintegrations + s-1
Figures for radioactivity are given in
mCi = 10-3 Ci, pCi = 10-6 Ci, nCi = 10-9 Ci, pCi = 10-12 ci.

Thus, for example, nCi is converted into Bq by multiplying the value of nCi
by 37.

2.16.5 Radioactive decay

Radio-chemical decay takes place according to statistical laws. It cannot
be influenced by secondary measures.

A radionuclide decays in a reaction of the first order, whereby the radio-
active decay can be described by an exponential function. Of the nuclei
(Ng) existing at time t = 0, only N nuclei remain after time t, where the
difference has decayed in this time. The decay constant A1 in the dimension
t-1  describes the probability of decay. This probability is characteristic
for every nuclide. The following can therefore be formulated as the decay
law:

N=Ng:* e )\t
The decay rate (activity A) results as
A = AN

As criterion for the rate of decay of a radionuclide, the half-life is defined
as that time in which half of the radioactive nuclei originally present have
decayed

In2

t
277\

If several radionuclides are decaying or if a nuclide displays several
decay probabilities, the total decay probability is the sum of the individ-
ual decay probabilities.

So-cf”illed decay energy is released in every radioactive decay caused by -
or B -emission and in the emission of y-quanta.
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By measuring the kinetic energy of the emitted - or B -particle, this
decay energy can be recorded; the energy from p -quanta can also be record-
ed by diffraction on gratings or by measuring a photoelectric effect. The
decay energy is measured in electron-volts (eV), one eV being defined as
the energy absorbed by a singly charged particle when passing through a
voltage of 1 volt.

One electron-volt per decayed particle corresponds to 23 kcal/mol, which is
approximately equivalent to 96.5 kJ/mol.

Knowledge of the half-life of a radionuclide is important for evaluation in
water analysis and also for the choice of analytical method.

Very short-lived nuclides will generally have decayed before they can be
examined and therefore scarcely cause noticeable changes in the biotope
water, Longer-lived radionuclides with hali-lives of days or even many
years may themselves or via their radioactive decay products be enriched in
the foodstuff chain, and may even directly endanger man and beast via water
in cases of incorporation.

The analysis and quantitative determination of radioactive substances in
water is therefore of special importance. The difficulties in radio-
chemical water analysis are characterized by the fact that radioactive
nuclides exist predominantly in a dissolved state in unweighable quanti-
ties, and must therefore be enriched and separated from disturbing emitters
before measurement, in spite of modern, highly sensitive measuring equip-
ment.

2.16.6 Enrichment of radionuclides

In principle, the following methods are common in water radiochemistry as
methods of enrichment before producing and measuring a preparation.

Evaporation of the water sample

Gravimetric determing processes:
Precipitation with isotopic carrier
Precipitation with non-isotopic carrier
Precipitation with hold-back carrier
Separation of the precipitations by filtration or
centrifugation

Extraction:
Liquid-liquid extraction
Liquid-solid extraction
Liquid-gaseous extraction
(Separation by means of separatory funnel or by
distillation columns or perforators)

Chromatographic methods of separation:
Paper chromatography
Thin-layer chromatography
Column chromatography (e.g. also high-pressure liquid
chromatography)
Gas chromatography
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Electrophoresis
Electrolysis
Electrodeposition
Ion exchanger

Adsorption (e.g. low-temperature adsorption of radioactive gases on activated
carbon)

Distillation
Sublimation

Separation of radioactive gases, e.g. by means of extraction into the gas
phase by shaking.

Separation by changing the valency of the ions

2.16.7 Measuring preparations

According to the operation used for separation, the measuring preparations
produced for actual measurement should take account of radio-chemical
measuring technology. The following parameters should be observed: e.g.
half width, self-absorption, absorption in the vapour phase, wall and
distribution effects, activity yield, efficiency of measuring equipment,
calibration of the instruments, zero effect. Mixtures of radionuclides
exist and a variety of emitters may also be present. R -emitters are
frequently in the majority.

Inactive dissolved substances in the water predominate and affect the
analysis. The aim should be a simple check procedure to determine whether
there is any possibility of danger from the water, in particular to man and
animals, as a result of incorporation of the dissolved radionuclides. (see
also Section 3.7)

2.16.8 Total determination

Totalling determining processes of this type include for example measure-
ments of "gross B -activity", where the total B -activity including the
activity of natural potassium 40 is recorded, and of '"net R--activity",
after allowing for the potassium 40 content. Examinations for -
and yp-emitters are only made as part of the routine check in specific
cases where their presence is suspected. Danger to the human and animal
body from incorporation of radionuclides is considerable. For this reason,
the limit for the level of radionuclides in water is generally set very
low. Taking into consideration a daily water consumption of approximately
2 to 3 litres, the proposed value for the tolerable level of B -radioactivity
in a water is 1| Bq/l. If the measured value is higher, a check should be
made by determining the quantity of potassium and subsequent conversion to
see whether this guide value of 1 Bgq/l is exceeded even when the natural
B -activity of potassium 40 is taken into consideration. In such cases, the
water is not safe for regular human consumption, and nuclide separations
must be wused to determine which radionuclides cause the increased
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B -activity. A similar approach should be taken if a high level of
« -activity or a measurable yp-activity are determined. The guide value
for o -activity in water is 0.1 Bg/l, not counting any radon present.

As a result of the large number of known radionuclides, the work of water
analysis is particularly difficult if it is found that guide values have
been exceeded, and tests are usually made for specific compounds which can
be expected in view of the history of the water.

In this context, it should be pointed out that on account of the low
measuring rates in the water (1 Bg/l corresponds to one decay per second!)
strict care must be taken that the laboratories and measuring rooms are
kept absolutely clean for radio-chemical treatment and measurement of water
samples. Contamination by radionuclides, e.g. by calibrating emitters, can
lead to high zero-effects, making it impossible to carry out measurements
in this range. Particular care should therefore be taken in a radio-
chemical water laboratory, over and above the cleanliness and care neces-
sary in principle in any analytical laboratory. The same applies to the
measuring equipment and detectors used.

The zero-rates should be re-determined at regular intervals and appropriate
calibrations with different calibrating emitters are necessary after analyti-
cal separation work,

2.16.9 Safety regulations

Although work in a water analysis laboratory does not involve the more
strongly radioactive preparations, and indeed only very low activities are
to be expected, the usual safety regulations should be strictly observed.
Smoking, eating and drinking are prohibited. The measuring preparations
should be stored under lock and key.

Generally, the low natural radioactivity arising from the wuranium and
thorium decay series, from potassium 40 and from cosmic radiation will be
measured in the water and also in the air samples. In this context, atten-
tion should be paid in water analysis to the radioactivity caused by the
natural B -emitter potassium 40 and by the «-emitters radium 226 or the
radioactive rare gas radon 222. Carbon 14 and tritium due to cosmic radia-
tion must be taken into consideration as R -emitters. In the case of man-
made radionuclides, particular attention should be paid to the influence on
the water of fall-out from the air in the case of nuclear fission experi-
ments or accidents in nuclear reactors. In such cases, increased or even
harmful levels of radioactivity can occur as a result of fission products.

Personnel should be monitored with dosemeters to be carried in the pocket
or worn on the body as badges. Monitoring units for surveillance are also
to be recommended in radio-chemical water laboratories, particularly when
using radioactive calibrating preparations.

The waste water from a radio-chemical laboratory should as a matter of
principle be collected separately from other waste water, and, as far as
possible, also collected separately according to specific activity and type
of emitter or half-life. Radioactively contaminated waste waters should be
treated. For monitoring purposes, 1 to 2 litres of the waste water samples
should be evaporated and the activity of the residue measured.
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The exhaust air from a radio-chemical laboratory should be filtered to
extract dust. In general, however, no additional exhaust air treatment is
necessary in a water laboratory measuring radioactivity in water samples.
The exhaust air is monitored for radio-active aerosols by filtration of a
specific quantity of air via membrane filters, and by measuring the deposit
on the membrane filter.

2.16.10 Radiation protection

When working with radio-isotopes, strict attention should be paid to the
radiation protection regulations in force at the time.

As regards external radiation, the penetrating y-rays are particularly
active and correspondingly dangerous for organisms. The high-energy x-rays
and the R--emitters have a particularly damaging effect on life in cases of
incorporation, in spite of their lower range.

Definitions for measured values in radiation protection:

rad: If energy of 100 erg is absorbed in 1 g of a substance, irrespective
of the type of radioactive emitter, this dose is designated 1 rad.

rep: 1 rep is understood as the radiation dose which 1.6 - 1012 pairs of
ions produce in 1 g of tissue or in 1 g of water, or which corre-
sponds to an epergy absorption of 91 erg/g.

rem: This value expresses the relative biological effectiveness (RBE) of
the radioactive emitter.

The following definition is true:

Dose in rem = dose in rep + RBE

The RBE factor is for X-,p- and B -radiation 1
Proton radiation approx. 5

-radiation 10 - 20
Neutron radiation a) fast neutrons 10
b) slow neutrons 5

2.16.11 Detectors and measuring equipment

Suitable detectors and radiation measuring equipment are required to be able
to detect and measure radioactivity. Depending on the type of activity to be
measured, the following are used as detectors:

Ionization chambers

Geiger counters (self-quenched) for o, 8™ and y-radiation

Proportional counter - self-quenched counter

Methane flow counters

Scintillation counters

Neutron counters and

Detectors for particular purposes, e.g. gas-filled counters, or counters for
very low activities

Counter  combinations with  anticoincidence circuit (measuring counter
surrounded by a ring of protective counters which lower the zero effect).
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Fig. 77. Basic circuit diagram for a parallel plate ionization chamber;

F) = Window; D) = Insulator; R) = Anode AC resistance; C) = Chamber capacity;
S) = Collecting electrodes; E) = Protective ring; G) = Housing

E-F

Large-area counters with anticoincidence circuit and appropriate lead screen-
ing, combined with a suitable measuring and evaluation unit, are frequently
selected as detectors in water analysis.

In the self-quenched counters, the pulse height is independent of primary
ionization. Particles are only counted by such a detector, whereas propor-
tional counters can also measure the energy of the particles. At constant
counter voltage, the size of the pulse emitted in proportional counters is
proportional to the quantity of the ions primarily produced in the counter
and thus also to the energy of the appropriate particle. The resolving
power of counters lies in the range of 10% to 107 pulse/s. lonization
chambers, in which the ionization capacity of charged particles is used to
detect them, are often used in water analysis to detect gaseous emitters,
e.g. radon,

An ionization chamber functions in the field of saturation, with the satura-
tion voltage applied siphoning off all charge carriers created by ionization
of charged particles along their path. In this phase, a linear relationship
exists between pulse height and saturation voltage.

A voltage pulse is created at the anode AC resistance R. The quantity of
ions formed in the ionization chambers is dependent on the type of parti-
cles, their energy and the design of the chamber. The pulse height for a
given type of particle is a measure of the energy of the incident radia-
tion; the quantity of pulses is proportional to the number of irradiated
particles.

Where the quantity of incident particles is sufficiently large a fall in DC
voltage occurs at R, depending on the chamber capacity C, which is propor-
tional both to the number of particles and to their energy. The number of
particles can be measured at constant particle energy or, conversely, the
particle energy may be measured with constant particle numbers.

If the two figures differ, the chamber flow provides a measure of the dose,
which is proportional to particle energy and number.

A counter consists of a metal cylinder as the cathode and a thin central
wire as the anode. The counter is fitted with an inlet window, e.g. one
made of a thin mica insulator, and filled with gases or gas mixtures.,
Depending on the level of the voltage applied, a counter can be operated in
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Fig. 78. Basic circuit diagram for metal-sheathed counter; M) = Metal sheath;
Z) = Counter wire; R) = Anode AC resistance; C) = Counter capacity

the proportional region, where a primary avalanche is formed, or in the
geiger region, in which every incident particle triggers a discharge. The
difference between an ionization chamber and a proportional counter lies in
the fact that in the ionization chamber the ions formed by the incident
particle itself reach the electrodes, whereas in the proportional counter
the number of particles is increased by a primary avalanche. @ -emitters
and B -particles can be separated in the proportional region by applying
different counter voltages.

In order to prevent continuous discharging, counters are filled with an
extinguishing gas. This prevents formation of photons which would cause
continuous discharging. 1f organic substances e.g. alcohol, are wused as
extinguishing gas, these are gradually consumed. Counters with halogens as
extinguishing gases have a longer life, as a certain recombination of the
dissociated halogen molecules takes place here. Halogen counters have no
proportional region.
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Fig. 79. Geiger counter (Dimensions in 34@)——-\

mm); a) = Mica window
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Fig. 80. Methane flow counter; 1) = High-voltage input; 2) = Insulator; 3)
= Gas outlet; 4) = Gas inlet; 5) Brass plate; 6) = Counting chamber; 7) =

Counting loop; &) = Sample; 9) Screw cap (after G. Tralan, Roentgen-
Blatter 12/1960)

A self-quenched counter can no longer register particles during the dis-
charge period, and a pulse can not be registered until the so-called dead
time and recovery time have elapsed. The resolving power of a self-
quenching counter is thus determined by the dead time and recovery time. It
fluctuates between 10 and 30 ps. A counter which is operated in the propor-
tional region has a resolving power of 1 to 10 ps. Several discharges can
be measured simultaneously and independently of one another.

A self-quenching counter is operated in the plateau region. The pulses
registered rise initially with increasing voltage and remain almost
constant in the plateau region. Depending on the technical measuring equip-
ment, the plateau slope can be estimated at approximately 1 to 2 % per 100
volt. This means that a change in voltage in the plateau region causes no
noticeable change in the measured results.

The plateau in a counter should be checked frequently, e.g. weekly. A
standard preparation giving some 100 or 1000 pulses/min. is used. If the
plateau slope rises to above 10 % per 100 volt, the counter should be dis-
carded.

Apart from checking the plateau, the total counter unit should be calibrat-
ed with a calibrating preparation of similar emitter composition to that
contained in the water. The measuring conditions, including preparation
techniques, the geometry of the measuring equipment and screening and
registering should be kept comparatively constant from the point of cali-
bration to measuring the water sample.

The =zero effect, defined as the registration of signals in the counting
unit without preparation, is in the range of 10 to 20 pulses/min. for
Geiger counters, and in the range of 1 pulse/min. for Geiger counters in
the form of end-window counters with anticoincidence circuit. The zero
effect can be further reduced by suitable screening and appropriate equip-
ment layout.

The efficiency of Geiger counters is approximately 10 %, and for those with
anticoincidence circuit it can be estimated at 20 %.
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Fig. 8l. Basic circuit diagram of a scintillation counter; K) = Scintillation

crystal; H) = Lightproof shell; P) = Photo-electric cathode; D) = Dynodes;
R) = Dynode resistances; A) = Anode; R) = Anode AC resistance; C) = Circuit
capacitance

Methane flow counters have an efficiency of around 50 %, on account of the
positive geometry of the measuring unit. The zero effect in flow counters
is in the region of 20 pulses/min.,, but this counter equipment can never-
theless compete successfully with an anticoincidence circuit as a result of
its high efficiency.

The efficiency is determined not only by the geometry of the measuring
unit, the measuring conditions and the detector used, but also by the type
of radiation from the radionuclide and its decay energy. When examining
water samples, the nuclide mixture is wusually of unknown composition, so

Fig. 82. 1) = NaJ crystal; 2) = Rubber
mounting; 3 and 8) = Protective cap; #4)
= Mu-metal screen; 5) = Photo-electric
multiplier Dumont 6292; 6) = Thermal
insulation; 7) = Cathode follower
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that an efficiency figure quoted in relation to a particular radionuclide
cannot be taken as the efficiency of the measuring unit in water analysis.
It should be noted that with low-energy RB--emitters the efficiency falls
rapidly. In water analysis, a radionuclide with a maximum R--energy of a
little above 1 MeV is taken as standard.

The so-called average B--energy of fission nuclides arising as decay
products in nuclear fission also lies in the same range.

The natural isotope mixture of potassium, with a proportion of 0.0119 % of
the R--emitter potassium 40, is frequently used as a calibrating prepara-
tion for water analyses.

Scintillation counters for B~ and «-emitters are hardly ever used for
water analysis, as the sensitivity of the measuring unit is generally not
sufficient. Scintillation counters for the detection of yp-radiation can
only be used in water analysis if yp-radiating nuclides, e.g. from nuclear
fission reactions, are present with corresponding activities in the water.
This is generally not the case in natural water resources.

Scintillation counters wuse different scintillators for different types of
radiation, e.g. thallium-activated sodium iodide crystals for gamma-radia-
tion, anthracene for f--radiation and silver-activated zinc  sulphite
screens to measure ¢¢-radiation. Neutron can also be detected with scintil-
lation detectors wusing special crystals (e.g. europium-activated lithium
iodide crystals).

The radiation quanta or the particles to be measured produce weak flashes
in the scintillation crystals which fall onto the photo-electric cathode of
a secondary electron-multiplier. Electrons are picked out here by being
siphoned off by an electrical field and intensified stage by stage in
dynodes connected in series. The intensified flow of electrons arrives at
the anode and produces a corresponding pulse.

Scintillation detectors are largely used for yp-emitters, and with a follow-
ing p-spectrometer (single-channel or multi-channel instrument) it is possible
to analyze the energy of the radioactive emitters. A scintillation detector
is thus particularly suitable for detecting and measuring p-emitters, where-
as for and RB--radiation a methane flow counter is more suitable. The pre-
paration to be measured can be placed directly in the measuring chamber
here, and absorption losses, e.g. through windows, do not occur. The error
geometry is also particularly advantageous in a methane flow counter.

Cross-section through a scintillation measuring head, comprising a Nal (Tl
crystal as scintillator in which the energy of the radiation particle is
converted into light, and the photo-electric multiplier in which the light
is converted into an electrical pulse. The cathode follower transmits the
pulse to the counter.

Detectors for radioactive radiation are operated in conjunction with radiation
meters. The latter can count the particles per unit of time, determine mean
values and measure the energy of the particles. The following basic measuring
sequence is usual:
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Detector

Counter (Proportion-
Ionization chamber Scintillation counter al counter, methane
flow-counter)

Screening for the
detector

Production of high
voltage

Amplifier for
detector pulses

Counting ratemeter
to measure pulse
frequency

Counting unit for
counting individual
particles

Time measuring unit

Pulse height analyzer
to measure particle
energy

Attention should be paid to the appropriate measurement data for the detec-
tor and the adjustment of equipment in every radio-chemical measuring
process. The zero effect should always be determined and kept as low as
possible.

It is not possible within the scope of this collection of methods to deal
with the theoretical processes in the interaction of radioactive emitters
with matter (e.g. ionization, photo-electric effect, Compton effect, pair
creation), the construction and operation of detectors, the structure and
circuitry of the measuring equipment, or the electrical evaluation of the
signals received. The reader should consult the specialized radiochemical
literature.
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2.17 Enzymatic Analysis

Enzymes are biological catalysts which the living cell uses to metabolize
materials. Enzymes have an effect specific to substance, and allow reac-
tions to occur with very small quantities of this substance. Now that
enzymes have been successfully isolated from the living cell, and have even
been produced synthetically, enzymatic reactions can also be employed in
analytical chemistry. In particular, methods of enzymatic analysis are
applied in clinical chemistry, food analysis and biochemistry, and also in
the field of water analysis.

Enzymatic analyses have the advantage of being specific for a transforma-
tion of a particular material, so that as a rule no separation is neces-
sary, even in the event of small concentrations of this substance existing
together with larger quantities of accompanying substances, and the determin-
ing process can be conducted directly on the mixture of materials. Handling
is generally simple and can even be performed by trainee employees. In
addition, these analyses usually take only a short time to perform and are
generally economical.

The following general points apply to enzymatic analyses:

1. The enzyme must act specifically, and must supply analytically determin-
able reaction products. (So far, it has only been possible to achieve
this if several enzyme reactions are allowed to take place in succes-
sion, or if work is conducted in parallel with complementary enzymes).

2, The enzyme must effect the complete transformation of the material, and
the reaction must take place within a practicable period of time.

3. The enzyme must be sufficiently active and have sufficient affinity with
the substrate.

Purified enzymes together with operating instructions for conducting enzym-
atic analyses are offered on the market by specialist firms (e.g. Boehringer
Mannheim GmbH, FRG). Care should be taken in storing enzymes that the
prescribed storage conditions are strictly adhered to. It should always be
remembered that enzymes are often sensitive to heat and light and can
possibly be damaged if they are incorrectly stored. The influence of such
chemicals as oxygen, ozone, chlorine, acid vapours, water vapour, etc.,
should be avoided. Enzymes are also frequently subject to natural ageing,
which causes a loss of activity. It is therefore absolutely essential to
observe the prescribed periods of storage.

In water analysis, enzymatic techniques are today mainly employed in the
quantitative determination of sugars, organic acids, alcohols, and organic
nitrogen compounds such as urea. The number of standardized enzymatic
methods is increasing constantly.

The use of enzymatic techniques in the field of water analysis is described
in Section 4.2, taking as an example the enzymatic determination of urea,
e.g. in swimming poo! water.



3 Inorganic Parameters

3.1 Total parameters

3.1.1 Turbidity measurements (see also Section 1.7.5)

In practical water analysis, turbidity measurements on a visual basis are
made for orientation purposes immediately after sampling (Chapter 1).

However, turbidity measurements are also important when untreated water is
purified to obtain drinking water. If the untreated water available for
purification is surface water, for example, then flocculation using suit-
able chemicals and flocculation aids such as aluminium sulphate, ferrous
sulphate or ferric sulphate is important, and where necessary an organic
flocculation aid should be used and the pH adjusted. One very simple method
of checking the efiectiveness of flocculation on the laboratory scale is
the "jar test'. This is a laboratory technique in which the {flocculation
tests are performed in Il-litre or l.5-litre beakers on a multiple stirrer
unit with 4 - 6 heads. Modifications and new developments in equipment for
recording flocculation and filtration parameters have been described by a
variety of authors,

In addition to pH and p- and m-values (see Chapter 1 and Section 3.2),
turbidity measurements are also used in the appraisal of water quality.
Instruments which make use of the absorption of a beam of light passing
through a turbid solution have become widespread in practice.

Scattered light measurements are also wused in turbidity analysis. The
instruments may take the form of hand-held devices for discontinuous opera-
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Fig. 83. Multiple stirrer for the jar test

W. Fresenius et al. (eds.), Water Analysis
© Springer-Verlag Berlin Heidelberg 1988
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Fig. 84. Schematic diagram of laboratory turbidity photometer LTP 3; 1) =
Stabilizer for lamp; 2) = Optical system; 3) = Lamp; 4) = Particles causing
turbidity; 5) = Cuvette; 6) = Optical system; 7) = Measuring cell; 8) =
Compensating amplifier; 9) = Data display, recording and control unit; 10)
= Data output

tion, or continuous flow units which take measurements in flow-through
cuvettes, or even with the water in free fall in the case of highly turbid
water samples (e.g instruments made by the companies Dr. Lange, Disseldorf,
FRG, or Hach, Loveland, Colorado, USA).

The draft versions of ISO norms (1983) describe both simple techniques for
on-the-spot turbidity measurement and optical turbidity meters. The diagram
below illustrates the principle of a turbidity photometer for laboratory
use (Dr. Lange, model LTP 3).

The following schematic diagram shows a different 90° scattered light
photometer by the same company, working on the double-beam principle.
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Fig. 85. Precision turbidity photometer TK 3; 1) = Outlet; 2) = Lamp; 3) =
Optical system; 4) = Tubular cuvette; 5) = Cleaning access cap; 6) = Refer-
ence cell; 7) = Interference filter; 8) = Measuring cell; 9) = Inlet
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Formazine (CHyNp) is used as standard. It is prepared in accordance with
ISO as follows:

Solution a:
Dissolve 10 g of hexamethylene tetramine (CgHjpNy) in distilled water and
dilute to 100 ml.

Solution b:
Dissolve 1 g of hydrazine sulphate (NyHgSOy) in distilled water and
dilute to 100 ml. To prepare the standard solution, mix 5 ml of solution
a with 5 ml of solution b, keep the mixture at 25 + 3° C for 24 hours
and then dilute to 100 ml with distilled water.

The turbidity of this solution is approximately 400 FNU (formazine nephelo-
meter units). The solution can be kept for 4 weeks in the dark at 25 + 3 °C.

For calibration purposes the standard formazine solution is diluted to bring
it within the measuring range of the water sample to be tested.

It is recommended that measurements be taken at a wavelength of 620 nm,
with a bandwidth of 10 nm. The results are given in FNU and rounded to 0.1
FNU, or in the case of turbidity values greater than 10, to 1 FNU.

3.1.2 Density

The ratio of mass "m" to volume "V" in a substance is described as its
density "d"

_m
d_V

In water analysis this is given in g/ml.

If the density of waste water samples is to be measured, this is carried
out with either an aerometer or a pycnometer.

Pycnometric process
Equipment

Pycnometer with a content of 200 - 250 ml with a flask neck narrowed to 5 -
6 mm clear opening, with etched mm-graduation of 50 mm length

Precision scales, thermostat
Method

When taking samples on site, the pycnometer, which should be completely dry
on the inside, is filled with the water sample, avoiding gas losses, until
the level of the liquid comes halfway up the graduated pycnometer neck. At
temperatures below +10 °C, correspondingly less must be filled; at tempera-
tures around +30 °C and above, correspondingly more must be filled, because
the warmer water contracts and the colder water expands when the tempera-
ture is equalized to +20 °C or at +25 °C. The filled flask should immediate-
ly be sealed tight with a rubber stopper and stored for safe transport.

In the laboratory, the temperature of the filled pycnometer is equalized in
a thermostat for I h to +20 °C or +25 °C (+ 0.2 °C). The water level is
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then read off accurately on the scale of the pycnometer neck; care should
be taken that no air bubbles are present in the liquid and no droplets of
water on the wall of the vessel neck.

After the water level has been noted, the pycnometer is weighed accurately
to 1 mg, then emptied, cleaned and filled with distilled water at +20 °C or
+25 °C to the water level previously recorded. The vessel is again sealed
with the rubber stopper and weighed with the same care, emptied, dried and
then weighed at +20 °C or +25 °C in an empty condition (with stopper).
Calculating density

Calculation should be according to the following formula:

m; - m3 - 0.9982

dzo oC = (g/ml)
mz - m3
where:
mj = Weight in g of the pycnometer with the water to be analyzed
my = Weight in g of the pycnometer filled with distilled water
m3 = Weight in g of the empty, dried pycnometer and its stopper

0.9982 = Density of water at +20 °C (0.9970 at +25 °C)

For densities below 1, the density is given to & decimal places; for densi-
ties over 1, to 3 decimal places.

Density of water at different temperatures

t d t d 1 d t d

OC OC OC OC

0.0 0.999840 4.5 0.999970 9.0 0.999780 13.5 0.999312
0.5 0.999871 5.0 0.999964 9.5 0.999741 14.0  0.999243
1.0 0.999899 5.5 0.999954 10.0 0.999699 14.5  0.999172
1.5 0.999921 6.0 0.999940 10.5 0.999653 15.0  0.999099
2.0 0.999940 6.5 0.999928 11.0 0.999604 15.5  0.999022
2.5 0.999954 7.0  0.999901 11.5 0.999552 16.0 0.998942
3.0 0.999964 7.5 0.999876 12.0 0.999497 16.5 0.998879
3.5 0.999970 8.0 0.999848 12.5 0.999439 17.0  0.998773
4.0 0.999972 8.5 0.999816 13.0 0.999376 17.5 0.998685
Continued

18.0 0.998595 22.5 0.997654 27.0 0.996531

18.5 0.998500 23.0 0.997537 27.5 0.996372

19.0 0.998403 23.5 0.997417 28.0 0.996231

19.5 0.998304 24.0 0.997295 28.5 0.996088

20.0 0.998203 24.5 0.997170 29.0 0.995943

20.5 0.998098 25.0 0.997043 29.5 0.995795

21.0 0.997991 25.5 0.996913 30.0 0.995645

21.5 0.997881 26.0 0.996782

22.0 0.997769 26.5 0.996648
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Example

dpg oc (determined pycnometrically) = 1.006 g/ml.

If density is determined at ambient temperature, this must be recalculated
for density dpg oc or dzs5 oc. In this case, instead of the value 0.9982
(density of the water at 20 °C), the value of factor "F" should be inserted
which can be found in the following Table for temperatures from 0 to +30 °C.

Note:

The density can also be determined using a "density balance", by measuring
the hydrostatic buoyancy of a displacer of known volume.

Measurement using the bending vibration method is also possible.

Although density measurements are comparatively rare in water analysis,
they should be performed with great accuracy when they are needed, e.g.
when measuring stratification in a body of water.

3.1.3 Total determination of dissolved and undissolved substances

Water may contain mineral substances, organic compounds and gases in
solution as well as undissolved (suspended) substances. Dissolved substan-
ces can be separated from undissolved substances by filtration. For total
determination of dissolved and undissolved substances, the following are
distinguished:

Total residue (mg/l)

The sum of all non-volatile dissolved and undissolved substances weighed
after a measured or weighed unfiltered water sample has been evaporated
under defined conditions (105 °C, 180 °C or 260 °C) and dried to constant
weight.

Evaporation residue (mg/l)

The quantity of non-volatile, dissolved substances in a water, determinable
under set conditions (type of filter, pore size, evaporation temperature e.g.
105 °C, 180 °C or 260 °C).

Ignition residue (mg/l)

Substances contained in water which are weighed after the evaporation
residue has been kept glowing at 400 - 450 °C for one hour.

Loss on ignition (mg/D)

Substances contained in water which are calculated from the difference
between the evaporation residue and the ignition residue.

Undissolved substances (mg/l or ml/l)

Suspended, deposited and/or floating substances which are settleable or may
be filtered off under defined conditions.
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Dissolved gases, volatile substances and substances which decompose during
evaporation and drying to form volatile components are not detected by
these methods of total determination.

It should be noted that the evaporation residue does not necessarily
correspond to the sum of dissolved mineral substances in a water if hydro-
gen carbonate ions are dissolved. During drying, these are converted into
carbonate with the release of Hp0O and COg:

2HCO3™ = CO32- + HO + COy

The theoretically calculated loss in weight amounts to 50.4 % of the hydro-
gen carbonate content.

Equipment
Analytical balance
Platinum, quartz or porcelain dish, 250 ml
Suction bottle, water-jet pump
Drying oven 105 - 110 °C, 180 °C or 260 °C
Muiffle furnace, 400 - 450 °C
Porcelain or platinum crucible
Ammonium nitrate solution, 1 %
Imhoff cone, 1 litre (see drawing in Chapter 1)
Paper filters, quantitative (medium hard, medium-sized pores):

Before use, the filters should be washed with distilled water and dried

and weighed under analysis conditions.
Membrane filter, pore size approximately 0.45 pm
Method
Determination
After shaking well, take 100 ml (for example) of the unfiltered water
sample and evaporate it over the water bath in a previously dried and
weighed platinum, quartz or porcelain dish. Dry the residue for two hours
at 105 °C, 180 °C or 260 °C in the drying oven, and after cooling (in the
desiccator), weigh accurate to 0.1 mg. Continue drying at the same tempera-
ture for 30 minutes and weigh again after cooling. If the result of the
second weighing does not deviate from the first by more than + 10 %, the
result can be considered to be constant. Otherwise continue drying for a

further 30 minutes.

If less than 20 mg residue remains to be weighed, the determination should
be repeated using a larger volume of water.
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Evaporation residue
Determination

The procedure for determining the evaporation residue is the same as for
the determination of the total residue, with the exception that a filtered
water sample is used. Take a sufficiently large volume of the f{iltered
sample to provide an evaporation residue of at least 20 mg but not more
than 1000 mg.

The results are calculated in mg/l; in addition to the drying temperature,
the type of filter used, e.g. membrane filter 0.45 pm, and the f{iltration
time after sampling must also be stated. If iron or manganese which was
originally in solution and passed through the filter has separated out,
then this should be stated too.

Ignition residue and ignition loss
Determination

After being weighed, the dish with the evaporation residue is heated
(ignited) at 450 °C for | hour. If the ignited residue has a brown or black
coloration (due to organic substances), it should - after cooling - be
moistened with a few drops of ammonium nitrate solution, dried carefully
and heated again at 400 - 450 °C for 10 minutes. After cooling in the
desiccator, weigh the residue to an accuracy of 0.1 mg.

Calculation

Total residue (105 °C, 180 °C or 260 °C) in mg/l resp. ignition residue
450 °C (mg/l) =

Amount weighed in mg « 1000
Sample volume in ml

The difference in weight between the evaporation residue and the ignition
residue is the loss on ignition.

3.1.3.1 Undissolved substances

Amongst the undissolved substances, a distinction may be made between
"filterable substances" and "settleable substances". The "filterable
substances" are those undissolved substances in the water which can be
filtered off using a paper (or membrane) filter. The filterable substances
can also be calculated from the difference between the total residue and
the evaporation residue.

"Settleable substances" (suspended, deposited or floating substances) are
principally determined using the volumetric method (see drawing in Chapter
1.

Determination of "filterable substances"

Filter 1 litre of a thoroughly mixed water sample. The paper or membrane
filters should be washed with distilled water beforehand and dried at e.g.
105 °C for 2 hours, cooled in the desiccator and weighed. Rinse the filter-
ed residue with about 10 ml of distilled water and vacuum-dry. Lift the
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paper or membrane filter carefully off the filter base, predry on a watch
glass at approximately 50 °C and then dry for 2 hours at 105 °C in the
drying oven. Allow to cool in the desiccator and weigh to an accuracy of
0.1 mg. The weighing should be done quickly so as to minimize the uptake of
moisture from the air. To avoid secondary separation from the water sample
filtration should take place soon after the sample has been taken.

Determination of "settleable substances”

In order to prevent errors due to subsequent flocculation, as soon as
possible after taking the sample pour 1 litre of the thoroughly mixed water
sample into an Imhoff cone and leave to stand for 2 hours away from direct
sunlight. 10 minutes before taking the reading, rotate the vessel suddenly
around the vertical axis so as to sediment the particles adhered to the
walls. Finally, take readings of the volume of the settled substances and,
if appropriate, of the substances floating on the surface. Give the result
in ml/l. (See drawing in Chapter 1).

3.1.3.2 Cumulative determination of dissolved substances with cation
exchangers

Principle

As the water flows through a column with cation exchangers which have been
converted into the hydrogen form by means of hydrochloric acid, all the
cations are removed from the water and replaced by H-ions (K. E. Quentin
1955):

H [RSO3] + NaCl dissolved in water —=Na [RSO3] + HCI
H-exchanger exchanger (loaded with Na)

The corresponding free acids are therefore present in the column effluent.
Hydrogen carbonate and carbonate ions are no longer present in the effluent
since free carbon dioxide has formed during the reaction with the H
exchanger:

H-exchanger + Ca(HCO3);, dissolved in water ~—=
exchanger (loaded with Ca) + 2CO5 + 2 H5O.

If 100 ml of water is subjected to this ion exchange process, the value
yielded by titration of the effluent with 0.l1-m NaOH provides the sum of
the anions less the mmol value for HCO3 . If the latter value, taken from
hydrogen carbonate determination, is added, this yields the total mmol of
the anions and hence also the cations. After the ion exchange process, the
undissociated substances (e.g. HSiO3) are contained in the effluent in
unchanged form and have no effect on determination. If, before the exchange
took place, the HCO3~  was identified by titration with 0.l1-m HCl to pH
4.4, it may be that the following reaction has taken place:

Ca(HCO3)7 + 2 HCl — CaClp + 2 COy + 2 HO.

If a sample titrated in this way is subjected to cation exchange, subse-
quent titration of the effluent vyields the total mmol value of anions or
cations including HCO3™. This is because CaCly has reacted with the H-ions
to form free hydrochloric acid. This method of determination should be used
in preference to determination without previous HCO3~ titration. The strong-
ly acid effluent from the cation exchanger should normally by titrated
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Fig. 86. Equipment: Exchanger column; 1) = Glass
wool; 2) = Ton exchanger; 3) = Glass wool;

with 0.1-m NaOH. However, since it is easier to carry out acid titration to
pH 4.4, it is advisable to add a measured excess of 0.l-m NaOH to the
effluent and then proceed with titration in similar fashion to hydrogen
carbonate determination.

Either the entire exchanger effluent volume including the wash water or an
aliquot part of the acid effluent may be used for determination. The method
described below covers only the main possible alternatives.

Cation exchanger, strongly acid, with sulphonic groups as active groups
(e.g. ion exchangers I Merck, Dowex 50, Amberlite IR 120).

Method
Preparation of the exchanger and the column filling:

The cation exchanger filling of the column shown in Fig. 86 provides a
useful capacity of approximately 60 - 80 mmol. First treat the exchanger
medium with 12 % hydrochloric acid for approximately 2 hours, decanting and
adding acid repeatedly, rinse, and rewash with redistilled water. Adding
water, wash the exchanger into the column. During filling, open the tap to
an extent that ensures even deposition without the formation of air
bubbles. Whenever working with the exchanger column care should be taken
that the liquid level is always above the resin bed. Next wash the column
through with redistilled water until the effluent shows a neutral reaction
or the chloride reaction with silver nitrate is negative. The column is
then ready for use. When ion exchange is completed, regenerate with approxi-
mately 100 ml of the 12 % hydrochloric acid and wash to neutral.

Procedure

Taking the cation or anion mmol sum as a basis, titrate a quantity of water
corresponding to approximately 30 - 40 mmol with 0.l1-m HCl to pH &4.4.
Introduce the titrated solution gradually into the prepared exchanger
column and open the tap to set the effluent through-flow rate to approxi-
mately 8 - 10 ml per minute. Place an appropriate beaker beneath the out-
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flow. When the water has flowed through, rinse with redistilled water until
the effluent shows a neutral reaction. If the volume of effluent plus wash
water is very large, concentrate to approximately 100 ml. Then add a
measured quantity of 0.l-m NaOH (usually 50 ml), check for an alkaline
reaction of the solution and titrate with 0.1-m HCI again to pH 4.4.

Calculation
mmol total of the cations or anions in 1| litre of water

(a - b) - 100
ml of water sample

m] of 0.1-m NaOH added after ion exchange
ml of 0.l-m HCI consumed in back-titration

o
Hon

3.1.4 Sulphide sulphur (H2S, HS-, $2-) (see also Chapter 1 and Section 3.6)

3.1.4.1 Jlodometric determination of sulphide sulphur
General remarks
The iodometric determination of sulphide sulphur can be carried out in the
field at the sampling point. The sulphide sulphur is fixed as zinc sulphi-
de. Oxidize with acidified iodine solution to elemental sulphur. Measure
the iodine consumption with sodium thiosulphate solution,

ZnS + I3 + 2 Ht—=S + 2 HI + Zn2+
The iodometric method is not specifically intended for the detection of
divalent sulphur. lodometric titration basically determines the reducing
power of a water sample. The result of photometric determination in the
laboratory is therefore also required in order to assess the sulphide

sulphur content of a water sample.

The results of the iodometric method are inaccurate with sulphide sulphur
concentrations of less than I mg/l.

Equipment

Erlenmeyer flask with ground glass stopper, 250 ml

Burette, volume 50 ml, 0.1 ml scale

Zinc acetate solution, 2 %, slightly acetic

0.01 m potassium iodate solution:
Treat 100 mi of 0.1 m potassium iodate solution with 60 ml phosphoric
acid (1.70 g/ml) and dilute with water to 1 litre.

Potassium iodide, reagent purity, cryst.

Starch solution:
I % aqueous solution of "soluble starch"
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Sulphide reference solution:
See "Spectrophotometric analysis of sulphide sulphur"

Sodium thiosulphate solution, 0.01 m
Method
Determination

Directly after taking the sample, measure a volume of water (up to approxi-
mately 200 ml; it should contain at least 0.2 mg sulphide sulphur) into the
Erlenmeyer flask, which should contain 10 ml of =zinc acetate solution
(sufficient for binding 28 mg of S). Leave the sample to stand until adjust-
ed to room temperature, then add a few crystals of potassium iodide, and
when these are dissolved swirl constantly and add 10 or 20 ml of 0.01 m
potassium iodate/phosphoric acid solution according to the quantity of
sulphur expected. Add 5 ml of starch solution and titrate with 0.01 m
sodium thiosulphate solution until permanently discoloured.

Titre setting
Carry out determination of the titre of the 0.01 m sodium thiosulphate

solution simultaneously. Titrate similarly against the potassium iodate/
phosphoric acid solution using distilled water instead of the water sample.

Calculation
f‘# . 160 = mg/l of $2-
A = Quantity of 0.0l m potassium iodate/phosphoric acid
solution in ml
B = Quantity of 0.0l m sodium thiosulphate solution consumed in ml
F = Titre of the standard solution
V = Volume of water sample used in ml

3.1.4.2  Spectrophotometric analysis of sulphide sulphur as methylene blue
General remarks

Hydrogen sulphide and dimethyl-p-phenylenediamine form a sulphurous inter-
mediate compound (intermediate stage), which changes into leucomethylene
blue. The leucomethylene blue is oxidized by iron (III) ions to methylene
blue. The methylene blue is measured photometrically at 670 nm.

The reactions described above may be formulated as follows (after K. E.
Quentin and F., Pachmayr):

NH NH HyN
Jo SR s iR < |
— + —
(cHy) N (CH;),N SH N(CH;),
Dimethyl-p-phenylenediamine "Intermediate stage"

Fe3* N
(CHs)z"N(CHz)z (CHg)z%/G[sj@\N(CHs)z

Leucomethylene blue Methylene blue
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This method can be used for direct determination of sulphide sulphur in
water (modification A) as well as after distillation (modification B). In
the case of modification A, sulphides and hydrogen sulphide are fixed with
zinc acetate as ZnS on sampling. In the laboratory, the acid in the amine
reagent liberates hydrogen sulphide, which reacts with dimethyl-p-
phenylenediamine in the manner described.

In the case of modification B, the sulphide sulphur fixed as zinc sulphide
is distilled in distillation apparatus as hydrogen sulphide after adding
phosphoric acid, and collected in a receiver containing zinc acetate
solution. Further treatment is as for modification A.

The method is suitable for the determination of sulphide sulphur in a
concentration range between 0.005 and 5 mg/l. Up to 70 pg the extinctions
obey the Lambert-Beer law. Between 10 and 60 pg of sulphide the average
error is + 1 %.

Quantities of iodide greater than 1 mg in the aliquot of the water sample
used for the investigation have an interfering effect. However, such concen-
trations of iodide are only rarely obtained in exceptional cases.

Nitrite ions in quantities less than 10 pg in the solution under investi-
gation have no interfering effect; interference due to greater quantities
can be eliminated by adding 3 drops of a 5 % urea solution.

Iron (II) ions up to 25 mg/l and sulphite ions up to 10 mg/l do not inter-
fere with the determinations.

If notable quantities of hydrogen carbonate ions or carbonate ions are
present, adding the strongly acid dimethyl-p-phenylenediamine reagent
solution causes CO7 to form, which may carry off HpS as it escapes. For
this reason, the reagent should be introduced as a layer beneath the
sample, and the flask then closed and shaken. When the flask is opened,
only CO2 escapes since H2S has been bonded by the amine,

Equipment

Spectrophotometer (670 nm) or photometer

Cuvettes, 1, 2 and 5 cm

Volumetric flasks with ground glass stopper, 100 ml and 250 ml

Quentin's distillation apparatus (modification B only):
See illustration. A 100 ml volumetric flask serves as the receiver with a
hole corresponding to a similar hole in the ground section of the inlet
tube

Steel cylinder containing nitrogen

Nitrogen purification solution:
2 % potassium permanganate solution, containing 5 g mercury (II) chloride

in 100 ml.

Zinc acetate solution, 2 %, slightly acetic
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Fig. 87. Quentin's distillation apparatus for H2S

Amine reagent solution:
Suspend 2 g dimethyl-p-phenylenediamine-hydrochloride in 200 ml of dist.
water in a l-litre volumetric flask. Carefully add 200 ml of . conc.
sulphuric acid (1.84 g/ml) and make up to the mark when cooled to 20 °C.

Iron (III) reagent solution:
Add 10 ml of conc. sulphuric acid (1.84 g/ml) to a solution of 50 g iron
(III) ammonium sulphate, NH4Fe(SOy4)y -+ 12H7O in distilled water in a 500 ml
volumetric flask and dilute to the mark with dist. water.

Phosphoric acid (1.70 g/ml)

Sulphide reference solution:
Add 500 ml of freshly prepared gelatin solution (300 mg/l) to 250 ml of
the 2 % zinc acetate solution. Place an amber glass flask containing this
solution beneath the distillation apparatus as the receiver. The outlet
tube of the condenser should be well immersed into this solution (if
necessary lengthen the tube). Direct a moderate flow of nitrogen into the
distillation flask, the flow having previously passed through the wash
bottle containing nitrogen purification solution. In the distillation
flask, bring 150 m! boric acid solution (6 g H3BO3, reagent purity,
dissolved in 150 ml of warm water) to the boil. Prepare sodium sulphide
solution by dissolving a washed sodium sulphide crystal in a little
water, approx. 40 mg NazS - 9 HpO cryst.,, reagent purity, corresponding
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to approx. 5 mg S, and introduce the solution via the dropping funnel
during heating. When the boric acid solution is boiling and water begins
to distill over, interrupt the boiling briefly and slowly add the sodium
sulphide solution drop by drop. The released hydrogen sulphide distills
off within 15 minutes and is bonded as ZnS in the receiver. Put the
contents of the receiver in a | litre volumetric flask, dilute with water
to the mark and determine the sulphide content of the solution iodometri-
cally. (Use boiled out water for all solutions. Store in amber glass
flasks.)

Method
Calibration (modifications A and B)

Taking the result of the iodometric sulphide determination in the sulphide
reference solution as a basis, put varying quantities of this solution,
containing between 10 and 70 pg sulphide, into 100 ml volumetric flasks and
add water such that the liquid does not quite reach the neck of the flask.
Then continue as described under "Modification A determination" until
methylene blue coloration appears. Prepare the calibration curve in this
way. Up to 70 pg sulphide, this is a straight line. Take measurements at
670 nm.

Note:

Dark blue solutions with more than 70 pg sulphide content cannot be
measured even after dilution. The calibration curve prepared does not apply
to dilutions of this type.

Determination (modification A)

Place 5 ml of zinc acetate solution in each of a number of 100 ml volumet-
ric flasks (according to the equation Zn2+ 4+ S2--»7nS, this quantity is
sufficient to bind 14 mg of sulphide).

Depending on the expected sulphide content of the water, up to 75 ml of the
test water may be added to these flasks at the sampling point. Then add
distilled water until the liquid almost reaches the bottom of the neck of
the flask. Run in 10 ml of amine reagent solution into the liquid at the
flask neck in such a way as to form a lower layer. Close the flask and
shake briefly (in waters containing hydrogen carbonate or carbonate, COj
escapes), and immediately add 0.5 ml of iron (II) reagent solution. This
should bring the total liquid level up to the neck of the flask. Shake
again vigorously, leave to stand for 10 minutes at room temperature, dilute
to the mark with distilled water and mix up. Take a colorimetric measure-
ment at 670 nm against a simultaneously prepared blank test containing
distilled water instead of the water sample under test.

Note:

All interferences mentioned and also interference due to contaminants and
substances causing turbidity or due to excessive concentrations of mineral
substances (see "Scope of application") can be eliminated by using the
distillation method (modification BJ.
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Fig. 88. Dissociation HpS at 18 °C, pH range 1 - 14; 1) = Total sulphur; 2)
= pH range of natural waters; 3) = Total sulphur

Determination (modification B)

Introduce 5 ml of =zinc acetate solution (sufficient to bind 14 mg sulphide)
into each of a number of 250 ml volumetric flasks (distillation flasks).
Add up to 150 ml of the test water, depending on the expected sulphide
sulphur content of the water, to these flasks at the sampling point. In the
laboratory, remove the ground glass stopper and connect the flask to the
distillation apparatus. Put 10 ml of zinc acetate solution in the receiving
flask. The ground inlet tube with hole should dip into the zinc acetate
solution. Turn the tube to match up the holes on the inlet tube and the
volumetric flask.

Bring to the boil, applying a moderate flow of nitrogen. When the solution
is boiling and water distilling over, interrupt the boiling process and add
5 ml of phosphoric acid (1.70 g/ml) through the dropping funnel.” HpS is
then transferred to the receiver with the water vapour where it is again
bonded to zinc.

When the volume of liquid in the receiver reaches about 70 ml (10 ml of
zinc acetate solution + 60 ml of distillate), stop the distillation process.

Remove the volumetric flask including the inlet tube from the apparatus.
Add 10 ml of amine reagent solution through the inlet tube, shake briefly
and immediately add 2 ml of iron (IlI) reagent solution and shake again.
When shaking the sample solution, turn the holes in the ground sections
away from each other and plug the flask and inlet tube with a ground glass
stopper (see illustration). Do not remove the inlet tube until after adding
the iron solution and shaking, then rinse it with water. Following this,
leave the solution to stand at room temperature for 10 minutes, dilute with
distilled water to the mark, mix and measure the extinction of the colour
solution against the simultaneously prepared blank test.

Calculation

Read off the sulphide sulphur content of the sample from the calibration
curve on the basis of the measured extinction, and taking account of the
volume of sample solution used for determination, recalculate the result in
terms of 1 litre of the water sample.
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The quantitative distribution of divalent sulphur amongst the individual
sulphur compounds is dependent on the pH of the water. Fig. 88 shows the
dissociation of hydrogen sulphide at 18 °C in the pH range 1 - 14,

3.1.5 Water "hardness" (see also Chapter 1, and Sections 3.2 and 3.3)
General remarks

The term water hardness is obsolete and has no satisfactory definition.
Nevertheless, it continues to be used. The so-called hardness of a water is
due to the ions of magnesium, calcium and strontium dissolved in the water.
The sum of these ions is designated total hardness, and today is often
determined on site by complexometry.

So-called carbonate hardness, however, if this is to be measured, corre-
sponds to the hydrogen carbonate ions which can be allocated to calcium,
magnesium and strontium. The proportion of so-called carbonate hardness in
°d (for the various units, see conversion table below) which can be attri-
buted to the hydrogen carbonate ions can be calculated by multiplying the
m value of a water by 2.8. There are cases where the carbonate hardness is
higher than the so-called total hardness. If this is so, alkali hydrogen
carbonates are present dissolved in the water and the carbonate hardness
should then be taken as total hardness. The so-called non-carbonate hard-
ness is ascertained purely by calculation, by subtracting the carbonate
hardness from the total hardness. The non-carbonate hardness is usually
understood to be the hardness produced by the equivalent proportions of
chloride and sulphate to magnesium, calcium or strontium.

The conversion table shows the relationships between the various degrees of
hardness in use internationally and the measured values in mmol/l or meq/l.

Conversion table. (alkaline-earth ions Mg, Ca and Sr)

Alkaline- Alkaline- German American British French
earth earth degrees of degr. of degr. of degr.of
ions ions hardness hardness hardness hardness
mmol/1 meq/1 °d ppm °e °f
CaCoOs3

1 mmol/l

Alkaline-earth ions  1.00 2.00 5.60 100.0 7.02 10.0

1 meq/1

Alkaline-earth ions  0.50 1.00 2.80 50.0 3.51 5.0

1 German degree 0.18 0.357 1.00 17.8 1.25 1.78

I ppm CaCO3 (USA) 0.01 0.020 0.056 1.0 0.0702 0.100

1 British degree 0.14 0.285 0.798 14.3 1.00 1.43

1 French degree 0.10 0.200 0.560 10.0 0.702 1.00
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3.2 Anions

3.2.1 Fluoride
General remarks

Almost all natural waters contain fluoride ions. The content varies on
average between 0.01 and 1.5 mg/l. Fluoride concentrations in natural
subterranean waters or waters from particular geological formations, how-
ever, may be considerably higher: up to 10 or 15 mg/l. Wastewaters contain-
ing fluoride and hydrogen fluoride stem primarily from fluorine factories,
pickling houses, electroplating plants, the glass industry and from ore
mining and processing.

Particular importance is attached to fluoride as a means of preventing
caries. To this end, sufficient fluoride may be added to the drinking water
to obtain a fluoride concentration of about 1.0 mg/l, which is considered
to be the optimum. Continuous and precise monitoring of the fluoride
content of such drinking water is necessary because the natural {fluoride
content, which must also be taken into account, is variable, and persistent
overdosage may have a detrimental effect on health. For this reason, the
WHO has set a limit value of 1.5 mg/l for fluoride in drinking water. The
1986 Drinking Water Ordinance in the Federal Republic of Germany adopted
this limit value for a life-long intake of approximately 2 litres of water
daily.

The substances most commonly used for the fluoridation of drinking water
for the purpose of preventing caries are hexafluorosilicic acid, sodium
fluoride or sodium hexafluorosilicate. However, opinions differ in many
countries as to the advantages, effectiveness or even harmfulness of drink-
ing water fluoridation with the result that to date, no uniform statutory
rulings have been achieved. The drinking water fluoridation stations operat-
ing in Europe are mainly test plants and their area of influence is region-
ally limited. In the USA artificial fluoridation is more widespread. Both
sides of the question, forced medication by means of treated drinking water
and the consequences of dental caries, must be considered. Natural mineral
water containing fluoride appears to be a conceivable alternative, e.g. in
bottled form. Partial defluoridation is possible by filtration of the water
over AlpO3 after acidification with CO5.

Three methods are described below:
3.2.1.1 Spectrophotometric determination

3.2.1.2 Determination using an ion-selective electrode (if necessary,
separation and concentration by steam distillation)

3.2.1.3 lon chromatography (3.2.11)

3.2.1.1 Spectrophotometric determination with lanthanum alizarin
complexone, directly or following steam acid distillation

General remarks

After concentration, if required, by steam acid distillation, the fluoride
taken up in 0.1 m sodium hydroxide solution is determined photometrically
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at 600 - 620 nm as a blue-coloured alizarin complexone/lanthanum fluoride
complex. The colour reaction on which this method is based is founded on
the fact that the orange-coloured solution of alizarin complexone (alizarin
3-methylamine-N, N-diacetic acid dihydrate) forms a red chelate with lantha-
num (III) ions; when small quantities of fluoride are added, this red
chelate yields the blue-coloured ternary complex, whose depth of colour is
proportional to the concentration of fluoride. In the range from 0 to 30 ug
of fluoride the calibration curve forms a straight line. The addition of
acetone to the reagent solution increases the sensitivity of the method.

If the fluoride concentration is relatively high, approximately 0.5 mg of
F-/1 or more, photometric determination can be carried out directly in the
water sample (approx. 10 - 25 ml) without recourse to steam distillation.
This applies in particular to routine determination in drinking water.
Interferences due to other substances are to be expected only rarely in
these lightly mineralized waters. It is necessary to conduct preliminary
tests in order to be certain of the reliability of the results.

The method may also be applied to waters with lower concentrations by
alkaline concentration of a larger volume of water and driving over the
fluoride from the evaporation residue by steam acid distillation. The
detection limit is approximately 0.005 mg/I.

Interfering chloride ions are bonded by the addition of silver sulphate to
the distillation acid. The volume of distillation acid specified in the
procedure contains a quantity of silver sulphate which is capable of bond-
ing 135 mg of chloride ions. Should more than 135 mg of Cl- be present in
the water under analysis, either a correspondingly smaller volume of water
should be used or more silver sulphate added. The chloride content of the
water should in any case always be known. Nitrite ions up to 2 mg do not
interfere with the colour reaction.

If organic substances are present, e.g. in wastewaters, the alkaline
evaporation residue must be incinerated in a platinum dish. The incinera-
tion temperature must not exceed 450 °C. Slight interference is caused by
sulphate ions passing over into the distillate. This must be eliminated by
adding 0.1-m NaOH to all the blank and calibration solutions and to the
distillates, and then neutralizing with 0.05 m HSOy. The 15 mg of SOy2-
which are then always present in the measuring flask level out the influ-
ence of the distilled sulphate traces. Up to 5 mg of aluminium ions cause
no interference.

Equipment

Spectrophotometer

Cuvettes, 2 cm

Measuring flasks, 250 ml and 1 litre

Platinum dish

Alizarin complexone solution, 0.004 m:
Dissolve 1.6854 g of alizarin 3-methylamine-N,N-diacetic acid dihydrate
(mol. weight 421.36) in 20 ml of 0.5 m sodium acetate solution (41 g/l

sodium acetate, anhydrous), heating gently, and make up to the mark in a
1-litre measuring flask with redist. water at 20 °C.
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Fig. 89. Distillation apparatus after SEEL; 1) = Steam boiler with rod
immersion heater; 2) = Filling funnel; 3) = Safety cock; 4) = Steam super-
heater (rod immersion heater); 5) = 150-ml sample flask with thermometer

pocket (thermometer 0 - 150 °C); 6) = coil condenser (approx. 30 cm, jacket
length approx. 15 cm)

Lanthanum nitrate solution, 0.004 m:
Dissolve 1.7322 g of lanthanum nitrate (La(NO3)3 - 6 H20) in redist. water
in a l-litre measuring flask and make up to the mark at 20 °C.

Acetone, reagent purity

Acetate buffer solution (pH &.4):
Mix 630 ml of 0.5 m acetic acid (approx. 29 ml of glacial acetic acid +
971 ml of redist. water) with 370 ml of 0.5 m sodium acetate solution.

Lanthanum alizarin complexone solution:
Put 80 ml of acetate buffer solution, 500 ml of acetone, 50 ml of lantha-
num nitrate solution and 50 ml of alizarin complexone solution in a
I-litre measuring flask and make up to the mark with redist. water at 20 °C.
The pH should be between 5.6 and 5.8; check with a pH meter. The solution
may be kept for 8 weeks in a refrigerator.

Sodium hydroxide solution, 0.1 m and 1 m
Sulphuric acid, (1.64 g/ml) and conc. (1.84 g/ml)
Silver sulphate, AgySOy
p-nitrophenol indicator solution (pH transition from yellow/alkaline to
colourless/acid at approx. pH 6):
Dissolve 0.2 g of p-nitrophenol in 100 ml of dist. water.
Sulphuric acid for distillation:

Use a l-litre round-bottom flask with a thermometer pocket at the side
(thermometer up to 200 °C) and a ground-glass attachment. The ground-
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glass attachment has an inlet pipe for steam which reaches almost to the
base of the flask. In the ground-glass stopper there is a discharge pipe,
which is in turn connected by a ground joint with the coil condenser to
draw off the distillate. The flask should contain conc. sulphuric acid.
After connecting the steam boiler and the condenser, heat the sulphuric
acid to 120 - 130 °C. Introduce steam and regulate the temperature to
approx. 150 °C., Distill off and discard at least 500 ml. Raise the
temperature to 171 °C and terminate steam distillation. If these
conditions are complied with the sulphuric acid remaining in the flask is
of the original concentration again.

Heat 10 g of silver sulphate and 10 ml of sulphuric acid (1.84 g/ml) in a
porcelain dish, and continue heating for a further ten minutes after the
appearance of SO3 vapour. When cool, transfer the solution to a beaker
and mix with the 500 ml of sulphuric acid which remains in the flask
following steam distillation, and heat until the solution is clear,
stirring constantly. Allow to cool. Store the sulphuric acid for distil-
lation in a dark storage bottle.

Fluoride reference solution:
Dissolve 221 mg of sodium fluoride of reagent purity in redist. water and
make up to the mark in a I-litre measuring flask at 20 °C. Dilute 10 ml
of this solution to the mark in a l-litre measuring flask with redist.
water at 20 °C. | ml of this solution contains 0.001 mg of F- ions.

Method
Preparation of the water sample

Add 1 m sodium hydroxide solution (until the alkaline reaction occurs) to
250 ml of the water sample and evaporate in a platinum dish. The chloride
content of the sample must be known so that a sufficient quantity of silver
sulphate to bond the chloride can be added with the sulphuric acid for
distillation. In the case of waters which are loaded with organic substan-
ces the alkaline evaporation residue should be incinerated in the platinum
dish; the incineration temperature must not exceed 450 °C.

Distillation

Transfer the evaporation residue (if appropriate, following incineration)
to the distillation apparatus by small amounts with a maximum of 15 ml of
redistilled water. The quantity of water may be increased if it does not
suffice. However, the solution must then be concentrated to 15 ml again in
the sample flask.

Add 30 ml of sulphuric acid for distillation with sufficient silver content
to bond 135 mg of chloride ions (if necessary add additional silver
sulphate), and connect the sample flask to the distillation apparatus.
Introduce redistilled water into the steam boiler via the feed funnel until
the water level is approximately 2 cm above the rod immersion heater.
Beneath the condenser outlet position a 250-ml measuring flask containing
5 ml of 0.1 m sodium hydroxide solution and I ml of p-nitrophenol indicator
solution in order to collect the distillate.

Switch on the rod immersion heater of the steam boiler and, when the steam
thus generated reaches the steam superheater, switch on the rod immersion
heater in the latter as well. The distillation temperature is between 120
and 130 °C.
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When approximately 200 ml of distillate has been collected, neutralize the
excess of 0.1 m sodium hydroxide in the receiving measuring flask with 0.05 m
sulphuric acid until the colour changes from vyellow to colourless. Make up
to the mark with redistilled water at 20 °C.

Determination

Transfer an aliquot part of the neutralized distillate - a maximum of 50 ml,
but only such a quantity that no more than 30 pg of fluoride ions are contain-
ed in the aliquot - to a 100-ml measuring flask, add 50-ml of lanthanum
alizarin complexone solution and make up to the mark with redistilled
water, It is important when adding the lanthanum alizarin complexone solu-
tion that the same drop rate is set and the same pipette is used as for the
parallel calibration process. Allow the solution to stand for a further 15
minutes at room temperature, Its pH value is now between 4.8 and 5.0.
Measure the extinction at 600 - 620 nm against water.

Calibration

In order to prepare the calibration curve parallel to the determination of
the sample, transfer 10, 20 and 30 ml of fluoride reference solution (with
0.01, 0.02 and 0.03 mg of fluoride) and 5 ml of 0.I m sodium hydroxide
solution to 100-ml measuring flasks, add 1 ml of p-nitrophenol indicator
solution and titrate with 0.05 m sulphuric acid to the neutral point. In
the same way as described under "Determination", add 50 ml of lanthanum
alizarin complexone solution by pipette, make up to the mark with redistill-
ed water (20 °C), and after 15 minutes measure at 600 - 620 nm against
redistilled water. Prepare and treat a blank test in the same way without
the addition of fluoride.

It is absolutely essential that a calibration curve is prepared and a blank
test taken into account for each fluoride determination.

Calculation

Read off the appropriate fluoride content from the calibration curve on the
basis of the measured extinction, take into account the quantity of water
used and the blank test, and convert for 1 litre,

3.2.1.2 Determination of the fluoride ion with an ion-selective
(ion-sensitive) electrode

General remarks

The quantitative determination of a number of dissolved substances in water
using ion-selective electrodes and a corresponding measuring system has
found widespread acceptance., This method has proved particularly valuable
for the quantitative determination of fluoride ions in water samples in the
range above approximately 0.1 mg/l.

In this method the voltage developed between the measuring electrode and
the reference electrode is measured. Under certain conditions this measured
value is proportional to the logarithm of the fluoride concentration.
Attention must be paid to the water temperature, the ionic strength of the
dissolved substances and the pH value. These parameters should be standard-
ized in the calibration of the method in such a way that interference in
the course of the actual measurement can be largely ruled out.
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Fluoride complexes are rendered available for measurement by the addition
of a special buffer (TISAB buffer - Total Ionic Strength Adjustment
Buffer). If stronger complexing substances such as boron compounds or
organic substances are present in waste waters, it is advisable to carry
out distillation according to method 1 before the actual measurement.

Equipment

In addition to the standard laboratory equipment, a measuring instrument is
required to measure the voltage, with divisions of 1 mV.

Fluoride-selective electrode cell (single-probe measuring cell recommended)
pH measuring device with glass electrode as single-probe measuring cell
Recording apparatus, if required

Thermostat

Stirring device

Hydrochloric acid, 1 m

Sodium hydroxide solution, 1 m

TISAB buffer solution:
Dissolve 300 g of sodium citrate (CgHs5Na307 + 2HpO) in approx. 600 to 300 ml
of water. Subsequently dissolve 22 g of 1,2-cyclohexylene dinitrilotetra-
acetic acid (CyyHppN90g + H20) and 60 g of sodium chloride in this solu-
tion. When the solution is clear, make up to 1000 mi. The pH of this
buffer solution is 5.8.

Fluoride calibration solutions:
Use sodium fluoride (NaF) which has been dried at 120 °C for 2 hours.
Dissolve 2.210 g and dilute to 1000 ml. Prepare fluoride calibration
solutions of varying concentration by diluting this stock solution, e.g.
dilute 10 ml of fluoride stock solution to 1000 ml with water, fluoride
content 10 mg/l. Prepare further fluoride calibration solutions with
fluoride contents of 5, 1, 0.5 and 0.2 mg/l in the same way.

Method

The water sample should be analyzed no later than 3 days after sampling,
and it is advisable to filter the sample through an appropriate filter
before analysis. If filtration is carried out a note to this effect should
be made with the results.

Condition the ion-sensitive electrode by placing it at least 1 hour before
starting measurement in a calibration solution which may contain, for
example, 0.5 mg of fluoride ions/l. Following this period, rinse the
electrode and use for measurement.

Check the calibration curve daily with {fiuoride calibration solutions of
appropriate concentration. This is important in particular due to the fact
that both the origin and the gradient of the «calibration curves of the
ion-selective electrodes may change.
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For the measurement itself, put 25 m! of TISAB buffer solution in the
receiver and add 25 ml of the sample under analysis by pipette, after
filtration if necessary. The pH must be 5.8 + 0.2, Should it deviate from
this value adjust with hydrochloric acid or sodium hydroxide solution.
Following this preparation set the solution for measurement to the measur-
ing temperature, e.g. 20 + 0.5 °C or 25 + 0.5 °C (the same measuring
temperature as was used for preparing the calibration curve). Immerse the
ion-selective electrode cell or the single-probe measuring cell into the
solution and stir for 5 minutes at a speed of approx. 200 rpm. If after
this period the measured value does not change by more than 0.5 mV, turn
off the stirrer and read off the measured value after about 10 to 20
seconds.

As a control, especially in the case of low fluoride concentrations, appro-
priate fluoride calibration solutions of known concentration may be added
to a second or third water sample together with the buffer solution.

Calibration

For calibration purposes take 25-ml portions of TISAB buffer solution in
the same way and to each of perhaps 5 receivers add calibration solutions
with fluoride concentrations between 0.2 and 10 mg/l by pipette. Rinse the
electrode between measurements. Adapt the concentration ranges of the
calibration solutions approximately to the concentration of fluoride expect-
ed in the sample under analysis. Carry out the calibration itself at least
twice and repeat daily. Plot the measured values thus established on semi-
logarithmic paper. Use the logarithmic abscissa for the fluoride concen-
tration of the calibration solutions in mg/l and the ordinate with decimal
divisions for the corresponding measured values in mV.

Read off the concentration of fluoride ions in the water sample under
analysis from the calibration curve on the basis of the measured value in
mV. Take into account the volume of water used or any dilution made and

convert for 1 litre. The measured values should generally be rounded off to
one decimal place.

3.2.1.3  lon chromatography determination of fluoride ions (see Section 3.2.11)

3.2,2 Chloride

General remarks

3.2.2.1 Gravimetric analysis

3.2.2.2  Volumetric determination with electrometric indication

Modification A: chloride content up to 1000 mg/l
Modification B: chloride content over 1000 mg/l

3.2.2.3 Volumetric determination with visual indication
(potassium chromate as indicator)

3.2.2.4 Ion chromatography (3.2.11)

In the course of the methods (see Sections 3.2.2.1 - 3.2.2.3) bromide ions
and iodide ions are also detected. If these latter ions are determined
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separately, for example in mineral waters and brines, the chloride content
can be calculated by subtracting these values.

3.2.2.1 Gravimetric determination
General remarks

In a weak nitric acid solution chloride ions react with silver ions. Spar-
ingly soluble silver chloride is formed, and if bromide ions and iodide
ions are present, so too are silver bromide and silver iodide. The silver
halides separate out and are deposited, and are then filtered, dried and
weighed, and the content of chloride ions is calculated, if necessary after
correction for the separately determined bromide ions and iodide ions. This
method is particularly suitable for waters with high concentrations of
chloride ions, and as a calibration or reference method.

Any sulphite ions or sulphide ions present are oxidized with hydrogen
peroxide (about 3 to 5 %).

Equipment

Analytical balance

Drying oven (130 °C)

Glass filter crucible

Nitric acid, (1.070 g/ml), chloride-free

Silver nitrate solution: approx. 1 m

Rinsing liquid: distilled water acidified with nitric acid.
Method

Acidify a measured volume of water between 100 ml and 1000 ml with nitric
acid and heat to between about 60 and 80 °C. Slowly conduct the precipi-
tation, stirring gently, with the approx. 1 m silver nitrate solution. The
silver chloride precipitate which now forms settles quickly. The super-
natant liquid becomes clear. The completeness of the precipitation should
be tested by adding about 0.1 ml of silver nitrate solution.

Keep the precipitate over night in the dark (on exposure to light part of
the silver is reduced, with the result that the precipitate may assume a
blue-black colour). After the settling period filter the supernatant
solution through the dried and weighed glass filter crucible. Using the
rinsing liquid, repeatedly make the precipitate into a paste in a beaker
and then transfer quantitatively to the filter crucible. Rinse this precipi-
tate of silver chloride wuntil the rinsing liquid shows no further visible
reaction with hydrochloric acid or sodium chloride solution. Then dry the
filter crucible and contents in the drying oven at 130 °C and weigh when
cool. Repeat this operation until constant weight is reached.

l mg of the weighed silver chloride precipitate corresponds to 0.2474 mg of
chloride ions. Calculate the concentration of chloride ions in mg/l of
water, taking into account the measured quantity of water and the weighed
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quantity of silver chloride. If a correction is made for the separately
determined bromide ions and iodide ions this should be stated. In the case
of concentrations of chloride ions above 100 mg/l the results should be
rounded off to I mg/l. A note should be made of the fact that the gravi-
metric method was used.

3.2.2.2 Volumetric determination with silver nitrate (electrometric indication)

(This internal method has proved valuable as a routine technique for
analysing waters with high chloride contents and is therefore described
here.)

General remarks

A) The water sample is titrated directly with 0.1 m or 0.01 m silver
nitrate solution at a pH of between 4.5 and 8.5 (modification A: up to
about 1000 mg/l Cl-).

B) A water sample with more than 1000 mg/l Cl- and a pH of between 4.5 and
8.5 is treated with a weighed quantity of 0.1 m silver nitrate solution.
This quantity should be less than the amount required for the quantita-
tive precipitation of the chloride ions. The low concentration of
chloride ions still present in solution is subsequently titrated with
0.06 m silver nitrate solution.

For electrometric indication a measuring cell consisting of an indicator
electrode and a reference electrode linked with a sensitive galvanometer
is used (see illustration under "Equipment"). Due to the higher chloride
ion concentration in the sample solution the potential of the indicator
electrode differs from that of the reference electrode. This potential
difference is measured by the galvanometer. During titration the poten-
tial of the indicator electrode approaches that of the reference elec-
trode, and at the end point of the titration they are equal. Consequent-
ly, the needle of the galvanometer passes through zero at the equi-
valence point.

Sulphite ions and sulphide ions are eliminated by adding dilute hydrogen
peroxide solution drop by drop while cooling the solution.

Equipment

Measuring cell with silver plate as indicator electrode and a silver/silver
chloride reference electrode (Schneider):

Burettes, volume 50 ml, 0.1 ml scale
Silver nitrate solution, 0.1 m

Silver nitrate solution, 0.01 m:
Prepare by dilution of 0.1 m silver nitrate solution

Sodium chloride solution, 0.1 m
Sodium chloride solution, 0.0l m

Hydrogen peroxide solution, approx. 3 - 5 %
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Fig. 90. 1) = Beaker, 400 ml; 2) =
8 Solution for analysis; 3) = Silver
indicator electrode, 20 x 10 x 1 mm;
4) = Diaphragm packed with quanti-
7 tative filter paper; 5) = Silver
chloride  suspension in redistilled
—— water; 6) = Silver reference elec-
> 5 trode, dimensions as for 3; 7) =
Redistilled water; 8) = Glass tube,
% diameter 15 mm; 9) = Connection of
the two electrodes to form a measur-
3 ing cell; 10) = Glass tube, diameter
6 mm; 11) = Switch to close the
2 measuring current circuit; 12) =
3 1 Sensitive galvanometer as zero instru-

ment; 13) = Magnetic stirrer

Nitric acid, (1.070 g/ml) chloride-free

Sodium-hydroxide solution, 1 m chloride-free

(The two latter items if required for adjustment of the pH range 4.5 - 8.5)
Method

If the chloride content of the water sample is unknown, the approximate
concentration should be established initially by pre-titration with 0.1 m
silver nitrate solution. If it does not exceed 1000 mg/l, titrate directly
according to modification A. If it is above 1000 mg/l, proceed according to
modification B.

Determination (modification A)

Into the beaker in the titration apparatus pipette an exact volume of the
water sample which corresponds to a consumption of about 20 ml of 0.1 m
silver nitrate solution or a consumption of 10 - 50 ml of 0.01 m silver
nitrate solution. Introduce the measuring cell and switch on the magnetic
stirrer and galvanometer. Subsequently, - titrate wuntil the galvanometer
indicator passes through zero.
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Determination (modification B)

Measure off a volume of the water sample which corresponds to a consumption
of between 10 and 100 ml of 0.1 m silver nitrate solution and make up to
about 200 ml with distilled water. Precipitate silver chloride with a
weighed quantity of 0.1 m silver nitrate solution, stirring slowly in cool
conditions. The quantity of 0.1 m silver nitrate solution used is selected
such that about 1| or at most 2 ml less silver nitrate solution is consumed
than during pre-titration. Now transfer the pre-precipitated solution to
the titration apparatus, introduce the measuring cell, and switch on the
magnetic stirrer and galvanometer. Subsequently titrate with 0.0l m silver
nitrate solution until the galvanometer indicator passes through zero.

Since the density of 0.0l m silver nitrate solution is close to 1 g/ml and
this solution was obtained by diluting 0.1 m silver nitrate solution, the
quantity of 0.01 silver nitrate solution consumed, in ml, should be divided
by 10 and added to the weight of 0.1 m silver nitrate solution. This sum
provides the consumption of 0.1 m silver nitrate solution for the measured
volume of the water sample,

Titre setting

The titre setting of the 0.1 m and 0.01 m silver nitrate solutions is made
in the same way as described under "Determination (modification A)" using
0.1 m and 0.0l m sodium chloride solutions.

As a result of weighing the standard solution and the use of corresponding
calibration the deviation between multiple determinations is below an
absolute level of 3 mg/l chloride ions, even in the case of very high
concentrations of chloride ions.

Calculation (modifications A and B)

When using 0.1 m silver nitrate solution:

Vp - F - 3.5453 - 1000
E

= mg/l Cl-,

when using 0.0l m silver nitrate solution:

Vo - F - 0.35453 + 1000
E

= mg/l CI-

<<
—
t

Consumption of 0.1 m silver nitrate solution, in the case of
modification A in ml, and in the case of modification B in g

Consumption of 0.0l m silver nitrate solution in ml

Titre of the standard solutions

Volume of water sample used for determination.

N

mm <<

3.2.2.3 Volumetric determination with silver nitrate and potassium chromate
(visual indication)

General remarks

If all chloride ions are bonded as AgCl, silver ions added in excess,
together with chromate ions, form reddish-brown silver chromate (Ag,CrOy).
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The method is suitable for the determination of chloride ions in concen-
trations between 10 and 150 mg/l. Waters whose chloride-ion concentrations
lie outside this range can also be determined according to this method by
appropriate dilution or concentration. Its applicability to waste water
investigation is dependent on the type of waste water involved.

Coloured or turbid waters should be shaken out with chloride-free, freshly
precipitated aluminium hydroxide or chloride free washed activated char-
coal, and filtered. Organic substances are destroyed in a weakly alkaline
solution with KMnQOy, heating gently. Excess KMnOy is eliminated with H2O»,
the hydrated manganese oxides are filtered off and washed, chloride-free.

Interfering SO32-can be eliminated by HpO; in neutral solution, and §2-,
52032', CN- and SCN- can be eliminated by HyO; in alkaline solution. Iron
ions can be precipitated by shaking with 1 g of chloride-free zinc oxide
and can then be filtered off. Phosphate interferes in concentrations
greater than 25 mg/l. It is coprecipitated with iron.

Equipment

Burette, volume 50 ml, 0.1 ml scale

Silver nitrate solution, 0.05 m and 0.02 m
Sodium chloride solution, 0.05 m and 0.02 m

Potassium chromate solution:
Dissolve 7.5 g of KyCrOy in a sufficient quantity of dist. water and add
silver nitrate solution until a reddish-brown precipitate begins to form.
Allow to settle for 2 hours, f{ilter the solution and replenish the
filtrate with dist, water.

Method

If the chloride content of the water sample is unknown this should first be
determined by pre-titration with silver nitrate standard solution of appro-
priate normality. Take 100 ml of the filtered water sample with a chloride
content of 1 - 15 mg, or a smaller volume diluted to 100 ml! with distilled
water. The pH should lie between 7 and 9 (acid- or alkaline-reacting waters
should first be neutralized with chloride-free reagents). Add 1 ml of
potassium chromate solution.

According to the chloride concentration, titrate with 0.05 m or 0.02 m
silver nitrate solution until the colour changes from greenish-yellow to
reddish-brown, In order to assist determination of the end point of the
titration, the analyst may add a drop of sodium chioride solution after
completion of the titration of the sample. If the yellow-green colour
reappears the end point of the titration was reached.

The quantity of silver nitrate which is required to produce a recognizable
change of colour should be determined by means of a blank test with 100 ml
of distilled water and 1 ml of potassium chromate solution. It should then
be deducted from the result of titration.

Titre setting

The titre setting of the 0.05 m and 0.02 m silver nitrate solutions is made
according to the procedure described, using 0.05 m or 0.02 m sodium
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chloride solution respectively. The method wused should correspond to the
technique described for the analysis in all ways. If work is conducted
carefully the determination error of the method can be limited to 1 - 3
mg/l Cl1-.

Calculation

When using 0.02 m silver nitrate solution:

Vi + F - 0.7091 - 1000

= = mg/l Cl-,

When using 0.05 m silver nitrate solution:
Vo - F - 1.7727 - 1000 _ mg/l CI-,

E
V| = Consumption of 0.02 m silver nitrate solution in ml
V2 = Consumption of 0.05 m silver nitrate solution in ml
F = Titre of the standard solutions
E = Volume of water sample used for determination.

3.2.2.4 lon chromatography determination (see Section 3.2.11)

3.2.3 Bromide and iodide

General remarks

Natural waters contain only very low concentrations of bromide and iodide
ions. Higher concentrations may occur in mineral waters, natural salt

brines and in certain industrial wastewaters; in most cases they are
accompanied by a very large excess of chioride ions.

3.2.3.1 Consecutive iodometric determination of bromide and iodide in one
solution

The following method of consecutive determination of Br- and I~ by iodo-

metry, based on a method developed by P. Héfer, has proven effective.

3.2.3.2 Ion chromatography (see Section 3.2.11)

Analysis by means of ion chromatography has gained significance in recent
years. (3.2.11)

3.2.3.1 Consecutive jodometric determination of bromide and iodide in one
solution

Bromide and iodide ions can be determined successively in one water sample
using a method developed by P. Hofer: hypochlorite ions are used to oxidize
bromide ions to bromate ions and iodide ions to iodate ions:

Br- + 3 CIO-

BrO3- + 3 Cl-
I- + 3 CIO- = 103- 4 3 Cl-
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The excess hypochlorite ions are destroyed by formic acid. Subsequently,
iodide ions added at pH 3 to 4 are oxidized to iodine by the iodate ions
resulting from the above reaction. For each iodide ion originally contained
in the sample six equivalents of iodine are liberated. These are titrated
with sodium thiosulphate solution:

103~ + 6 I- + 6 H* =3I+ 1"+ 3 HyO
312+652032‘ =6 I~ + 3 S,0¢2-

In this solution, following the addition of hydrochloric acid and adjust-
ment of the pH to < 1, the bromide ions are then detected analogously:

BrO3~ + 6 I" + 6 Ht = 3 I + Br- + 3 H0
317 + 6 S2032- = 6 I + 3 S40¢2-

Direct determination of bromide ions is possible in a range between 0.0l
and 15 mg/l and determination of iodide ions in a range between 0.005 and
5 mg/l of the water sample. If lower concentrations of these ions are to be
determined, a larger quantity of water must be concentrated by evaporation
under alkaline conditions.

Nitrite ions may be oxidized to nitrate ions in acid solution (pH < 1),
before analysis, with 1 ml of approximately 0.4 m sodium hypochlorite
solution. The solution should then be neutralized (pH 6 to 8) with reagent-
purity sodium hydroxide solution or with reagent-purity solid calcium
carbonate,

Should the concentration of bromide and/or iodide be less than 0.01 mg/i,
the solution should be concentrated to 100 ml under alkaline conditions.
The solution thus obtained may either be processed further directly, in
which case precipitates of alkaline earth carbonates should be filtered
off, or the evaporation residue can be extracted three times with absolute
ethanol. In the latter case, the bromide and iodide ions pass into the
ethanol extract. This should be boiled down under alkaline conditions and
the residue, after gentle ignition (not more than 400 °C), picked up with
approximately 100 ml] of distilled water. Acidify the solution obtained (pH
< 1) and oxidize with 1 ml of 0.4 m sodium hypochlorite solution. Finally
neutralize the solution (pH 6 to 8) and continue according to the procedure
described under "Determination".

A maximum of 1.5 mg of bromide ions and 0.5 mg of iodide ions should be
contained in the volume of water which is used for analysis in this method.
It is important to adhere to the quantities and concentrations of reaction
solutions specified in the procedure and to the specified waiting times.
Blank determinations and calibrations should be carried out together with
each analysis using the same quantities of reagents under precisely the
same test conditions.

Equipment
Sodium thiosulphate solution, 0.005 m
Sodium hypochlorite solution, approx. 0.4 m:
Either use a commercially available solution, in which case the concentra-

tion should be determined iodometrically, or prepare the solution from
sodium hydroxide solution by introducing chlorine
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Formic acid, 2 m

Potassium iodide solution: 16.6 g/100 m} KI

Hydrochloric acid, reagent purity, approx. 10 % (1.05 g/ml)
Sodium hydroxide solution, 1 m

Starch solution:
1 % aqueous solution of "soluble starch"

Buffer solution:
Dissolve
100 g of monosodium dihydrogen phosphate dihydrate,
100 g of disodium monohydrogen phosphate dodecahydrate,
100 g of sodium diphosphate decahydrate and
300 g of sodium chloride, all of reagent purity, in 1400 ml of water.

The pH of this buffer solution is approx. 5.8. If 6 ml of this solution
is diluted to 100 ml, a pH of approx. 6.8 is established.

Bromide reference solution:
Dissolve 1.4894 KBr of reagent purity (dried at 105 °C) with dist. water
in a measuring flask to 1000 ml. 1 ml of this solution contains 1 mg of
bromide ions. If required, a dilution of I : 10 may be prepared. 1 ml of
the dilute bromide reference solution contains 0.1 mg of bromide ions.

Iodide reference solution:
Dissolve 0.1308 g of reagent-purity KI (dried at 105 °C) with dist. water
in a measuring flask to 1000 mi. 1 ml of this solution contains 0.1 mg of
iodide ions.

Method

Establish the quantity of water which is appropriate for analysis by means
of a preliminary test with 100 m] of the water sample.

Determination

Use the volume of the water sample established in the preliminary test,
pretreated as required, (pH between 6 and 8), make up to 100 ml and add 10 ml
of buffer solution. A pH between 6.5 and 7 is thus established. Turbidity
or precipitates of alkaline earth phosphates which may arise after the
addition of the buffer solution are of no significance for the further
course of the analysis.

Add 4 ml of sodium hypochlorite solution and heat to about 90 °C within 5
to 10 minutes. Swirl the solution frequently while heating, but avoid
boiling.

Treat the sample while still hot with 10 ml of 2 m formic acid, drop by
drop. In so doing, the excess hypochlorite ions are decomposed and any
precipitated alkaline earth phosphates are dissolved again (a pH value of 3
to 4 is established). Allow to cool to room temperature (approx. 20 °C) and
then treat the solution with | ml of potassium iodide solution. Leave to
stand for about 5 minutes and then add | ml of starch solution. If the
sample contains iodide ions a blue coloration appears. If this is the case,
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titrate with 0.005 m sodium thiosulphate solution until the blue coloration
disappears. The decoloration should persist for at least | minute. The
quantity of sodium thiosulphate consumed corresponds to the content of
iodide ions in the volume of sample used.

In order to determine the content of bromide ions, treat the titrated
sample with 10 ml of hydrochloric acid (1.05 g/ml). If bromide ions are
present, a blue coloration appears once more. Following a waiting time of
about 5 minutes again titrate with 0.005 m sodium thiosulphate  solution
until the blue coloration disappears. The decoloration must again persist
for at least | minute. The consumption of sodium thiosulphate solution in
the course of the titration corresponds to the content of bromide ions in
the volume of sample used.

Conduct a blank test in the same way using 100 ml of distilled water
instead of the sample. Any consumption of sodium thiosulphate solution
should be deducted from that established in the determination of the
sample.

Titre adjustment

The precise titre of the 0,005 m sodium thiosulphate solution must be
established for each analysis, if possible simultaneously. To achieve this,
take known volumes of bromide and iodide reference solutions instead of the
sample, make up to 100 ml, and treat as for the analysis. Calculate the
factor of the sodium thiosulphate solution from the results of titration.

Calculation
I mi of 0.005 m sodium thiosulphate solution is equivalent to 0.10575 mg of
iodide ions or 0.06667 mg of bromide ions. The concentration per litre of

water may be calculated according to the following formulae:

V- F . 0.10575 - 1000
E

mg/l I-,

V - F - 0,06667 - 1000
E

"

mg/l Br-,

Consumption of 0.005 m sodium thiosulphate solution in ml,
Titre of standard solution,
Volume of water sample used for analysis.

mm<
oo

3.2.3.2 Ion chromatography (see Section 3.2.11)

3.2.4 Nitrite

3.2.4.1 Spectrophotometric analysis with sulphanilic acid and
I-naphthylamine

General remarks

In acid solution, nitrite ions and aromatic amines together form diazonium
salts, which for their part couple with aromatic amines to form intensively
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coloured azo compounds. The nitrite determination described here is based
on the diazotization of sulphanilic acid ({p-aminobenzene sulphonic acid)
with nitrite to form p-diazobenzene sulphonic acid. This acid couples with
I-naphthylamine, forming red-violet p-benzene sulphonic acid azonaphthyl-

amine.
HO3S—©—NH2 +NOj + 2 HY —» HO3S—@ N* = N+ 2H,0
Hoas.©_w N+ 0 NHy —

Hoas—©—N= N Q NH,

The method is suitable for the determination of nitrite ions in water in
concentrations between 0.005 and 0.6 mg/l. If the nitrite concentration is
greater than 0.6 mg/l, the solution must be diluted accordingly before
analysis since the Lambert-Beer law no longer applies in this range.

In order to prevent secondary formation of nitrite ions by microbial or
chemical redox reactions from ammonium ions or nitrate ions, nitrite
determination should if possible be carried out within a few hours or at
the latest within one day of sampling. Sterilized {flasks should be taken
for filling. The sample should be cooled to at least +10 °C until the
analysis is carried out.

It is possible to compensate for slight turbidity or self-coloration in the
sample in the spectrophotometer by measuring the extinction in comparison
with the water sample. In the case of high turbidity which cannot be
removed by filtration or of strong self-coloration, especially in the
presence of colloidally dissolved organic substances and sulphides, add
5.0 ml of aluminium sulphate solution and 5.0 ml of 1 m sodium hydroxide
solution per 100 ml of water sample and shake. When the hydroxide precipi-
tate has settled, filter through glass wool or cotton wool; discard the
first parts of the filtrate. Take the dilution into account in evaluation
by multiplying the result by l.l.

Colloidal organic substances, humic acids and free chlorine, however, may
also be removed by shaking the sample with 1 - 2 g nitrite-free activated
charcoal and f{iltering after 5 minutes reaction time. Before treating with
activated charcoal, the pH of the sample must be set to more than 8.5 to
prevent adsorption of the nitrite ions by the activated charcoal.

Interference due to copper ions, which accelerate the breakdown of the
diazonium salt, or due to other heavy metal ions is largely prevented by
the aluminium sulphate/NaOH precipitation. In this case, also, dilution of
the sample may be advisable because of the high sensitivity of the colour
reaction to nitrite ions.

Equipment

Spectrophotometer 530 nm or photometer

Cuvettes, 1, 2 and 5 cm

Volumetric flasks, 100 ml
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Glacial acetic acid, reagent purity (1.05 g/ml)

Sulphanilic acid solution:
Heat 1 g sulphanilic acid with 50 ml glacial acetic acid and 50 ml dist.
water and dissolve by diluting with 200 ml hot dist. water. Store the
solution in a brown flask in a cool place.

l-naphthylamine solution:
Dissolve 0.2 g l-naphthylamine in 50 ml glacial acetic acid and 100 ml
dist. water, then dilute with a further 150 ml dist. water.

Aluminium sulphate solution:
Dissolve 120 g Alp(SOy4) - 18 HO (superpure) in nitrite-free dist. water
and make up to 1 litre. Before use, shake up any sediment formed.

Sodium hydroxide solution, 1 m
Activated charcoal, nitrite-free

Nitrite stock solution:
Dry 0.150 g of reagent purity sodium nitrite at 105 °C for | hour before
weighing in, dissolve in nitrite-free water, and after adding 1 ml chloro-
form make up to 1 litre with nitrite-free water. Standardize the solution
against 0.02 m potassium permanganate solution and check the titre
weekly. 1 ml = 0.1 mg NO,-.

Nitrite reference solution I:
Dilute 10 ml nitrite stock solution to 100 ml with nitrite-free water.
I ml of this solution contains 0.0l mg NOj-, Prepare a fresh batch for each
application.

Nitrite reference solution II:
Dilute 10 ml nitrite stock solution to 'l litre with nitrite-free water.
I ml of this solution contains 0.001 mg NOj-. Prepare a fresh batch for
each application.

Method’
Calibration
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