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1 Introduction

The essential mission of mankind can be defined as the many-sided mate-
rial and cultural development of each human being and the society as a
whole. A healthy development can be fully achieved only in a good qua-
lity environment, and thus environmental protection has become one of the
primary targets of society.

The need to pay increased attention to water sources, purity of air and
soil can be encountered in all long-term forecasts. Man pollutes the envi-
ronment by his activity; primarily he pollutes its fundamental components,
water, soil and air, and thus he unfavourably affects the cycle of chemical
substances and causes serious damage to living organisms. It is, therefore,
urgently necessary to seek solutions which would contribute to a general
improvement of this rather negative and continuing situation.

Water, air and soil protection is a universal problem for the continued
existence of mankind, and the management of this problem requires coope-
ration between all countries and nations.

The outcomes of studies in the chemical and biological sciences have
made positive contributions to the problems of reduction and disposal of
gaseous, liquid and solid wastes, and thus these sciences participate signi-
ficantly in the improvement of water, air and soil quality.

The aim of this book is to provide a comprehensive view of the chemistry
and biology of water, air and soil, particularly those aspects connected with
the protection of the environment.

The first part presents fundamental information on the chemistry and
biology of water in its natural state, as well as on changes caused by wa-
ter pollution due to industry, traffic, agriculture and urbanization. The
composition of natural, service and wastewaters is described, as well as the
processes taking place in them and influencing the forms of the occurrence
of particular substances, their distribution and circulation. The effects of
different inorganic and organic substances on the properties of natural, ser-
vice and wastewaters are studied. The sections dealing with the principles



of the ecology of aquatic organisms, water microbiology, aquatic plants and
animal kingdom are of special significance. Along with chemical and bio-
logical changes, considerable attention is paid to the toxicological aspects.
This first part of the book studies the methods of chemical and biological
water analyses, and water treatment.

The second part of the book deals with atmospheric problems, parti-
cularly the basic composition of atmosphere and its pollution caused by
different sources (especially industry and traffic), methods of restriction
and reduction of emissions, and air analysis. This part also includes im-
portant information on the biology of air, particularly the microbiological
and palynological aspects.

The third part of the book deals with soil. Attention is focused on the
characteristics of soil and soil components, natural and anthropogenous soil
processes, the chemistry, biology and microbiology of soil, and on its ana-
lysis with particular reference to fertility and contamination with harmful
matters.

The book is intended for all who are engaged in the sphere of environ-
mental protection, for chemists, biologists, physicians, pharmacists, far-
mers, veterinarians, for university students, and also for the more extensive
(and growing) circle of all those who are interested in the problems of en-
vironmental protection.



2 Water, air and soil — fundamental sources
of the biosphere

Life on our planet dates back to some three thousand million years ago.
A number of millennia have elapsed since a thinking being — man —
developed from a single-cell organism. He collected forest fruits, roots and
hunted animals. Later, he invested the first primitive tools which could be
used for wood cutting, land cultivation and cereal growing; he used these
simple techniques to modify nature. He built villages, towns, destroyed the
original natural environment and created his own artificial environment
(Fig. 2.1) [1].

For a long time the natural sources seemed to be infinite in comparison
with relatively negligible possibilities he possessed for using them up. The
main role of man at this stage, as far as the interaction between man and
nature was concerned, was the prospecting for sources and the search for
their most efficient separation from the natural environment.

Within a relatively short period of time, particularly in the last 40 to
50 years, man and his economic activity have become a powerful force
determining to a remarkable extend the circulation of the components of
the biosphere and its general dynamics.

2.1 Biosphere

The biosphere is a relatively very thin layer (compared with the radius of
the planet) forming a boundary between the atmosphere, hydrosphere and
lithosphere. Here, living organisms live, develop and reproduce. From
both the interaction of organisms and effect of the environment surround-
ing them, communities of organisms are formed — geobiocenoses, complex
ecological systems. The upper biosphere zone is the atmosphere up to
12,000 to 14,000 m. In water, life can be found to a depth of approxima-
tely 10,000 m; in soil, life has been recorded up to a depth of 20 to 30 m
(specialized systems involving plant roots in dry deserts). In Fig. 2.2 the
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Fig. 2.1. Effect of man’s activity on nature. a — unto.uched, natural forest ecosystem,
b — forest fruit collection, ¢ — hunting, d — man the shepherd, e — soil cultivation,
{ — industry, g — urbanization

vertical distribution of living organisms is illustrated [2]; it is evident that
the central hundred metres of the section include most of the living matter
on our planet.

One part of the biosphere is the region directly influenced by the activity
of man, the sphere of human society, social sphere or anthroposphere. In
Russian literature one encounters the term noosphere, the sphere of man-
transformed biosphere.
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Fig. 2.2. Expansion of life in the biosphere

Life has intensively biologized the earth’s crust, air and waters for the 2.5
to 3 billion years of its existence. The soil layer and overland biocenoses
are closely linked with air by the continuous exchanges of matter in solid,
liquid and gaseous phases, and the world ocean and atmospheric cover of
the Earth are mutually connected through the circulation of energy, gases,
fallout and evaporation. Overland ecosystems and the ecosystems of the
world ocean are mutually conditioned by water flows and air migration —
generation, transfer and fall of atmospheric precipitations and aerosols, as
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well as by mutual exchange of an immense quantity of living and decayed
material {3].

2.1.1 Sources of the biosphere

The life of man and the whole of human society depends on the sources of
the biosphere needed for the satisfaction of his needs. These sources include
the essential components of the biosphere, such as water, air, soil, plants,
animals, raw materials and solar radiation. In detail they can be classified
as follows:

unchangeable (e.g. sglar energy,
wind and water energy)

inexhaustible

damageable (e.g. water within
the global hydrologic cycle)

BIOSPHERE
SOURCES restorable (e.g.

L plant communities)
maintainabl

unrestorable

exhaustible

replaceable (e.g.
mineral sources)

unmaintainabl

trreplaceable
(e.g. fossil fuels)

The inexhaustible sources of the biosphere cannot be exhausted by man
even when they are continuously used, however, they can be damaged and
deteriorated; waters, air and soil which are the subject of this book are
such sources. The exhaustible sources of the biosphere can be used up or
permanently deteriorated by man.

Apart from the atmosphere, the biosphere sources vary in their extent
and nature in individual countries and each country can employ them with
sovereignty within its boundaries. However, there are factors affecting
sources which are of international importance (e.g. the purity of rivers flow-
ing through several countries), or of worldwide global importance (e.g. the
purity of the water in oceans, and the purity of air).

The rapid increase in the population of the Earth and the many-sided
economic activity of current human society cause significant quantitative
and qualitative changes in the biogeochemical cycles of the elements in the
biosphere. These threaten the very functions of the biosphere and the vital
conditions for the activity and existence of man himself. The scope of the
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Table 2.1. Biochemical and technochemical factors in the biosphere [4]

Land biomass 3x1012-1 x 1013 ¢
Land photosynthesis (annual) 10191011 ¢
Annual turnover of ash matters 108-10° ¢

in organic land materials (incl. nitrogen up

to 1010 t)

Annual amounts of

(a) dissolved solids in rivers 3x10% ¢

(b) dispersed solids in rivers 1.6x1019 ¢
Annual production of industrial

fertilizers ' 3%x108 ¢
Industrial fall-out 0.25%10° t annually
Solid waste, refuse 20%10° t annually
Ore mining 5x10% t annually
Industrial and municipal Up to 55x10!! m3

wastewaters annually

affects of man on the biosphere and its components is evident from the data
in Table 2.1 [4].

The most important interferences with the components of the biosphere
are the changes of the chemical composition of air, particularly reduction of
oxygen and increase in the amount of carbon dioxide and air pollution with
solid materials which result in changes in the quantity of solar radiation
falling on the earth’s surface, thermal pollution of the atmosphere, changes
in the water cycle in nature, and pollution of the hydrosphere and soil, etc.

It seems that man is still not fully aware of the fact that the biosphere
and its components has acquired a new influence, namely a modern society
with an immense energetic, industrial, transport and agricultural potential,
and with a highly developed scientific and intellectual capacity. This influ-
ence has entered the biosphere without restraint and has become a powerful
source of changes, producing unforeseen chaotic, and frequently negative
impacts and deviations from normal processes.

2.1.2 Biogeochemical cycles

The most important biogenic elements (carbon, hydrogen, oxygen, nitro-
gen, sulphur and phosphorus) take part in the so-called biochemical cycle
which is more or less a circular (actually helical) pathway of elements in
the biosphere and ecosystem from non-living to living organisms. The cy-
cles are not always regular, they frequently have stagnating points, where,
for instance, a higher quantity of organic compounds can accumulate, and
many elements are stagnant for a certain period of time.



FEach cycle has 2 basic parts as follows:

— a non-biological, i.e. a fundamental (geological) reservoir of matter
changing very slowly (air, water, earth’s crust),

— biological, i.e. an exchange (circulating part) in which a comparatively
rapid movement of elements takes place.

Some important biogenic elements, such as phosphorus,calcium and mag-
nesium, have their own characteristic sedimentation cycle. In this type of
cycle, elements from biological systems are continuously lost due to ero-
sion and excessive use in economic activities (e.g. phosphorus in the form
of industrial fertilizers, detergents, etc.) and they are finally stored in the
sea.

The return of such elements into the earth’s biological systems is rather
complex and depends on processes such as, for example, erosion. The
sedimentation cycles are less perfect than others (e.g. the cycles of carbon
or nitrogen) and, therefore, they are more easily disturbed by man; for
example, he accelerates the losses of phosphorus to such an extent that this
element may become a decisive factor in the functioning of the biosphere
in the future.

We already have some idea of the circulation of the majority of chemical
elements which are necessary for the life on our planet [5, 6].

2.1.3 Effect of man on biogeochemical cycles

Man is a factor of great importance in biogeochemical cycles. He affects
particular cycles by removal of elements (plant production, mowing, wood
cutting and forest burning, etc.), accumulation of elements (fertilization),
change in the hydrological cycle by draining and irrigation, and application
of new elements into the biosphere.

In the ecosystems, for example, in a forest without any activity of man,
an almost closed circulation of biogenic elements exists. In fact, the pro-
duction of organic matter depends on the quantity of nutrients originally
present in water and parent rock (mineral), on moisture and climatic con-
ditions balancing the equilibrium. However, man takes wood from forests,
and together with it also a number of chemical elements present in it.

If man’s activity is well-considered and based on scientific knowledge of
the material balance, the circulation of elements is only slightly disturbed.
The missing elements are substituted by erosive destruction of the mine-
ral rock base and growth of roots into deeper layers. Alternatively, the
material balance of nutrients is impaired, which is shown by a decrease in
production and change in the species composition in favour of less demand-
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ing species. In the case of intensive large-scale production of agricultural
crops the nutrient losses are so high that agricultural production without
additional fertilization would be sufficient for approximately only half of
the population.

By his activity, man also pollutes the environment chemically, influenc-
ing thus the circulation of chemical substances and seriously threatening
living organisms. It has been proved by various measurements that as much
as 30% of industrial fertilizers is eluted from water and appears in the cycle
of surface and groundwaters. Pesticides are accumulated in organisms and
cause, for example, a decrease in their reproductive capacity. Pollution of
the biosphere results in impoverishment, reduction of diversity and stability
of ecosystems, it decreases their self-control capabilities, the ecological equi-
librium is impaired not only at the level of the particular ecosystems, but
also at the level of the countryside, as damage to the material circulation
and energy flow in the biosphere takes place (3, 7].

2.2 Air

Air forms a gaseous envelope around the Farth. Its physical and chemi-
cal properties change markedly with the height above the earth’s surface;
pressure and density of the atmosphere exponentially decrease and the at-
mosphere gradually passes into the sparse interplanetary gases. The tem-
perature does not change evenly; the atmosphere layers have different tem-
peratures depending on how they absorb solar radiation.

Although the atmosphere consists mainly of gaseous components, it
also has a solid component (microscopic particles forming an atmospheric
aerosol) and a liquid one (rain, fog). The atmosphere as a whole is in a
dynamic equilibrium with its surroundings, with the earth’s surface, hydro-
sphere, biosphere and cosmic space.

Air has some special properties by which it differs from other natural
substance. It is omnipresent, its occurrence is not linked to certain places,
it is not necessary to transport it and its use is not limited by any state
boundaries. Pure air, free from dust or contaminants of gaseous origin, is
an unattainable ideal which does not occur in nature.

The atmosphere is an essential component of the biosphere without
which the existence of the present form of life on the Earth would be impos-
sible. The oxygen in air is vital for the vast majority of living organisms,
and carbon dioxide present in air is required for the plant growth.



Man influences the atmosphere intensively, many-sidedly and mostly
negatively. Air is the most threatened component of the natural envi-
ronments at present and its pollution is rapidly increasing [8-13].

2.3 Water

Water form the earth’s hydrosphere which includes oceans, lakes, rivers,
glaciers and groundwater. The majority of the hydrosphere (96.5%) is
formed by seas and oceans. Slightly less than 1% of the world hydrosphere
is natural (fresh) water which can be potentially utilized. The major part
of this water is under the surface of land in the form of soil moisture, or
undersurface ice and groundwater, frequently in large reservoirs formed by
porous water-saturated rocks. About one tenth of the total quantity of
fresh water is in lakes and rivers, and only a very small fraction is present
in the atmosphere.

Water is the most wide-spread substance on the earth. It is perhaps the
most essential part of the biosphere and along with soil it is of primary
importance for the nutrition of mankind. It is the essential component
of biomass, and the main means of nutrient transport, their uptake and
excretion. As for the plants, not only its total quantity per year is impor-
tant, but also its occurrence and distribution in the vegetative period with
respect to their growth phases. Water is the life environment for a large
number of animals. Each animal species has adapted to a certain water
composition. Man (like an animal) dies in a few minutes without oxygen,
within a few days without water, and within several weeks without food.

Water as one of the basic sources of the biosphere has a number of
functions concerned with human society, such as transformation of energy
potential and transport. The properties of a particular sample of water
reflect its environmental chemistry, including anthropogenic changes [14-
19].

The importance of water for man and his environment has been clearly
defined in 12 items of the European Charter on Water declared by the
Furopean Council on May 6, 1948 in Strasbourg:

(1) There is no life without water. Water is precious and vital for man.

(2) Reserves of fresh water are not inexhaustible. Therefore, they must
be preserved, protected and improved to the fullest possible extent.

(3) Water pollution is dangerous to man and other living organisms
dependent on water.
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(4) Water quality must satisfy the requirements for different kinds of
use, it must satisfy particularly the standards concerning human health.

(5) After discharge of used water into rivers, the water quality must not
prevent its further use for public and private purposes.

(6) For the preservation of water sources, the plant kingdom, particularly
forest, is of great importance.

(7) Water sources must be preserved.

(8) Authorized organizations must plan proper water management.

(9) Water protection calls for intensification of scientific research, edu-
cation of professionals and information of the public.

(10) Water is a common property whose value must be recognized by
everybody. The duty of an individual is to use water purposefully and
economically.

(11) Water sources management should be implemented within the fra-
mework of natural river basins and not within the framework of political
and administrative boundaries.

(12) Water does not know any boundaries; as a common resource, it
requires international cooperation.

2.4 Soil

Soil is the uppermost part of the earth’s crust (lithosphere), modified by the
effects of soil-forming processes. It is both an agricultural necessity and
part of the natural environment. The soil properties are determined by
the character and structure of the parent rock, effects of climatic factors,
particularly of water, wind and heat, effects of microorganisms, as well as
by the activity of man.

An important property of soil is its fertility. Fertility is the ability of soil
to provide the plants with such conditions during their vegetative period
that will ensure their growth, development and yields. The soil fertility
depends on both the properties of the soil itself (natural fertility) and the
activity of man in cultivating the soil (artificial fertility).

Soil as a component of the environment has a particular character de-
termined first of all by the fact that it is indestructible, but its quality
can be considerably worsened by industrial activity. Soil can be repeatedly
employed in different spheres of production, social and other activities, al-
though such use is usually linked with a long period of time. A specific
property of soil is that areas of it cannot readily be re-located.
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The total land area on the Earth is given, it cannot be increased, and,
therefore, given an ever-increasing number of inhabitants its proper mana-
gement and treatment become ever more urgent. This concerns particularly
the agricultural land, and therefore the following items should be observed
in the future: _

— protection of agricultural land against development for other purposes

(housing, recreational and industrial construction),

— the achievement of set qualitative standards for agricultural land.

The protection and improvement of soil are among the essential prob-
lems involving the protection of the environment. Healthy soil is the basis of
large-scale agricultural production. Agricultural and forest soils are threat-
ened to a great extent by degradation and reduction of nutrients. Soil is
degraded by gaseous, liquid and soil pollutants. A very serious world-wide
problem is the problem of solid wastes, which also cause considerable soil
degradation [20-23].

The so-called European Charter on Soil was declared by the Furopean
Council in 1972:

(1) Soil is one of the most valuable of man’s properties. It enables the
life of plants, animals and humans on the Earth.

(2) Soil is a limited resource which is easily destroyed.

(3) The industrial society employs soil for agriculture as well as for in-
dustrial and other purposes. The policy of regional planning must combine
considerations of the soil properties, and the present and future needs of
the society.

(4) Agriculturalists and foresters must apply methods which protect the
soil quality.

(5) Soil must be protected against erosion.

(6) Soil must be protected against pollution.

(7) Development of urbanization must be planned so that the neighbour-
ing areas are exposed to the minimum possible damage.

(8) During the planning of engineering projects the effects on the soil
must be evaluated so that the price includes provision for adequate protec-
tive measures.

(9) A list of soil sources is a prerequisite for any planning.

(10) To ensure the extensive use and protection of soil, further research
and interdisciplinary cooperation are required. :

(11) Attention at all professional levels as well as ever-increasing atten-
tion of the general public should be paid to soil protection.

(12) Governments and State authorities must carefully plan and nurture
their soil sources.
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3 The chemistry of water

3.1 Composition and structure of pure water

Water is a chemical compound whose molecules each contain two hydrogen
atoms and one oxygen atom. Since natural hydrogen and oxygen consist
of several isotopes, water consequently consists of more than one type of
molecule. The quantitative ratio of molecules of different isotope composi-
tion is determined by the ratio of the individual isotopes in the individual
elements. The existence of three hydrogen isotopes (light hydrogen 'H,
heavy hydrogen — deuterium 2H, or alternatively D, tritium *H or T)
and 6 oxygen isotopes (140, 150, 0, 17O, 18O, 19O) allows altogether 36
possibilities for the structure of a water molecule, 9 of which contain only
stable nuclides. The water molecules formed by stable nuclides are present
in natural water in the concentrations as follows (mol.%): 'H,'®0 — 99.73;
'H,""0 — 0.04; "H,"®*0 — 0.20; '"HD'*0 — 0.03; "HD*’0 — 1.2 x 107"%;
'HD'0 — 5.7 x 107%; D,*0 — 2.3x 107% D,'"0 — 0.9 x 107° and
D,"®0 — 4.4 x 107°. |

Differences in the isotope composition of molecules are apparent from
different saturated vapour pressure, temperature and heat of phase con-
version, heat capacity, and in the thermal dependence of thermodynamic
quantities, etc. Some physical constants of 1HZIGO and D2160 are shown
in Table 3.1 [1].

The chemical properties of deuterium oxide do not differ greatly from the
chemical properties of H, 180, However, its reactivity is generally lower, and
the reactions are usually slower; similarly to H2160, it reacts with a number
of compounds. For example, the reaction with respective anhydrides gives
a “heavy” sulphuric acid (D,SO,) and phosphoric acid (D;PO,). From the
chemical viewpoint the differences in the solubility of isotope compounds
are of great importance. The solubility of some inorganic compounds in
pure and heavy waters are shown in Table 3.2 {2].
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Table 3.1. Physical constants of HoO and D20 [1]

Mailing Boiling Density Temperature  Latent heat  Latent heat Specific heat
Water point point (kg m~3)  of maximum of melting of boiling heat capacity
(°C) (°C) density (k3 kg~1) (k] kg—1) (kJ kg~1 K-1)
(°C)
1H,160 0 100 998.203
(101.325 kPa)  (101.325 kPa) (20°C) 398 333.5 2259 4.1819 (20°C)
D,160 3.82 101.42 1105.34
(101.325 kPa)  (101.325 kPa)  (20°C) 11.185 332.4 2072 4.27 (20°C)




Table 3.2. Solubilities of some inorganic compounds in H,0O and D30 [2]

1ol of dissolv. i
Compound Temperature Solubility Mo ol issav. species A - 100
mol of solvent H,0
(°C)
Lu,o Lp,o
KCl 0 6.81 5.69 1.12 16.4
25 8.65 7.80 0.85 8.8
100 13.54 13.06 0.48 3.5
180 18.44 18.12 0.32 1.7
Cdlq 25 4.34 3.21 1.13 26.0
NaBr 5 3.25 2.87 0.38 11.9
K[Ag(CN)3] 5 1.290 0.974 0.316 24.5
K2CrpO7 5 0.358 0.236 0.122 33.5
25 0.955 0.712 0.243 26.6
35 1.372 1.067 0.305 23.0
KClO3 5 0.585 0.512 0.073 12.4
Hg(CN); 5 0.537 0.424 0.113 21.0
PbCl, 25 0.071 0.045 0.026 36.0

Similarly, differences in the solubility of organic compounds can be ob-
served.

In natural waters of different origin the deuterium content evidently dif-
fers (within a range from 0.0133 to 0.0185%). This plays a certain role in
the study of water genesis. Due to the different pressure values of saturated
vapours of H,O and D,0 precipitation waters are enriched by light hydro-
gen and oxygen isotopes. In the groundwaters the D,O content increases
with increasing depth. An increased amount of heavy water has been found
in some lakes, in the Dead Sea and in great depths of oceans.

Two atoms of hydrogen and one atom of oxygen in a water molecule are
bonded by a simple polar covalent bond H — O « H. A water molecule
has a triangular arrangement (Fig. 3.1). The O « H internuclear distance
is 0.0958 nm, the bond angle is 104.4° and the dipole moment M, = 6.13 X
107%° Cm. As the O « H bond is very polar and the H,0O molecule is
bent, water is a strongly polar substance. Within their nearest vicinity the
water dipoles are attracted to each other by their opposite ends and cause
association of water molecules by so-called hydrogen bonding, shown as a
dotted line:
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Fig. 3.1. A water molecule [3]
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Hydrogen is covalently bonded to one oxygen atom, and electrostatically
to the other one. Intramolecular hydrogen bonding causes the high boiling
temperature of water (100°C) as compared to the boiling temperature of
a similar compound — hydrogen sulphide, H,S (-61°C). In the gaseous
phase, water associates only slightly at normal temperatures [3].

In nature, water occurs in the gaseous, liquid and solid states.

The structure of liquid water (Fig. 3.2) was determined by X-ray struc-
tural analysis and infrared spectroscopy. Each molecule of water is sur-

H H
Fig. 8.2. A scheme of an octahedral molecule of iquid water structure [4]
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rounded on average by six other molecules forming a deformed octahedron
around it. At the same time, a similar arrangement of molecules can be
found in small amounts of liquid water as is the arrangement in common
ice, particularly at temperatures approaching the melting point of ice.

Water has seven crystal modifications in the solid state. At a normal
pressure only the hexagonal modification — ice — is stable. Oxygen atoms
form layers consisting of six-component chair-like bent circles (Fig. 3.3).
Each oxygen atom is surrounded by other oxygen atoms in a tetrahedral
arrangement, three of which belong to the same layer and one to the neigh-
bouring upper or lower layer. The internuclear distance of the neighbouring
oxygen atoms is 0.276 nm. Hydrogen atoms are located along the connect-
ing lines of the oxygen atoms. Each oxygen atom has two hydrogen atoms
in close vicinity (0.10 nm), forming covalent bonds with them, whereas
two other hydrogen atoms are connected by hydrogen bonding at a greater
distance (Fig. 3.4) {1, 4-6].

Fig. 3.3. Structure of ice. a — scheme of the arrangement of oxygen atoms and layer
marking, b — arrangement of atoms in a layer; lower sitnated oxygen atoms are shown
dotted [1]
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Fig. 3.4. Arrangement of hydrogen atoms along the lines connecting oxygen atoms [1].
O — oxygen atom, o — hydrogen atom, ® — ion pair electrons
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3.2 Physical properties of water and aqueous solutions
3.2.1 Changes of state of water — the triple point

The changes of state of water can be schematically illustrated as follows:

ice &2 water

water = water vapour

Corresponding quantities of heat required for the change of state are
called specific latent heat of meltzng or solidification (333.3 kJ kg~ ) and
evaporation or boiling (2257 kJ kg~ )

When water is transformed into ice (under normal conditions) the vo-
lume increases by approximately 9.2%. Then changes in the volume of
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water which take place around the freezing point, intensify the erosive ac-
tivity of water in nature.

Water and ice evaporate (ice sublimes), therefore, they are always sur-
rounded by water vapour. In a closed space at a given temperature and
pressure an equilibrium is achieved after a certain time interval, the space
being saturated with water vapour. This saturated vapour exerts the same
partial pressure by which the original pressure of air is reduced. The higher
the temperature, the greater is the pressure of saturated vapour (Table 3.3).

Table 3.3. Dependence of saturated water vapour pressure on temperature

t
(°C) 0 5 10 15 20 25 30 50 100

Pressure of saturated
water vapour
(105 Pa) 6.1 8.7 123 17.0 23.37 31.65 42.42 123.3 1013.27

When the saturated vapour pressure reaches the value of the atmospheric
pressure, vapour can be generated inside the liquid, and boiling starts. The
boiling temperature of water is quite high considering the relatively low
molecular weight of water (100°C at 101.325 kPa).

Ifliquid water is heated, only part of the supplied heat causes a rise in the
temperature, the rest is employed in breaking the hydrogen bonding. This
results in a high value of the heat capacity of water (4.1819 kJ kg_l K™ at
20°C) which undergoes an anomalous transformation with temperature —
it decreases with increasing temperature, and then it begins to increase. On
account of the high thermal capacity of water, the land becomes relatively
warmer in winter and cooler in summer. Thus, large water surfaces (lakes,
seas, oceans) participate significantly in the temperature control over the
entire earth’s surface.

As water evaporates under given conditions at any temperature, all three
states can be studied at the same time. They can be in equilibrium only
at a certain pressure and a certain temperature — this state is called the
triple point. It is defined by the following values in the case of water:

p=6.1x10°Pa and t=-0.0075°C (3.1)
Figure 3.5 shows a simplified phase diagram of water in which mutual
relationships between the triple point (T), curves of evaporation (TK),

melting and solidification (TA) and sublimation curve (OT), can be seen.
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Fig. 3.5. Phase diagram of water. T — triple point, OT — sublimation curve,
TA — curve of melting and solidification, TK — curve of evaporation, & — fluid zone,
K — critical point

The three curves divide the diagram field into three unequal parts:
vapour region (I), liquid water (II) and ice (III). In these regions always
only a single state can exist (vapour, water, or ice). Under the conditions
of pressure and temperature given by the points lying on the curves of the
phase diagram only two states can exist in equilibrium:

— along the TK evaporation curve — water and vapour,
— along the curve of melting and solidification TA — water and ice,
— along the sublimation curve OT — ice and vapour.

At the triple point T all three states can coexist.

The curve TK is not an infinite curve, it is terminated by the point K
corresponding to the so-called critical state. The temperature and pressure
corresponding to this state are called the critical temperature t_ and critical
pressure p... In the critical states the densities of both states are equal and
any differences between both phases — liquid and vapour — disappear,
and they form one state only (the fluid zone #). At very high pressures
the phase diagram of water becomes more complicated (Fig. 3.6). At such

F

—= PRESSURE

4

32N\
——= TEMPERATURE
Fig. 3.6. Phase diagram of water for high pressures [5]
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pressures six other ice modifications exist, which is evident from the six
triple points in the phase diagram [1].

3.2.2 Density and viscosity

The density of liquid water increases from 0°C and reaches its maximum
value at 3.98°C (p = 1000 kg m™); then, it continuously decreases up to
the boiling point (at 100°C p = 958.4 kg m™) (Fig. 3.7). This anomaly
of water has far reaching impacts on life in water, as well as on the uses
of water. When cooled down to 4°C, water falls to the bottom, but if it is
cooler than 4°C it remains on the surface as it is less dense than the water
with a temperature of 4°C; here, it transforms into ice by further reduction
of temperature. Because ice is less dense than water it floats on the water
surface and protects the water against further cooling. If there were no
such anomaly, water would freeze from the bottom upwards and all life in
it would be destroyed.

w00 & ot 15 18 T

- AR 13
999,968

oo} 990.876 T
990.027 71* =
900.868 N | 999525 >
- sson 2
o
C 98y

-} 998622

S — N

0 4 10 15 B

— TEMPERATURE (°C)
Fig. 3.7. Relationship belween density and temperaiwe of pure water [5]

The viscosity of water decreases with increasing temperature (by more
than 1/6th if warmed from 0 to 100°C): i.e. resistance to motion is slightly
lower in hot water than that in cold water. :

The viscosity and density characteristics considerably influence the hy-
draulic behaviour of water.

3.2.3 Surface tension

Except for mercury, water has the highest surface tension of all common
liquids. The reason for the surface tension is the mutual attraction of
water molecules; the molecules on the surface are not surrounded by equal
molecules in all directions and therefore, there is a net force acting into the
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WATER SURFACE

Fig. 3.8. Surface tension of water at the surface (water molecule arrangement)[5)

Table 3.4. Dependence of water surface tension on temperature

t
(°C) 0 20 40 60 80

Surface tension
(Nm™1) 75.5x 1073 72,6 x 1073 69.5x 107 66.0 x 10~3 62.3 x 10~2

water (Fig. 3.8). The surface tension of water decreases with decreasing
temperature, and equals zero at the critical temperature. The dependence
of the surface tension of water on temperature is shown in Table 3.4.
High surface tension results in capillary phenomena, such as capillarity
of water in the capillaries of soil and rocks, wetting ability, foam formation,
and the stability of dust, small insects and pollen grains on the water
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surface, etc. The surface tension is reduced by washing and wetting agents,
which thus increase the wetting and cleaning capabilities of water.

3.2.4 Hydrogen ion and pH value

Combined hydrogen can form a hydrogen ion only if its compounds are
dissolved in media able to solvate protons. The energy required for breaking
the bond is provided by the solvation process:

H-X4+Y - X" +H-Y"

solvent protonated
solvent

The bare proton HY never exists in condensed phases, it always occurs in
the form of solvates (e.g. H30+, R20H+). The compounds which provide
hydrogen ions in appropriate solutions or liquids, such as water, are called
acids.

Hydrogen ion in water is more correctly called the hydrozonium ion
H30+. Although we usually write H* and talk about a “hydrogen ion”, we
always assume that this ion is hydrated (H,0%) similarly as in the case of
ions such as Fe’¥, where it is known that hydrated particles [Fe(H20)6]2+
are present in aqueous solutions.

Water itself is very slightly dissociated:

2H,0 = H,0"+OH" (3.2)
or
H,0 = HY4+OH~ (3.3)

The dissociation equilibrium of water is characterized by the dissociation
constant:

2
- Ay+%on- _ Y+ CH+CoH- (3.4)
ay,0 TH,0 €H,0

where a is activity, ¢ — mass concentration (mol 1! )s TH,0 — activity coef-
ficient of non-dissociated water molecules, v, — average activity coefficient
of ionized water.

In diluted solutions the water activity can be considered to be constant
(ay,0 = const, 7,0 = 1), and these can be combined into the constant
K, termed the ionic product of water
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- - 2
I‘W = I‘Hzoa’H2o = (LH+, G.OH— = 7:I:CH"'COH' (3-5)

At 25°C K, = 1.008 x 107 mol®17%, i.e., approximately 107", Values
of K, as a function of temperature are given in Table 3.5 [2]. In pure
distilled water at 25°C

ay+ = aoy- =107 mol 17} (3.6)

The hydrogen ion activity, ay+ is a vitally important parameter in all
branches of science, technology and industry where water is involved. In
order to avoid using cumbersome figures such as, for example, 10778, it is
common practice to use the negative log (base 10) of the H' activity, and
call it the pH:

pH = —logay+ (3.7

Thus, if ag+ = 10"7'8, then the pH is 7.8. And conversely,
ag+ = 107P8 (3.8)
Water whose pH 7 is neutral at 25°C as ag+ = agy-. Solutions with
pH < 7 are acids, and those with pH > 7 are alkalies. The zero pH value
corresponds to a strongly acid solution with a unit activity of H*. The pH

value also depends on the temperature. For example, pure water has a pH
7.472 at 0°C, and pH 6.12 at 100°C (see Table 3.5).

Table 3.5. Equilibrium constants for water 2]

t Ky pH of water at given
(°C) (mol? 1-2) temperature

0 1.13 x 10~18 7.47

5 1.83 x 10~15 7.37

10 2.89 % 10~18 7.27

15 4.46 x 10~18 7.18

20 6.75 % 10~1% 7.09

25 1.00 x 10~ 14 7.00

30 1.45 x 10~14 6.92

35 2.07 x 1014 6.84

40 2.91 x 10714 6.77
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3.2.5 pE values in water
pE is defined as
PE = —(logae‘)a (39)

where a,- is the activity of the electron in an aqueous solution.
Water may be oxidized

2H,0 = 0, +4H" +4e” (3.10)
or it may be reduced
2H,0+2~ = H,+20H" (3.11)

Since these reactions involve hydrogen ion and hydroxide ion, the reactions
are pH-dependent.
The pE—pH relationship for the oxidizing limit of water is given by

pE = 20.75 — pH (3.12)
and for the reducing limit of water by
pE = —pH (3.13)

The decomposition of water is very slow in the absence of a suitable
catalyst. Therefore, water may have temporary non-equilibrium pE values

more negative than the reducing limit or more positive than the oxidizing
limit [3].

3.2.6 Conductivity

An important factor in the chemistry of water is its electric conductivity
(specific conductivity) s . The electric conductivity s is the conductivity
of a cube of a conductor (solution) with an edge of 1 m. The unit is in the
terms of S m™'. The electric conductivity of aqueous solutions is a function
of the concentration of ions in a solution, the nature of dissolved substance
and the temperature.

The electric conductivity of a water sample can be approximated using
the following additive relationship:

EC =) (Cif) (3.14)
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Table 3.8. Conductivity factors for ions commonly found in water [4]

Ion Conductivity factor f;
(S cm~! per mg 1)

Ca?t 2.60

Mg+ 3.82

K* 1.84

Nat 2.13

HCOg 0.715

Cco%- 2.82

Cl~ 2.14

NO7 1.15

soi- 1.54

where EC is electric conductivity (u$ cm™), C; — concentration of ionic
species ¢ in the solution (mg 1! ), f; — conductivity factor for ionic species
i (see Table 3.6).

In waters containing amounts of inorganic compounds (drinking water,
majority of ground- and some wastewaters) electric conductivity is used as
an approximate measure of the concentration of mineral electrolytes. In
wastewaters containing salts of organic acids and bases the electric con-
ductivity is an approximate measure of the concentration of mineral and
organic electrolytes. Dissociated organic substances present in natural wa-
ters have little influence on the conductivity. In water analysis, the electric
conductivity at 20°C is the standard.

Another electrochemical factor of great importance is the molar conduc-
tivity A, which is a ratio of electric conductivity and mass quantity in 1 m®
(concentration c):

A= — (3.15)

The values of measured molar conductivities can also be employed for
checking the results of the chemical analysis of waters with pH ranging
from 6 to 9 (concentration of ions HY and OH™ is very low, therefore, the
determination cannot be influenced by their mobility). The concentrations
of ions determined by analysis are multiplied by the values of mole con-
ductivities at the given temperature and dilution. If electric conductivity
calculated in this way lies within + 2% of the experimentally determined
one, the results of the analysis are considered to be in good agreement.
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3.2.7 Aqueous solutions

An important property of water is its ability to dissolve substances. There
are only very few compounds known which do not dissolve at least to some
extent in water. The basic reason for the remarkable dissolving and ioniza-
tion capability of water is its dipole character, as well as the high dielectric
constant. An aqueous solution is a homogeneous system of water and other
compounds whose particles are homogeneously dispersed in the volume,
they do not agglomerate in certain localities in the form of grains, crystals,
etc., larger than 1 nm. Aqueous solutions are prepared by dissolution, a
spontaneous process, until thermodynamic equilibrium is attained, at which
a saturated solution is formed coexisting with the substance to be dissolved
without further net solution occurring.

3.2.7.1 Solubility of solid substances in water
Due to its dipole character, water is a good solvent of ionic compounds and

is particularly suitable for the formation of addition compounds with ionic
substances or with substances having a dipole character (Fig. 3.9). The
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Fig. 3.9. The effect of polarity (of dipole character) of water molecules on the solution
of ionic compounds. a — crystalline lattice of NaCl, b — water molecules surround the

chloride anions and sodium cations, ¢ — water molecules remove the Nat and Cl~ ions
from crystalline lattice, surround them and prevent their return to the lattice

surface ions of the crystalline lattice attract the opposite charged poles
of water molecules which agglomerate around the ions in high quantities
until the ions are released from the crystalline lattice. After being released
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from the crystal, the ions are immediately surrounded on all sides by water
molecules: this process is called hydration. The hydration envelopes of
ions are sometimes very stable and the ions “carry” them during motion
through the water. For example, in an aqueous solution of copper sulphate,
the copper ions exist as complex hydrated ions rather than as simple Cu?t
ions (Fig. 3.10) [5].

I
 u=0. \GRSDNRP
Fig. 3.10. Complex ions. A — [Cu(H20,)%*, B, C and D — different structures existing
in an aqueous solution

Due to diffusion the individual molecules or ions of the substance to be
dissolved are thoroughly dispersed among the water molecules during dis-
solution. The greater the contact surface of the dissolved substance with
water, the higher is the rate of dissolution. Increasing temperature usually
increases the solubility of substances; on cooling a saturated solution to
normal temperature the excess of the solid substance is separated in the
form of crystals. And vice versa, in the case of relatively few other sub-
stances, the solubility decreases with increasing temperature (e.g. CaSO,,
CaC0,, MgCO;,, Ca(OH),, Mg(OH),).

The solubility of substances in water is given in different terms, usually
as g or mg of substance per 100 g or 1 litre of water. The dependence of
the solubility of substances on temperature is expressed graphically by so-
called solubility curves. Some of characteristic solubility curves are shown
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in Fig. 3.11. The diagram shows that the solubility of
— KNOj, rapidly increases with the temperature,
— NaCl increases slowly with increasing temperature,
— CaS0, decreases with increasing temperature.

The solubility curves of the substances whose solubility changes irregu-
larly with the temperature are irregular.

The solubility of inorganic substances depends — apart from the tem-
perature — also on the presence of other substances. If a substance with a
common ion is present, the solubility is reduced. Organic substances can be
rendered less soluble by adding an ionic compound, when salting-out takes
place. Many substances which are commonly considered to be insoluble,
are significantly soluble from the toxicological viewpoint. For example, the
solubility of mercury in oxygen-free water is 0.02-0.06 mg 1", however, the
standard for drinking water allows only 0.001 mg 171,

3.2.7.2 Solubility of liquids in water

In water, as a polar liquid itself, polar liquids are readily dissolved (inor-
ganic acids and some organic acids, some alcohols). Non-polar molecules
of hydrocarbons do not dissolve well in water. The first members of the
homologous series of alcohols (which contain a polar OH group) are read-
ily water-soluble, however, higher members of these series containing long
hydrocarbon chains are insoluble in water. Ethyl alcohol (C,H;OH) is mis-
cible in water at any ratio, but cetylalcohol (C,gH33OH) is water-insoluble.
The hydrocarbon groups CH, CH,, CH, are hydrophobic. If a monomole-
cular layer of fatty acid is formed on water, its polar hydrophilic groups —
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COOH are immersed in it, and the hydrocarbon residue “protrudes” from
the water surface (Fig. 3.12) [5].

AlR
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Fig. 8.12. Monomolecular layer of a fatty acid on the water surface. R — hydrocarbon
group

3.2.7.3 Solubility of gases in water

The dependence of the solubility of gases in liquids on their pressure at a
constant temperature is expressed as Henry’s Law

c=kP (3.16)

where ¢ is the gas concentration in the saturated solution, P — pressure
of gas above the solution, k — the proportionality constant dependent on
temperature.

If more than one gas is dissolved in water, Henry’s Law is valid for each
component

where k; is the absorption coefficient of the i-th gaseous component, and
P, is partial pressure of the i-th gaseous component.

Henry’s Law is valid for less soluble gases and those which do not react
with the solvent (water) up to a pressure of about 0.1 MPa. Examples of
solubilities for some gases are shown in Table 3.7.

Table 3.7. Solubility of some gases in water at a partial pressure of 101.325 kPa

t Solubility (mg1~!)
(°C) Oxygen  Nitrogen  Carbon dioxide  Hydrogen sulphide  Chlorine
0 70 29.6 3380 7180 14600
10 54 23.5 2360 5230 9970
20 44 19.4 1730 3970 7280
50 —_ 13.7 860 2140 3880
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Usually, the solubility of gases decreases with increasing temperature
and thus, gases can be expelled from the liquid by heating (for example,
when degasifying boiler feed waters). An increased content of salt in water
reduces the solubility of gases. Therefore, the solubility of oxygen in the
sea water is lower than that in the river water.

In the chemistry and technology of water the data on oxygen solubility
are of the greatest importance. However, one should distinguish the solu-
bility of pure oxygen and solubility of oxygen from air (containing ~ 21%
vol. of oxygen). For example, at 10°C and a pressure of 0.1 MPa the pure
oxygen solubility is 54 mg 1™~ while that of oxygen from air is 11.3 mg 17!
(1,6, 7.

3.2.7.4 Expression of quantitative composition of aqueous solutions

The composition of aqueous solutions is expressed in terms of weight (mass)
concentrations (g 17!, mg 17t pg 171, alternatively as kg m~?, mg m_s),
or in the terms of the mole concentrations of substances (substance con-
centrations) (mmol 17" or mol m ™2, mmol m~2).

The definitions of the mole unit point to the necessity of specifying the
species whose concentration is to be expressed. The quantity of the sub-
stance is usually expressed in moles of whole molecules, atoms or ions.
However, according to the needs it can also be expressed in moles of che-
mical equivalents (e.g., calcium (Ca/2) = 1.00 mmol 17'). Generally, for
the conversion of the mole concentration of a substance (B) to the weight
concentration the following is valid:

1 mmol 17" B x mol - weight B = mg1™' B

Concentration data may be encountered in terms of ppm (mg kg_l),
or in ppb (ug kg_l), however, these units should not be used. If water
density approaches the value of 1000 kg m™° (in the majority of surface
and groundwaters), then ppm ~ mg 17! and ppb = ug 17t

3.2.8 The sensory properties of natural waters

The sensory properties of waters involve those which affect the human
senses, particularly taste, odour, appearance and touch. Among these tem-
perature, taste, odour, colour and turbidity, are important characteristics.
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3.2.8.1 Temperature

Depending on the type and source of water its temperature may vary over
a wide range (from 0°C to almost the boiling point).

The temperature of groundwater depends particularly on the depth of
layers from which the water is taken and on the water flow rate. The
greater the depth the higher the average water temperature and smaller
variation in the temperatures, and the minima and maxima of the water
temperature lag behind the minimum and maximum of the temperature of
air more markedly. Common groundwaters have temperatures ranging from
5 to 13°C. Mineral or thermal waters usually have a higher temperature.
Waters with a temperature higher than 25°C at the point of emergence are
thermal waters, and waters from boreholes with a temperature over 200°C
are hyperthermal waters.

Running surface waters follow the minima and maxima of the atmo-
spheric temperature.

The temperature of waters in reservoirs decreases with the water depth
from the surface. The temperature of surface waters varies strongly during
the seasons of the year as well as during a day (within a range from 0 to
+ 25°C). The temperature of surface waters strongly affects the intensity
of self-purification processes: the lower the temperature, the slower the rate
of these processes.

The optimum temperature of drinking water ranges from 8 to 12°C.
Water which is warmer than 15°C is not refreshing [8].

3.2.8.2 Taste

The taste of water is influenced by substances introduced into water natu-
rally, or by pollution.

Water taste is markedly influenced by amounts of iron, manganese, mag-
nesium, calcium, zinc, copper, chlorides, sulphates, hydrogen carbonates,
carbon dioxide, etc. An appropriate quantity of salts and the presence
of free carbon dioxide give water a refreshing taste. A higher content of
some salts has unfavourable effects (for example, higher amounts of the
compounds of iron or manganese considerably worsen the taste of water;
waters with a high content of magnesium and sulphates are bitter). The
best pH for drinking water is 6-7. pH values above 8 cause an alkaline-soapy
taste.

Threshold concentrations of the tastes of organic substances are in many
cases lower than their highest permissible concentrations from the toxicity
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Table 3.8. Threshold concentrations of the taste of some substances
in water in mg 11 [9]

Compound Cm Compound Cm
Nitrochlorobenzene 0.05 Amylalcohol 0.10
1-Methylstyrene 0.09 Octylalcohol 0.24
Ethylbenzene 0.10 Chlorocyclohexane 0.20
Styrene 0.80 2,4-Dichlorophenoxyacetic
acid 1.00
Thiophos (pesticide) 0.08

viewpoint. The threshold concentrations of the taste of some organic sub-
stances are presented in Table 3.8 [9].

3.2.8.3 Odour

The odour of water is caused by volatile substances present in water which
are perceived by the sense of smell. The sources of odour are of primary or
secondary origin.

Primary sources are as follows:
— those which form a natural fraction of water (e.g. hydrogen sulphide),
— those of biological origin (formed by the life activity or extinction of

plants, algae, bacteria, actinomycetes, fungi, mushrooms and protozoa),
—— those contained in sewage and industrial wastewaters.

Secondary sources of odour can be produced during its technological
treatment. For example, during water chlorination in the presence with
phenols a typical chlorine-phenolic odour is generated.

The categories of offensive odours commonly encountered in water are
listed in Table 3.9 [10].

Table 3.9, Categories of offensive odors commonly encountered in water {10]

Compound Typical formula Descriptive
quality
Amines CH3(CH2),NH, Fishy
Ammonia NH; Ammoniacal
Diamines NH,(CH2)nNH; Decayed flesh
Hydrogen sulphide H,S Rotten egg
Mercaptans CH3SH; CH3(CH;3),SH Skunk secretion
Organic sulphides (CH3)2S; CH3SSCH3 Rotten cabbage
Skatole CzHsNHCH3 Fecal
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3.2.8.4 Colour

The colour of water is a physical indicator of purity of surface and ground-
waters. It is caused by soluble and insoluble substances (turbidity in the
latter case).

Pure natural waters are usually colourless, or azure-blue in thick layers.
The blue colour intensity increases with decreasing amount of smaller sus-
pended matter present in water. The presence of finely-divided substances
causes a change from blue into green colour. Greenish colour of water is
also caused by the presence of calcium salts and the near-green colour of
some lakes is due to the shape of the bottom. Yellow to brown colours of
surface waters are caused by humic (soil) substances and three-valent iron

compounds.

Some microorganisms give rise to a characteristic shade. Wastewaters
have various shades depending on the source.

Table 3.10. Important properties of water [3]

Property

Effects and significance

Excellent solvent

High dielectric constant of any pure
liquid

Higher surface tension than any
other liquid

Transparent to visible and longer
wavelength fraction of ultraviolet
light

Maximum density as a liquid at
4°C

Higher heat of evaporation than
any other material

Higher latent heat of fusion than
any other liquid except ammonia

Higher heat capacity than any
other liquid except ammonia

Transport of nutrients and waste products, mak-
ing biological processes possible in an aqueous
medium

High solubility of ionic substances and their ioni-
zation in solution

Controlling factor in physiology; governs drop
and surface phenomena

Colourless, allowing light required for photosyn-
thesis to reach considerable depths in bodies of
water

Ice floats; vertical circulation restricted in strati-
fied bodies of water

Determines transfer of heat and water molecules
between the atmosphere and bodies of water

Temperature stabilized at the freezing point

Stabilization of temperatures of organisms and
geographical regions
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3.2.8.5 Turbidity

The turbidity of water is caused by insoluble and colloidal compounds of
inorganic origin (clay minerals, silicic oxide, hydrated oxides of iron and
magnesium, etc.), or of organic origin (organic colloids, bacteria, plankton,
etc.). In the groundwaters turbidity is caused mainly by the presence of in-
organic substances. Turbidity causes an undesirable appearance of drinking
and service waters.

In conclusion we have seen that water has a number of unique proper-
ties without which life could not exist. Many of these properties are due

to hydrogen bonding in water. These characteristics are summarized in
Table 3.10 [3].
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3.3 Chemical reactions and equilibria in waters
3.3.1 Kinetic and thermodynamic notes

The enormous number of chemical reactions and other chemical and phy-
sico-chemical interactions in waters considerably complicate their exact
description. There are various co-existing dynamic equilibria in waters
resulting from the protolytic, complex-forming, oxidation-reduction, poly-
merization, photochemical, hydrolytic, and other reactions. Inorganic and
organic substances are determined in waters both quantitatively and quali-
tatively. The chemical characteristics and properties of water do not depend
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so much on the total concentration of dissolved substances but rather on
the different species present. As in the majority of cases it is impossible to
distinguish analytically all the particular species, their relative representa-
tion can in theory be calculated from the laws of chemical thermodynamics.
Thermodynamics is defined as the science of mutual transformations of var-
ious forms of energy. Chemical thermodynamics deals with an analysis of
phenomena related to chemical processes. The totality of substances stu-
died by thermodynamics in a particular situation is called a system. The
system is separated from its environment by walls determining the condi-
tions of the processes taking place in the system. From the viewpoint of
thermodynamics open, closed and isolated systems are distinguished. The
open systems can exchange with the environment both energy and mass,
the closed ones only energy, and the isolated ones cannot exchange either
mass or energy. A system with identical properties in all its parts is called
homogeneous (water, aqueous salt solution, air). A heterogeneous system
consists of a number of homogeneous phases separated by phase boundaries
(e.g. saturated salt solution in equilibrium with its crystals, a mixture of
ice and water).

The state of the system is given by a set of values of properly chosen
physical variables. To determine unambiguously the state of the simplest
system (a pure substance in one phase) one should know two properties (e.g.
temperature and pressure) in addition to the quantity (moles). To describe
the state of more complex systems one should know more properties (e.g.
the concentrations of individual species). The thermodynamic properties
of the system depending only on the state and not on the way by which
the system has reached the given state, are called state functions. The
typical fundamental state functions are temperature, pressure, volume and
concentration of the individual components of the system. The thermo-
dynamic properties are usually classified into extensive and intensive ones.
The extensive properties are proportional to the quantity of the substance
in the system. Therefore, they are additive, i.e. the total extensive property
of the system equals the sum of the extensive properties of the individual
parts of the system. Typical extensive quantities are weight, energy, vo-
lume, number of moles. On the other hand, the intensive properties do
not depend on the quantity of the substance in the system (pressure, tem-
perature, concentration, specific quantities, specific resistance, molar heat,
etc.). _

If the state of the system changes then it can be said that a thermody-
namic process takes place in it (for example, water freezing). Each ther-
modynamic process proceeds only up to that state at which no further
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thermodynamic processes occur and all thermodynamic quantities remain
constant. This situation is called thermodynamic equilibrium. A perfect
equilibrium can be achieved only in a system isolated from its environ-
ment. In an equilibrium system it is very easy to induce a process with an
infinitesimally small change of the state in both directions. For example,
in a heterogeneous mixture of ice and water (at a temperature of 0°C) a
small addition of heat causes melting of ice, and vice versa, a small removal
of heat results in water freezing.

In many chemical reactions, new products are formed. Chemical reac-
tions are controlled both kinetically and thermodynamically. In the former
case the ratio of the products at any moment equals the ratio of the rate
constants of all competitive processes. If one of the competing reactions
is reversible, the less stable, kinetically controlled products become more

"thermodynamically stable after a certain time interval, when the ratio of
the products is determined by the ratio of the equilibrium constants. This
is called a thermodynamically controlled reaction.

Temperature has a considerable effect on the outcome of a reaction.
Generally, a higher temperature accelerates the achievement of equilibrium
as also do increasing quantities of a catalyst [1-4].

Another factor which affects the course of chemical reactions is that
of solvation. The strength of solvation of the resulting reagents, reaction
intermediates and resulting products significantly influence other mutual
interactions and thus also the yield or the result of the reaction itself.

Due to the very high relative permittivity ¢, (25°C) of water (g, = 78.5),
water has a marked influence on chemical reactions as a solvent (and also
as a catalyst) [5].

The real systems encountered in hydrochemistry are continuously open
from the viewpoint of thermodynamics (dynamic, through-flow). With
respect to the very difficult thermodynamic description of an open system,
a real state is described by an approximately equilibrium state of a closed
system. A continuous open system approaches the closed one in such a case
(or, a stabilized state the equilibrium one) if the retention time is sufficiently
long compared to the reaction rates of partial reactions. To simplify this,
models considered to be closed systems are used most frequently. Using the
laws of chemical thermodynamics it is possible to determine the possibility
of the course of the given process in water, and to calculate the equilibrium
state and distribution of the particular species [6, 7).

The criterion of the direction of reactions taking place in closed systems
is the change in the Gibbs energy AG:
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AG = AH - TAS (3.18)

where AH denotes a change in enthalpy, AS denotes a change in entropy,
and T is the temperature.

The sign of AG indicates the direction of the reaction towards equi-
librium. Processes are probable if AG is negative. At a state of chemical
equilibrium AG = 0. At a constant pressure and temperature the following
equation is valid

AG = AG® + RTInQ (3.19)

where @) is the activity quotient, and AG® — the standard change of free
enthalpy for the given reaction. If the reaction system is in equilibrium
(AG =0, Q = K,) then the following equation is valid:

~AG® = RTh K, (3.20)
-AGY =5.71x10%0g K,  (25°C; J mol™')

In the case of oxidation-reduction reactions a similar relationship is valid:
~AG® = nFE° (3.21)

where E° is the standard oxidation-reduction potential, F' — the Faraday
constant and n — the number of exchanged electrons. The relation between
the equilibrium constant K, and standard potential E° is evident from the
equation for a partial oxidation-reduction system

, _nF o
InK, = RTE (3.22)

A complete oxidation-reduction reaction can be expressed as follows:
log K, = kn(E; — EY) (3.23)

where E? is the standard potential of a more positive system, and E'g of
a more negative one in volts, K — a constant. From the equilibrium con-
stant expressions, mass and charge equilibria it is possible to calculate the
equilibrium concentrations of particular species. The composition of all
natural waters depends on the large number of physico-chemical, chemical
and biological processes taking place in both homogeneous and heteroge-
neous systems. These may involve dissolution, precipitation, adsorption,
ion exchange, membrane processes, acid-base reactions, complex-forming

39



reactions, oxidation-reduction reactions, and, if there are biochemical pro-
cesses, denitrification, nitrification, desulphurization, assimilation, photo-
synthesis, etc., also need considering. The exact description of such a sys-
tem is extremely complex, so that attention is generally focused mainly on
the chemical equilibria formed at the contact of water with the atmosphere,
minerals, and the contact among the liquid phase components [8-11]. It
is of interest from the historical viewpoint that analyses of the Dead Sea
waters were performed as early as in the 18th century [12].

The solution of chemical equilibria is of great significance in the wa-
ter technology. The most complicated situation involves the application of
chemical thermodynamics to the equilibria in organically polluted waste-
waters. Therefore, these problems are documented by only a few examples
of reactions of organic substrates in water. They are mostly hydrolytic,
homolytic, oxidation-reduction and photochemical reactions [13]. All these
reaction types are either individually or in parallel applied to waters con-
taining inorganic, biological or organic pollutants.

3.3.2 Chemical reactions in waters
3.3.2.1 Hydrolytic reactions

The hydrolytic reactions are of great importance from the viewpoint of
chemical degradation of some water pollutants [14-17]. Both inorganic and
organic water pollutants frequently have a chemical structure which renders
them liable to hydrolysis.

3.3.2.1.1 Hydrolytic reactions of inorganic esters

From the aspects of widespread occurrence, phosphate and sulphur esters
are of the greatest importance. The study of hydrolysis of monophosphate
esters shows that alcohol or phenolic forms split more readily

0 )
A + L
RO——%’——OH = R-(l)—P;—:-.o — R—OH + [PO3]” (3.24)

K
i

O- H O
than the alkoxide or phenoxide anion.
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In the hydrolysis of cyclic esters an open form is obtained

0o
/T \ . I

O O +H-0 -5 HOCH:CH,0—P—OH 3.95
\P/ (|) H (3.25)
o? “oH

Cyclic phosphenium salts also undergo the alkaline hydrolysis

:2 ,Sg - o, \P (3.26)
/
C/ \CHs Hi:C \CHJ

H;
Polyphosphates split off a monophosphate on hydrolysis, for example,

| [
CaHsCH:CH:CH:—O-—i—O— —0~ =
- H

= CwHsCH:CH;CH;—O—P—O—P—0" (3.27)
H -

|
CoHsCH:CH:CH:—0—P—0" + (POs)"
H
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Depending on the conditions of hydrolysis and the character of the ester
substituent, different products can be obtained:

I
(a) '
> 07P\=0 + R—OH
(J: -0 OR

- (')\P oo (3.28)
(I!)RO/ “OR
R
L®), —c—l— + —0"

(") H RJ

Where R = CH; only 3% of the initial substance reacted via the way
(a), however, for R = phenyl (b) it was as much as 98%.
Hydrolytic reactions of inorganic esters of sulphur can be illustrated by
several typical examples. Monoesters react as follows:
RO-SO; + H,0* = RO-SO,H +H,0

(3.29)

In this way chemical degradation of, for example, tensides, can take
place. A similar reaction is that of thioesters:

RS-50; + H,07 = R—SI.+—SO§ — R-SH+S0; — solvolysis,
H
(3.30)

CH,0-C¢H,-50-50,-C4H,-OCH, + H,0* =

!

+
CH;0-CoH,-5-50,-C,H,-OCH,
OH

+
— CH30-C¢H,-S=0 + CH30-C¢H,~SO,H — solvolysis products.

42



3.3.2.1.2 Hydrolytic reactions of organic acid derivatives

The reactivity of organic acid derivatives in nucleophile reactions decreases
in the following order:

Acid halides > acid anhydrides > acid esters.

The most reactive of halides of acids are iodides, in the case of esters
the most reactive are generally methylesters of carboxylic acids. The most
important transformations of carboxylic acids and their derivatives include
esterification and hydrolysis of esters and amides. Esters and amides are
hydrolysed in both acid and alkaline media.

The acid hydrolysis of esters and esterification are mutually reversible
processes, and, therefore, they take place by the same mechanism (A 41,
A ,c2) in the direction:

R—Cs==OR

oH ,]* o

R—C—OR' =— R—C~—OR’ =
+ HZ
(')H ?H ?H
N R_C_OR =2 R—C—0OH Z=2 |R—CuanOH| ===
W H -H* I +R'OH
OH HQR'
9
—% . R—C—OH (3.31)

Alkaline hydrolysis of esters by the B 42 mechanism takes place in the
following way:

o
] | : I

HO' + C—OR === HO—(—OR === HO—( + "0—R (3.32)
R’ R’ R’
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Formation and hydrolysis of amides take place as follows (B ,-2):

o
" 1 + I f. “

NH: + (—OR — H;N——(I‘—OR — H_»N_(lf+_OR (3.33)
R’ R’ R’

The hydrolysis of amides can take place in an alkaline medium by the
B 42 mechanism

o
I ! | f I

HO™ + C—NH. = HO—C—NH: — HO—C 4 NH:  (3.34)
R’ R’ R’

and finally:

fast

R'COOH + NH; ——— R'COO~ + NH,

The acid hydrolysis takes place via the A -2 mechanism:

o
" + low + l + ¢ l

HO + C—KH, = HiG—C—NH, —_— Hzé—(|3+NH3 (3.35)
R’ R’ R’

+ f
ie. R'COOH,+NH, —— R'COOH + NH;.
Another example is that of hydrolysis of acylhalides which can take place
by either the following Sy 1 mechanism:

o o o

I ll \ I W I
Ar—C—Cl s ¢ror e, A—C—OH: —*~ Ar—COH

Ar (3.36)
or the S52 mechanism
o

H I P _ A

ﬁ»r R/c — H-0—C+ QO = H-0—C{ (3.37)

H Cl H R R
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The reaction of acid anhydrides with water is also a nucleophilic sub-
stitution taking place in a similar way as hydrolysis of acylchlorides, for
example,

(CH;CO):0+H,0 — 2CH,COOH (3.38)

Of these reactions, the fat hydrolysis into glycerol an fatty acids is quite
important in systems containing biological materials:

Cle—O—COR CH:0H
CH—O—COR + 3H;0 — CH—OH + 3R—COOH (3.39)
CH,—O—COR CH:—OH

where R-COOH is palmitic acid.
Enzymatic hydrolysis of proteins results in the production of amino
acids:

R
H:N—CH—COOH + HzN—AH—COOH

synthetase
proteinase
R
h
smhetsse N ¢ NH—CH—COOH (3.40)
proteinase l

R

By mainly similar mechanisms polysaccharides, saccharides and many
other inorganic and organic pollutants present in waters undergo corre-
sponding hydrolytic transformations.

3.3.2.2 Decomposition reactions of organometallic compounds

Organometallic compounds are rather frequent, and from the biological
viewpoint dangerous pollutants of the environment.

In general, a degradation reaction of bivalent metals can be illustrated
as follows:

R-M-R — R-M'+'R, M =17n,Cd, Hg,

. : (3.41)
R-M - M+ R, R = alkyl, aryl.
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Subsequent and secondary reactions are then:

2R" — R-R

. . (3.42)
R + H-substrate — R-H + substrate, etc.

Trimethylaluminium can be used as a typical example of degradation
reactions of trivalent organometallic compounds:

Al(CH;); — "Al(CH,), + CH,
"CH; + Al(CH,); — CH, + (CH,),AICH, (3.43)
(CH,),AICH, — CH,AICH, + 'CH,
2CH; — C,Hg

Reactions of tetravalent organometallic compounds can be exemplified
by tetraethyl lead, which is very widely used as a petrol additive:

Pb(C;H;), — "Pb(CyH;); + CyHy
"Pb(C,H;); + Pb(C,H;), —  Pby(CyHy)s + 'C,Hy
Pby(CH5)s — Pb(CyH;), + Pb(CyHs),
Pb(C,H,), — Pb+2C,H,

(3.44)

In these reactions it is important to note particularly the ability of ra-
dical intermediates to evoke a chain reaction with known effects on living
organisms.

3.3.2.3 Induced reactions

The rate of reaction of substances which can mutually react to form one
or several products can be greatly enhanced by induced reactions. Such a
reaction can be exemplified by the very slow reaction of As(III) with S, Og_
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which is rapidly accelerated in the presence of Fe(II) as an inductor

Fe(II) + S,02~ — Fe(Ill) + SO2~ + SO,

Fe(Il) + SO, — Fe(Ill) + SO2~
As(IIl) + 80, — As(IV)+S0%~
As(IV) + Fe(Ill) —  As(V) + Fe(II) (3.45)
As(IV) + (FeOH)**  —  As(V) + Fe(II)
As(IV) + Fe®t  —  As(V) + Fe?*t
As(IV) + Fe(Il) — As(III) + Fe(III)

It results from the above presented mechanism that only Fe(ll) reacts

with $,037, and thus, the radical anion SO, is generated. These reactions
are applied in oxidation-reduction processes.

3.3.2.4 Oxidation reactions of polymers

A polymer (PH) or other organic compounds can react with a molecular
oxygen as follows:

PH+0, — P 4+HOO (3.46)
If the polymer contains double bonds the original adduct degrades into

the products as follows:

Another illustrative reaction is the formation of a peroxy radical with
P’

P'+0, — POO’ . (3.48)

Abstracting hydrogen, it reacts with another polymer (PH) generating
hydroperoxides

POO"+PH — POOH+P’ (3.49)

Thus, the homolytic POOH splitting off leads to the formation of the
(P’) intermediate which can cause generation of other degradation products

47



(aldehydes and hydroxy compounds):

POOH — PO’ +HO'
PO'+PH — POH+P (3.50)
POOH + HO® — POO’ +H,0, etc.
Oxidative degradation can be initiated photochemically, or it can be
catalysed by metals. This type of reaction can be exemplified by the cat-

alytic effect of zinc oxide on the degradation of peroxides, brought about
by UV radiation

hv + -
Zn0 +0, —— (Zn0O)* 40,

0, + H,0 — HO,+HO"
2HO; — H2O2 + 02

H,0,(Zn0) — 2 HO'

(3.51)

In general, the interaction between a transition metal and oxygen can
be summarized as follows:

M™ 4+ 0, — M1+ + 02T
0, +Ht - HO; (3.52)
0, +RHE — RO +HO™
In the presence of hydrogen peroxide the following reactions take place:
M™ + H,0, — M"Y L HO™ +HO'
M™ 4+ HO® — M™D* L HO™
HO  +H,0, — H,0+ HO, (3.53)
HO, + H,0, — H,0+ 0, + HO’
HO, = O, +H"

In this type of reaction, during the oxidation of powder polypropylene in
the presence of metallic salts of fatty acids it was found that the catalytic
effect of these salts decreases in the following order:

Co>Mn > Cu>Fe>V >Ni>Ti>Al> Mg > Ba

Other important oxidation reactions include the chemical reactions of the
singlet oxygen (102 ). Some examples illustrating the character and possible
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products of the reactions of a singlet oxygen with organic substrates are as
follows [18-21]:

Ve

+'0: —» \_C

/
AN LN

OH
(b) m+'oz — E\f
(3.54)
© QQQ= - Q10
9

(d) insertion of 103 into C-H bond

\
( _
a) Je=

Quite frequently labile intermediates evoke further reactions, e.g.

H o)
— (??{ 120, b/o + H:0
H. 00 H
@ bel ﬁjo 9, , (3.55)
[07}
*
L Org — [~ e

Oxidation reactions can be expected in the surface films of polluted
streams. Due to these reactions and other mutual interactions the number
of possible products as water pollutants increases considerably.
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3.3.3 Numerical and graphical solutions of chemical equilibria

Chemical equilibria can be solved either numerically or graphically. Based
on the analytic results, firstly the types of the species of the individual
components are determined. Then, all reactions between liquid, solid and
gaseous phases are taken into consideration. Relevant equilibrium constants
valid under the chosen conditions for a properly constituted equilibrium
model are determined.

3.3.3.1 Numerical methods

When using the numerical methods, an identical number of mutually inde-
pendent equations is arranged according to the number of unknown quan-
tities (given by the number of the components of the chosen equilibrium
model). The equations resulting from the definition of the corresponding
equilibrium constants (including the ionic product of water), the equations
expressing the mass balance, so-called equations of analytical concentra-
tions and the equations expressing the precondition of electric neutrality,
or equations expressing the proton balance (protolytic equilibria) are all
taken into consideration. The ligand balance is performed in the case of
complex-forming equilibria, and the balance of exchangeable electrons is
performed for oxidation-reduction equilibria.

Numerical solution of the chemical equilibria becomes complicated in
multicomponent systems as it results in many non-linear equations of higher
degrees. Recently, the complex chemical equilibria in waters have been
exactly solved using computers (e.g. seawater models). Morel and Mor-
gan have solved a hypothetic model of a system containing 20 metals and
31 ligands (including organic ones). This resulted in distribution of 788
dissolved forms and 83 undissolved forms, which gives some idea of the
complexity of the analysis [22].

3.3.3.2 Graphical methods

Graphical methods enable one to form a picture of the distribution of the
particular species present, including the significant and negligible compo-
nents of the system studied. In the numeric methods these values can then
be used to simplify the calculation. However, the validity of the diagrams
is limited by the conditions under which they were constructed.
Graphically the dependence of the composition of the studied system
on one or two variables (pH, concentration, potential, etc.) can be illus-
trated. For the dependence on one variable, so-called non-logarithmic or
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logarithmic distribution diagrams are used, and for two variables, so-called
predominance area diagrams (stability fields diagrams) are used. From such
diagrams it is possible to read off the composition of the given system and
the concentration of all its components. Both homogeneous and heteroge-
neous equilibria can be illustrated graphically. If a solid phase is present
in the system, then solubility diagrams are involved. The problems of the
solution of chemical equilibria are discussed in detail elsewhere [6-10].

3.3.3.2.1 Non-logarithmic distribution diagrams

The construction of non-logarithmic distribution diagrams is based on the
equation of analytical concentrations and equations for the corresponding
equilibrium constants. In the case of the reaction MA = M + A with
an equilibrium constant K it is necessary to take into consideration two
components, i.e. M A and M, whose concentrations depend on the concen-
tration of the predominant species A. When solving the two equations the
following relations are obtained:

_MA]_ (4]
ey EK+[A]

M] K

é =
! ey K+[A]

(3.56)

0y =

where 8, and §, are so-called distribution coefficients expressing propor-
tional representation of the individual components in the total concentra-
tion c,s. The values of distribution coefficients can range from 0 to 1, and
thus 6, +68, = 1. A graphical representation of §; = f;([A]) and é, = f,([A])
is shown in Fig. 3.13, and logarithmic dependence § = f(log[A]) in Fig. 3.14.

1.0
4 M)
4
05 [ .
d’z M)
0.0
{A]

Fig. 3.13. Non-logarithmic distribution diagram
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The shape of the distribution curves depends on the ratio of neighbouring
partial equilibrium constants. From their values it is possible to assess the
importance of the coexistence of the neighbouring species. The greater the
difference between the corresponding equilibrium constants, the lesser the
distribution curves overlap. When the share of both constants is equal to
or greater than 10%-10*, then only one of the considered species prevails
in a certain concentration range of the predominant species A. Others are
negligible and the neighbouring equilibria practically do not influence each
other (Fig. 3.15).

1.0
§
0.5 [~
61 {2
0.0
log {A]

Fig. 3.14. Non-logarithmic distribution diagram

1.0
5 5§ 4
5 3
2
0.5 - =
\
0.0
log {A)

Fig. 3.15. Non-logarithmic distribution diagram with 3 species at different ratio of
equilibrium constants. Curves 1, 2 and 3 are for the ratio Ky : K2 = 2.5, 10 and 100
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Of great importance is the control of the predominant species A concen-
trations at which the distribution coefficient of the given species has the
maximum value, and then, such concentrations at which the above forms
are equally represented (8, = §, or 8, = §3; see Fig. 3.15).

Non-logarithmic distribution diagrams — due to their clear representa-
tion — are used for orientation search for significant and negligible species
in the system in question (particularly the solution of the complex-forming
equilibria).

3.3.3.2.2 Logarithmic distribution diagrams

The purpose of construction of logarithmic distribution diagrams consists
in the representation of linear dependences within the widest concentration
range. Again considering the reaction MA = M + A, the following
relations can be derived for the molar concentrations of M A and M:

_ [A]e _ K
[MA] = ﬁf“A] [M] = K+’E’A] (3.57)

Taking the logarithms of these relations the following expressions are
obtained:

log[M A] = log[A] + log ¢, — log(K + [A]) 358
log[M] = log K + logc), — log(K + [A]) (3:58)
The concentrations M A and M are functions of [A] and c,, (there-
fore, the total concentration cp, should be known). When constructing
the diagram, first the c,, value is plotted and subsequently the point §
of the system is determined whose coordinates are given by the values c,,
and K (logc,, and log K). Distribution curves cross in the point P when
[MA] = [M], i.e. log[A] = log K. The second coordinate P is found from
the equation ¢,; = [M A] + [M], from the relation (M A] = [M] = 0.5 ¢y,
i.e. log[M A] = log[M] = ¢;; — log2. Thus, the coordinates of the point of
intersection P are log K" and (logeyps — 0.3). It is assumed that in certain
regions A > K and A < K. It results for A > K:

log[M A] = log ¢,

3.59
log[M] =log K + logc,, — log[A] (3:59)
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and for A K:

log[M A] = log[A] + logcp, — log K

3.60
log[M] =logc,, (3.60)

These are linear dependences with the intersection point S. Concentra-
tions of both M A and M components at the given concentration of the
predominant variable A are found from the point of intersection of a nor-
mal line, erected for the considered A, with the lines M A or M (Fig. 3.16).

fogC
-2 e
M S MA
-4 P
MA M
-6 |-
-8 |
1 i
-8 -6 -4 -2
log [A]
Fig. 38.18. Logarithmic distribution diagram with 2 species, cyy = 0.001 mol 1-t,
K =10"°6

Logarithmic distribution diagrams are constructed with an accuracy of
5%. Their advantage consists in their easy construction and in the possi-
bility of a quite precise determination of low concentrations of individual
components. After subtracting these values from the total concentration
c)s it is possible to calculate the higher concentrations of the remaining
principal species.

3.8.3.2.8 Logarithmic solubility diagrams

In the presence of a solid phase the distribution logarithmic diagrams are
called solubility log concentration diagrams. From these diagrams it is pos-
sible to find the liquid phase composition (distribution of complexes and
free-ion form) of the areas with predominating existence of the particular
forms, total and minimum solubility of the solid phase and pH, or precipi-
tant concentration required for separation of the solid phase at a given pH
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Fig. 3.17. Solubility of amorphous ZnO, CuO and Fe(OH)3

or precipitant concentration. Examples are shown in Fig. 3.17 - logarithmic
solubility diagrams of ZnO, CuO and Fe(OH); influenced by hydrocomplex
formation.

3.8.3.2.4 Predominance area diagrams

A system with two variables can be graphically illustrated either three-
dimensionally or by projecting into a plane defined by axes on which the
values of variables are plotted. So-called diagrams of predominating ezis-
tence area (stability field diagrams) are obtained.

These diagrams consist of line segments limiting the areas (the so-called
stability fields) in which — under the given conditions — a certain compo-
nent prevails. The stability diagrams can be constructed for both homoge-
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neous and heterogeneous systems. In hydrochemistry these diagrams are
of great importance as a considerable part of chemical reactions in water
can usually be expressed by equations possessing both redox and protolytic
character at the same time (so-called E-pH diagrams), for example, the
various species of Fe and Mn in waters. They are important in hydroche-
mistry for the formation of complexes and the different forms depend on

the concentration of different ligands occurring in waters (SO3~, HCO3,
Cl™, PO}™, CN7, etc.).

3.3.4 Protolytic equilibria

Acid-base reactions very strongly influence the composition of all waters.

According to the Arrhenius theory, acids are compounds which dissociate
in solution forming ions H*, and bases are compounds providing OH" ions
by dissociation. Acidity, and hence basicity of the solution are given by
the concentration of these ions. However, this viewpoint is only valid for
specific aqueous solutions. There is a large number of cases of acid-base
phenomena which cannot be interpreted by the simple Arrhenius view. For
example, urea behaves as an acid in liquid ammonia, and as a base in glacial
acetic acid even though it does not provide any hydroxide ions. Ammonium
salts in liquid ammonia behave as typical strong acids, they even dissolve
metals with generation of hydrogen. Nitric acid behaves as a base, in a
hard acid will react primarily with a hard base (or a soft acid with a soft
base), and the products of this reaction will be stable. On the other hand,
a soft acid and base with a hard acid or base and vice versa will react
with difficulty and the products of this reaction will be unstable. From the
viewpoint of the theory of hard and soft acids and bases, meanings of the
terms of “neutralization” and “neutrality” lose their absolute character, as
the resulting products appear as an acid base

ACID, + BASE, = ACID, + BASE, (3.61)

Also the term “amphoteric substance” loses its meaning. The only true
amphoteric substance is water

H—0—H + H—-0—H = H—(T)——H +10—H (3.62)
H
base acid acid base
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Similarly, also the hydrolysis of water, e.g.,

+ + —
Na* “IC=N + ﬁl——C)—-H = lb-l — C=N + Na*"I0—H (3.63)

is nothing more than a protolytic reaction of salts able to dissociate in the
solvent into its ions. Examples of hard and soft acids and bases occurring
in waters are presented in Table 3.11.

Table 3.11. Some hard and soft bases and acids occurring in waters

Hard Hard Soft Soft Medium Medium
base acid base acid base acid
HO- A3+ CN~™ Hg* Cloy HY
HOH Al(CH3)3 R-S~ Hg?+ NO; Nat
R-O~ CO, R-SH CHzHg* NO; Zn?*
R-OH. Mgt SCN- Agt Cl- Pbh2+
R-COO~ Cré+ Co Cu*t Br- Fe+
s0Z- Ca?+ S203” I S03- Cl
PO~ Fed+ I- Br; SOz so2-
Co;~ SOs Benzene DMSO Aniline Ni?+

The many homogeneous and heterogeneous equilibria formed in waters
between acids and bases determine the resulting pH of water, which is
of great importance for hydrochemistry and water technology because it
influences all physico-chemical, chemical and biochemical processes in wa-
ters. Dissociated and non-dissociated forms of some acids and bases liquid
hydrogen fluoride.

J. J. Brgnsted and T. M. Lowry (1923) explained these discrepancies
using a new theory of acids and bases according to which acids are all
compounds able to transfer a proton, and bases are compounds able to
accept the proton. Thus, each acid is related to the base differing by one
proton and providing a conjugated pair.

However, the protolytic theory cannot explain the distinctly acid or base
properties of numerous substances which are not able to either split-off or
accept a proton. This stimulated G. N. Lewis (1923) to a different gene-
ralization of the notion of acids and bases. According to the Lewis theory
a base is a substance which is the donor of a free electron pair, whereas,
acid can bond a free electron pair of another particle and thus, it is its
acceptor. Neutralization of an acid by base is conditioned by the formation
of coordination (donor-acceptor) bond. The Lewis theory is of importance
particularly in the chemistry of coordination compounds where all central
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atoms as acceptors of electron pairs are Lewis acids, and all ligands as
donors of electron pairs are Lewis bases. This theory is fairly general and
leads to a wider understanding of the mechanism of the reactions between
acids and bases, however, this can also be a certain disadvantage in some
cases [23-25).

The theory of acids and bases postulated by Arrhenius, Brgnsted and
Lewis is presently generalized in the Pearson theory of hard and soft acids
and bases [26-31].

The donor-acceptor relationships include oxidation-reduction, complex-
forming, nucleophilic, electrophilic, acidobasic and other processes. A gene-
ral principle of this theory, from the viewpoint of reactivity and stability of
products, is that behave differently in waters. The dependence on pH of the
concentrations of the various species is solved by calculation or graphically.

In the calculation of protolytic equilibria, the ionic product of water,
equations for dissociation constants of acids and bases, equations of ana-
lytical concentrations and equations of electroneutrality or proton balance
are taken for the starting point. Due to the difficulty of the numerical
calculation of pH these systems are generally solved by graphical methods.

One of the most important aspects of hydrochemistry is the determi-
nation of the relative representation of the particular components of a
protolytic equilibrium involving distribution coefficients §. Graphical il-
lustration of the relationship 6 = f(pH) can be expressed by either non-
logarithmic or logarithmic distribution diagrams. Using these diagrams it
is possible to read off the values of the concentrations of the particular
species.

Logarithmic diagrams of protolytic equilibria can be employed for the
assessment of pH of acids, bases and their salts. In the proton balances
only those components are considered whose concentrations are important
in the context of the particular study.

3.3.5 Complex-forming equilibria

Complex formation is important in the chemistry of natural and wastewa-
ters from several standpoints. Complexes modify metal species in solution,
generally reducing the free metal ion concentration so that effect and pro-
perties which depend on free metal ion concentration are altered. These
effects include such aspects as the modification of solubility, the toxicity
and possibly the biostimulatory properties of metals, the modification of
surface properties of solids, and the adsorption of metals from solutions.

58



Coordination compounds or complexes consist of one or more central
atoms or central ions, usually metals, with a number of ions or molecules,
called ligands, surrounding them and attached to them. The complex can
be non-ionic, cationic, or anionic, depending upon the balance of charges
of the central ions and the ligands. Usually, the central ions and ligands
can exist individually as well as combined in complexes. The number of
attachments to a central atom or central ion or the total possible number of
coordinated species is referred to as the coordination number. Ligands are
attached to the central species by coordinate covalent bonds in which both
of the electrons participating in the bond are derived from the ligand. Thus
we can regard the central species as an electron acceptor and the ligand as
an electron donor. The central species is hence a Lewis acid and the ligands
are Lewis bases. Since metal ions have an affinity for accepting electrons,
they all form coordination compounds, with a tendency that increases as
the electron-accepting affinity of the metal ion increases. Molecules and
ions with free electron pairs tend to form complexes whose strength is a
function of their ability to donate or share that pair of electrons [6, 32-34].

Species forming a complex can be bonded immediately or solvated by wa-
ter molecules if an ion pair is formed. In hydrochemistry this concerns, for
example, the following ion pairs: [CaSO, (aq)]’, [CaCO, (aq)]’, [MgHCO,
(aq)]t, [CaHCO,]*, NaCO; ™, etc.

Reactions of the central atom M with the ligand L usually take place
as subsequent reactions. The stability or instability of a given complex is
measured by the stability constant S3,,,, where n denotes the number of
ligands and m the number of the central atoms in the complex

mM+nlL = M,L,, Brm = [—[1\1/\[%3—]— (3.64)

When evaluating the effects of complex-forming reactions on the pro-
perties of waters it is necessary to take into consideration their rate, for
example with respect to the protolytic reactions.

The problems of complex-forming reactions are solved either numeri-
cally or graphically. The distribution diagrams of complex-forming equi-
libria express the dependence of the distribution coefficient § on the ligand
concentration.

This can be exemplified by the solution of complex-forming equilibria
in wastewaters from sodium chloride electrolysis which contains a num-
ber of chloro complexes of mercury (HgClI*, HgCl,, HgCl;, HgClz—). In
Table 3.12 partial and total stability constants are presented. A non-
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Table 3.12. Partial and total stability constants of mercury chloro complexes

Reaction K, Reaction Bn
Hg?* + C1— = HgClt+ K, = 10874 | Hg?t 4 CI- = HgClt B = 10874
HgCl* 4 Cl- = HgCly K, = 10843 | Hg?t+ 4 2C1- = HgCls B2 = 101322
HgCl; + C1~ = HgCly K3 = 10985 | Hg?+ 4+3C1- = HgClg B3 = 101407
HgCly +Cl™ = HgClZ' K4 = 10'° Hg?* 4 4C1~ = HgCl;~ | B4 = 10307
108 10~8 104 1072 1 t0mt i
1.0 T 1 c
% 4
4
0S
4
00 A
] [} 4 2 0
- log Ci~ = pCl
Fig. 3.18. Non-logarithmic distribution diagram of a system of mercury chloro com-

plexes Hg2+, HgCl+, HgCi, HgCly , HgCl2™

logarithmic distribution diagram is shown in Fig. 3.18. The dlStl‘lbuthIl
coefficients §,-8, express the relative representation of the species Hg
HgClY, HgCl,, HgCl3 HgCL2~.

In addition to hea.vy metal equilibria, complex-forming reactions also
take place between the basic inorganic components of waters (Mg2+ Ca’™,
Na*, HCO;, SO 7). These reactions become more significant in strongly
mineralized waters. An important inorganic complex-forming substance
in artificially polluted waters is the polyphosphate formation of stable
chelates. The reason for a higher concentration of metals in natural waters
also consists in the production of organic complexes of both natural and
artificial origin. In polluted surface waters organic complexes of metals can
be more prevalent than the inorganic ones.

3.3.6 Precipitation and dissolution equilibria

If a solid substance or liquid is in contact with water in which it dissolves
without substantial chemical change an equilibrium state is established
under the given conditions. A saturated solution is formed if a sufficient
proportion of the solute is present.
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The terms solubility and insolubility are only relative from the view-
point of water treatment. It is indicated in Section 3.2.8 that the sensory
properties of waters are influenced by relatively low concentrations. From
the biological viewpoint also very low concentrations can be of great im-
portance.

From a general equilibrium reaction of dissolution

M, A, (s) = M_A,(aq) = mM,, +nA, _ (3.65)
the solubility product K is
(K,)a = ayay (3.66)

where a,,, a, are corresponding activities of the ions in equilibrium with
undissolved solute. In the case of solutions with a low ionic strength the
activities may be substituted by concentrations

K, = [M]"[A]" (3.67)

The reciprocal value of the solubility product is called a solubility con-
stant.

In the technology of water the solubilities of hydroxides and carbonates
are of the greatest importance, these are infuenced by metal ion hydrolysis.
With metal cations water forms so-called aqua complexes. Usually, four
or six molecules of water are coordinated around the central atom (e.g.
[Fe(H,0)e]**, [AI(H,0)6)**, [Mn(H,0)q]**, etc.).

Some reactions taking place in water and their equilibrium constants are
presented in Table 3.13.

In water treatment practice the precipitation and hydrolytic reactions
play an essential role particularly in determining the optimum pH of water
and residual concentration of metals. Theoretical calculation of optimum
conditions of precipitation (pH, quantity of precipitant) and residual con-
centration of the ion to be removed are always checked by experiment.

3.3.7 Oxidation-reduction equilibria

Oxidation-reduction equilibria play an important role in water techno-
logy particularly from the viewpoint of the calculation of a relative rep-
resentation of individual oxidation degrees of the element in the system.
Oxidation-reduction potentials are used in theoretical studies for checking
the iron and manganese removal, water chlorination, in the study of the
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Table 3.13. Equilibrium constants of oxides, hydroxides, carbonates,
hydrogencarbonates, sulphates, sulphides, silicates and acids in water

Reaction

log K (25°C)

Conditions

I. Oxides and hydroxides
H,O = Ht + OH~

(am)Fe(OH)3(s) = Fe3+ + 30H-
(am)Fe(OH)3(s) = FeOHa4 + 20H™
(am)Fe(OH)3(s) = Fe(OH)F + OH-
(am)Fe(OH)3(s) + OH~ = Fe(OH),
2(am)Fe(OH)3(s) = Fe(OH)3* + 40H~
(am)FeOOH(s) + 3H* = Fe3+ + 2H,0
a-FeOOH(s) + 3Ht = Fe3t+ 4 2H,0
a-Al(OH)3 + 3HY = A3t 4+ 3H,0
7-Al(OH)3 + 3H* = AT 4+ 3H,0
(am)Al(OH)sz(s) + 3H* = APt + 3H,0
AR+ 4+ 40H™ = Al(OH)]

CuO(s) + 2H* = Cu?*+ + H,0

Cu?t 4+ OH- = CuOH*

2Cu?+ 4 20H- = Cup(OH)Z*

Cu?t 4 30H- = Cu(OH)g

Cu?t + 40H™ = Cu(OH);~

ZnO(s) + 2H* = Zn?* + H,0

Zn** 4 OH™ = ZnOH*

Zn?t 4 30H- = Zn(OH); 3

Zn?* + 40H~ = Zn(OH);~
Cd(OH),(s) + 2Ht = cdt+ + 2H,0
Cd** 4+ OH- = CdoH*

Mn(OH);(s) = Mn?+ 4 20H~
Mn(OH)z(s) + OH~ = Mn(OH);
Fe(OH)j (active) = Fe?+ + 20H™
Fe(OH); (inactive) = Fe?t 4+ 20H-
Fe(OH); (inactive) + OH™ = Fe(OH);
Mg(OH)2 (active) = Mg?t + 20H~
Mg(OH)z(brucne) Mg?t + 20H-
Mg?* + OH- = MgOH*
Ca(OH)z(s) = Ca?t + 20H~
Ca(OH)z(s) = CaOH* + OH™
Sr(OH)z(s) = Sr?* + 20H~
Sr(OH),(s) = StOH*+ + OH™
AgOH(s) = Ag* + OH"

—14.00
-13.77
—38.7
-27.5
-16.6
- 45
—-51.9
3.55
1.6
8.2
9.0
10.8
32.5
7.65
6.0 (18°C)
17.0 (18°C)
15.2
16.1
11.18
5.04
13.9
15.1
13.61
3.8
-12.8
- 5.0
—14.0
~14.5
~ 55
- 9.2
~11.6
2.6
- 5.43
- 4.03
— 3.51
0.82
- 75

PR PRI 000000000 >
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Table 3.13 (continued)

Reaction log K (25°C) | Conditions
II. Carbonates and hydrogencarbonates
CO2(g) + H,0 = H* + HCOj — 7.82 A
- 175 E
- 173 F
HCO; = H* + COZ- —10.33 A
~ 9.0 E
- 9.0 F
CaCOs (kalcit) = Ca%t + CO3- — 8.35 A
—~ 6.2 E
CaCOgz(aragonit) = Ca?t + CO3~ - 8.22 A
SrCO3(s) = Sr?+ 4 COZ~ - 9.03 A
) — 6.8 E
ZnCO3(s) + 2H* = Zn?* 4 H,0 + CO2(g) 7.95 A
Zn(OH);,2(CO3)0,4(s) + 2HY =
Zn?t + Hy0 + CO3(g) 9.8 A
Cu(OH)(COa)os(s) + 2Ht =
Cu?t + 3/2H,0 + 1/2C04(g) 7.08 A
CU(OH).67(CO3s)o.67(s) + 2Ht =
Cu?t + 4/3H,0 + 2/3CO3(g) 7.08 A
MgCO3(magnesite) = Mg?+ + CO%™ - 4.9 A
MgCOg3(nesquehonite) = Mg+ + CO;‘;' - 54 A
Mg4(CO3)a(OH)2.3H20(hydromagnesite) =
= 4Mg?+ + 3CO2~ + 20H- 29.5 A
CaMg(CO3)2(dolomite) = Ca?*+ + Mg?* 4 2C0O32~ —-16.7 A
FeCO3(siderite) = Fe?* + CO2~ -10.4 A
CdCO3(s) + 2Ht = Cd?t+ + H30 + CO;(g) 6.44 B
MnCOs(s) = Mn?* + CO2~ —10.41 A
III. Sulphates, sulphides and silicates
CaS04(s) = Ca?t + SO2~ — 4.6 A
H2S = H* + HS- - 7.0 A
HS~ = H* 4 8%~ -12.96 A
MnS(green) = Mn?t+ + $2- -12.6 A
MnS(pink) = Mn?+ + §2- - 9.6 A
FeS(s) = Fe?+ 4 §2- —~17.3 A
SiOz(quartz) + 2H20 = H4Si04 - 3.7 A
(am)SiO2(s) + 2H20 = H4Si04 - 2.7 A
H48i04 = HY 4 H3SiOy — 9.46 A
IV. Acids
NH} = H* + NHa(aq) - 93 A
HOCI = Ht 4 OCI~ - 17.53 A

A — 0, B — 1 mol I"! solution of NaClO4, C — 3 mol 1-! solution of NaClOy,
D — 1 mol 17! solution of LiClIO4, E — sea water, F — 5°C, sea water and
p = 20.265 MPa.
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Table 3.14. Standard and formal potentials (pH 7)

Equation . pE® (25°C) pE® (25°C)
O2(g) + 4H* 4 4e = 2H,0 20.75 13.75
2H* + 2e = Hz(g) 0.0 - 7.00
HCOO- + 3H* 4 2¢ = CH,0 + H,0 2.82 — 7.68
CO2(g) + 8H* + 8¢ = CHy4(g) + 2H20 2.87 — 4.13
NO; +10H* + 8e = NH} + 3H,0 14.90 6.15
SO~ + 9H+ + 8e = HS~ + 4H;0 4.13 ~ 3.75
SO;~ 4+ 8H™* + 6e = S(s) + 4H,0 6.05 — 3.30
S(s) + H* + 2¢ = HS~ - 1.1 —
S(s) + 2H+ 4 2e = HoS 2.4 —_
NADP+ 4+ H* + 2¢e = NADPH - 2.0 - 5.5
CO2(g) + 4H™ + 4e = 1/8 glucose + H,0 - 0.20 - 7.20
CO2(g) +4HY + 4e = CH,0 + H,0 - 1.20 — 8.20
CO2(g) + H* +2e = HCOO~ ~ 4.83 — 8.73
O3(g) + 2HY + 2e = O3(g) + H20 35.1 —
MnOj + 8H* +5¢ = Mn?* + 4H,0 25.6 —
Cly + 2¢ = 2C1~ 23.1 —
ClO~ + H0 4 2¢ = CI™ +20H~ 15.2 —

course and automation of aerobic and anaerobic water treatment processes,
in limnology for characterization of the surface water trophic level, and for
checking the water quality in storage systems. However, this quantity is
not widely used in practice particularly because of the difficulties over its
accurate measurement.

The value of the oxidation-reduction potential can be calculated by sub-
stituting the activities of reacting substances into the Nernst-Peters equa-
tion

2-3RT (Ox]

_ 0
E=E"+ nF log [Red]

(3.68)

where F is the Fara,dag constant, n — total number of electrons taking
part in the reaction, E° — standard redox potential, i.e. the potential at
which the activities (concentrations) of the reacting components are equal.
To simplify the calculations and graphic solutions the quantity pE is used
in the Nernst equation, which — like pH — represents a dimensionless
quantity expressing in this case the relative activity of electrons

[0x]
[Red]

1
pE = pE° + ~log (3.69)
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Some pE0 quantities valid for reactions modelling different chemical and
biochemical processes in waters are shown in Table 3.14. Redox potentials
E® of some biologically important systems are presented in Table 3.15.

Table 3.15. Redox potentials of some biologically important systems (pH 7)

System E° (V)
1/202 /H20 +0.82
NO; /NOy ' +0.42
Dopaquinone/dihydroxyphenylalanine +0.37
[Fe(CN)g]?t /[Fe(CN)g]** +0.36
Cytochrome ¢ Fe3* /cytochrome ¢ Fe?+ +0.26
2,6-Dichlorophenol - indophenol, ox/red +0.22
Methaemoglobin/haemoglobin +0.17
Dehydroascorbic acid/ascorbic acid +0.08
Fumaric acid/succinic acid +0.03
Methylene blue, ox/red +0.01
Haemin Fe?+ /haemin Fe?+ +0.114
Flavoprotein (yellow enzyme), ox/red ~0.12
Pyruvic acid/lactic acid -0.19
Acetaldehyde/ethanol —0.20
NAD*/NADH + Ht —0.32
Glutathione, G-SS-G/G-SH —0.34
Succinic acid - CO3/a-ketoglutaric acid —0.67

The measurement and quantitative evaluation of redox potentials in wa-
ters is difficult. It is of great importance in the systems with known com-
position. For the measurement, electrometric methods are used. At the
same time, pH, temperature and oxygen concentration are determined. A
saturated calomel electrode serves as a reference and a platinum one as the
measuring electrode. Oxidation-reduction equilibria are described in detail
elsewhere (6, 7].
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3.4 Chemical composition of water

3.4.1 Inorganic substances in water

Among the essential inorganic constituents of natural waters calcium, mag-
nesium, sodium and potassium are the main cations, and the more impor-
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tant anions are hydrogen carbonate, sulphate, chloride and nitrate. In the
majority of natural waters the concentration of these ions decreases in the
given order. However, in strongly mineralized waters sodium prevails over
calcium, and sulphate and chlorides over hydrogen carbonates.

These components make up the fundamental chemical composition of
fresh waters and must be taken into consideration in all material balances.
For example, electroneutrality equations are used for checking the results
of the chemical analysis of water.

2¢(Ca’t) + 2¢(Mg®t) + e(Nat) + ¢(K) =
= ¢(HCO3 ) 4+ 2¢(SO; ") + ¢(C17) + ¢(NOjy) (3.70)

where ¢(z) designates the molar concentration of the species z.

In natural waters iron and manganese are generally present in low con-
centrations and many other metals in trace concentrations; these enrich
water when it is in contact with soil, different minerals and rocks.

Of the non-metal species, ammonia and ammonium ions, nitrites, ni-
trates and phosphates are present in low concentrations. The group of non-
ionic soluble substances includes compounds of silicon, boron and titanium.
The most important dissolved gases are ozygen and carbon dioride.

Total mineralization ) ¢, is the sum of mass concentrations of solid in-
organic substances dlssolved in water, electrolytes (cations and anions) as
well as of non-electrolytes, and it is usua,]ly expressed in mg 17*. For non-
electrolytes, particularly silicon and in the case of mineral water, boron
should be considered. Very slightly mineralized waters are those with
Y. ¢ < 100 mg 1™, for example, relatively unpolluted atmospheric wa-
ters. In ground- and su1face waters the total mineralization ranges from
about 100 to 1000 mg 1~'. Waters with total mineralization over 1000
mg 17! are classified as mineral waters.

The classification of inorganic substances in waters into electrolytes, non-
electrolytes, cations and anions is only formal grouping and not necessarily
exact, since a given element can occur in water both in ionic and non-
ionic forms simultaneously, including different complex forms which will be
discussed in following sections [1)].

The relative concentrations of individual constituents can also differ in
fresh waters depending on their genesis, such as atmospheric, mineral, mine
and sea waters. This composition can be quite specific in wastewaters.
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3.4.1.1 Sodium and potassium

In dissolved forms, mostly simple cations Na® and Kt occur. In more
strongly mineralized waters, ion associates such as [NaSO,]”, [NaCO,]™,
[NaHCO,]°, [KSO,]™, [KCO,]™ and [KHCO,]® can be expected to exist.

Sodium and potassium are common constituents of natural waters, with
sodium being more prevalent than potassium. The Na:K ratio usually
ranges from 10:1 to 25:1. In atmospheric waters, the ratio is reduced in
favour of potassium to about 1.5:1-2:1. From the viewpoint of concentra-
tion of metals in waters, sodium usually occupies the 3rd position following
calcium and magnesium. However, in highly mineralized natural waters
sodium can prevail over both these metals.

From the health point of view, sodium and potassium are relatively
unimportant in waters. Since about 1960 the possibility of an adverse ef-
fect of a high sodium concentration has been studied as it can influence
negatively the health of people suffering from heart disease {2]. Sodium hy-
drogen carbonate mineral waters are important for the treatment of gastric
diseases and the diseases of the biliary tract.

Potassium provides a natural radioactive background of waters because
natural potassium contains 0.0118 % of the 0K radioactive nuclide. The
contents of sodium and potassium in waters for various industries is usu-
ally not significant. The exception is the requirement for water quality to
be used for high pressure steam boilers, as under higher pressures insolu-
ble sediments (incrustations) of the type Na,0.R,03.25i0,.yH,0 can be
formed.

Sodium and potassinm play an important role in the classification of
the chemistry of natural waters and the checking of the results of chemical
water analysis. Therefore, the determination of these alkali metals should
become a common procedure within the framework of chemical analysis of
water.

3.4.1.2 Lithium, rubidium and caesium

These elements are present at significant concentrations only in mineral and
sea waters. Lithium accumulates in plants and can inhibit their growth.
Therefore, some countries recommend limiting the content of lithium in
waters intended for irrigation. Lithium has a certain balneological impor-
tance, and is employed in the prevention of coronary diseases caused by
atherosclerosis.
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3.4.1.3 Calcium and magnesium

Calcium and magnesium occur in waters mostly as the simple ions Ca’* and
Mg2+. Other forms in which they occur are complexes (ion associates) of
[CaSO, (aq)]’, [CaCO; (aq)®], [CaHCO,]*, [CaOH]™, with similar species
for magnesium. In strongly mineralized waters their content can be higher
than 40% of the total content of calcium and magnesium.

Calcium and magnesium are usually the main cations in natural waters.
With the limited solubility of CaCO5 and CaSO,, the calcium concentration
is not higher than 1000 mg1~" even in mineral waters. High concentrations
of calcium and magnesium are due to the presence of a sufficient quantity
of soluble carbon dioxide so that the following equilibrium is shifted to the
right:

CaCO,(s) + CO, + H,0 = Ca®* +2HCO; (3.71)

The equilibrium constant for this is deduced from the solubility product of
CaCO4 (K,), and the dissociation constants of carbonic acid to the first
degree (K ) and to the second degree (K,); the equilibrium constant (K)
is thus given by the relation K = K, K, K, .

With increasing concentration of sodium in waters the calcium concen-
tration decreases, and in some mineral waters sodium is the predominant
cation.

Magnesium in natural waters usually occurs in lower quantities than
calcium. The Ca:Mg weight ratio ranges from 4:1 to 2:1. However, in
exceptional cases there can be more Mg than Ca, for example, in sea water
and in some mineral waters. In these the concentration of magnesium can
be as high as several g per litre, due to higher solubility of MgCO, in
the presence of CO, and MgSO, in comparison with equivalent calcium
compounds.

Depending on the pH, magnesium can be separated from natural wa-
ters containing hydrogen carbonates in the form of the hydroxy carbonate
(MgCO3); Mg(OH),.3H,0 or magnesium hydroxide Mg(OH),. In the pre-
sence of phosphates Mgs(PO,), can be separated. If it is necessary to
remove magnesium from water through a chemical process, separation in
the form of Mg(OH), or Mg;(PO,), is carried out.

Among the low-solubility compounds of calcium, calcium carbonate (cal-
cite), calcium fluoride and some phosphates are important in hydroche-
mistry and water technology. Calcium carbonate is about 6 times less
soluble than MgCO;, but Ca(OH), is quite soluble in comparison with
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Mg(OH),. The solubility of Ca(OH), is about 1200 mg 1™ at 20°C,
whereas that of Mg(OH), is only 10 mg 17!, In the presence of phosphates,
first the hardly soluble calcium hydrogen phosphate CaHPQ, is formed,
which reacts in alkaline media to produce hydrozyapatite Ca;(PO,);(OH)
whose formula can be written as 3Ca;(PO,),.Ca(OH),. In fact, it is a
complex compound with the assumed structure of Ca,[(OH)(CaPO,);].

In the process of precipitation of calcium with phosphates a mixture of
CaHPO, and hydroxyapatite is usually formed.

The ratio Ca:P in the precipitate is therefore not constant and it changes
depending on the age of the precipitant and reaction conditions.

In hydrochemistry and water technology the kinetics of the separation
of CaCOyj is quite important, for instance in the processes of precipitation
of protective coatings in pipes. Precipitation of CaCO5 from weakly su-
persaturated solutions is slow and inhibited by many inorganic and organic
compounds [3].

Calcium sulphate separates from water at temperatures below 65°C in
the form of CaS0,.2H,0(gypsum), and at higher temperatures in the form
of anhydrous CaSO, (anhydrite). The solubility of gypsum is about 2000
mg ) O readily forms supersaturated solutions.

Calcium fluoride has a lower solubility than magnesium fluoride. Even-
tual production of CaF, is important in the fluoridation of water.

The so-called hardness of water is sometimes mentioned in connection
with calcium and magnesium contents, but it is not unambiguously defined
in the literature as it is based on either technology or analysis. As the term
“hardness” does not correspond to the actual behaviour of water (“hard”
water = ice) and because there are difficulties with the exact definition
of various types of hardness, this term is gradually disappearing from the
literature on hydrochemistry.

The term “water hardness” incorrectly attributes identical chemical and
biological properties to calcium and magnesium. Positive or negative ef-
fects of “water hardness” mostly do not relate to the total calcium and
magnesium concentrations, but only to the concentration of one of them.
For example, from the viewpoint of the formation of incrustations in pipes,
calcium plays a more important role than magnesium. There are also dif-
ferences in biological and health aspects. It is therefore invariably more
appropriate to evaluate the effects of calcium and magnesium separately [4].

At higher temperature, calcium and magnesium can cause the formation
of sediment or boiler incrustation on the walls of technological equipment,
particularly of steam boilers. Incrustations appear especially on sites where
water vapours and saturated solutions of salts are formed due to the pre-
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sence and growth of low-solubility crystals, particularly calcium carbonate,
sulphate and silicate in admixture with some sparingly soluble compounds
of magnesium, particularly magnesium silicate. Usually, three main types
of incrustations are recognized: carbonate, sulphate and silicate ones. In-
crustations act as a thermal insulator, thus hindering heat transfer through
the boiler wall. They can be dangerous since under the layer of the incrus-
tation the boiler can be overheated, thus losing its strength and elasticity,
and permanent deformation can appear.

Therefore, it is sometimes necessary to remove calcium and magnesium
from water (e.g. feed water for steam boilers). On the other hand, it is
necessary to increase the content of calcium in some cases to reduce ag-
gressivity of water due to soluble CO, or to improve the quality of drinking
water.

In industrial water, higher concentrations of calcium and magnesium can
negatively influence technological processes and the quality of the products
(particularly for the textile industry, laundries, dye works, leather works
and some branches of the foodstuffs industry). They cause precipitation of
soap solutions, forming insoluble salts of higher aliphatic acids. In some
operations not only calcium- and magnesium-free water is required, but
also water free from all ions (deionized water) or even free from soluble
non-ionic inorganic substances (demineralized water).

The content of calcium or magnesium in surface and normal groundwa-
ters is unimportant from the viewpoint of health. As for the taste, the
best waters are those which contain calcium and hydrogen carbonates. A
magnesium content above 250 mg 1" causes a bitter taste. Waters with
high concentrations of magnesium and sulphates have laxative effects.

3.4.1.4 Strontium and barium

In fresh waters strontium is present at higher concentrations than barium,
but some mineral waters can be an exception. Both elements occur in
surface and normal groundwaters at concentrations of only units or tenths
of ug 171

Barium belongs among the toxic elements. The content of strontium in
drinking water is not the subject of an official standard. Strontium present
in mineral waters has favourable effects when used for the treatment of skin
diseases and also for the treatment of respiratory diseases.
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3.4.1.5 Aluminium

Soluble forms of aluminium present in waters are the simple hydrated
AP cation, cationic and anionic hydroxo complexes, sulphate complexes of
[A1SO,]t and A1[(SO,),]”, and following fluoridation it also occurs as fluo-
roaluminates with 1-6 coordinated atoms of fluorine, for example [AIF 6]3_.

Of the aluminium compounds with low solubility, hydrated aluminium
oxide (usually called aluminium hydroxide with a non-stoichiometric struc-
ture) is of particular interest in hydrochemistry and the technology of wa-
ter, and it is present mainly in the colloidal form. The structure Al(OH),
corresponds only to the compound formed by precipitation of aluminium
solutions by introducing carbon dioxide. At a higher temperature during
precipitation with ammonia, aluminium ozide-hydrozide AIO(OH) can also
be formed. When removing phosphates from water aluminium phosphate
plays an important role; it is stable in weakly acid media but is hydrolysed
to AI(OH); in alkaline media.

Aluminium ion hydrolysis. The aluminium cation is present in aqueous
media not in the form Al3+, but in the hydrated form, the so-called agqua-
complex [AI(H20)6]3+. For simplicity, however, coordinated molecules of
water are usually not shown. The hydrated ion is acidic, and the acidity
of the hexaaqua-aluminium complex is lower than the acidity of hexaaqua-
ferric complex. During hydrolysis different hydrozo complezes are formed.
Gradual transformation of AI>* jons takes place according to the following
scheme (coordinated water molecules are omitted):

AP = [AI(OH))"* == [AI(OH):]* == [Al(OH)s(aq)]’ == [AI(OH):]
AI(OH)s(s) (3.72)

The reactions are reversible. The relative concentrations of particular
species depend on the pH of the medium. In these reactions, polymeriza-
tion processes also occur. Polynuclear complex compounds are formed; they
are also called hydrozo polymers with a certain range of existence. Depend-
ing on the pH of the medium they are charged either positively or nega-
tively. During the hydrolysis of aluminium, polynuclear complexes such as
the following are formed: [Als/OH), P, [Alg(OH),0]*F, [Al5(OH),,]" ™,
[AL(OH),]**, [AL,(OH)g)*~, etc. The polymerization reactions occur fairly
slowly. Polynuclear complexes with a higher molecular weight have a col-
loidal character, and they gradually agglomerate up to the formation of
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a precipitate of non-stoichiometric structure changing with time. The pre-
cipitate formed is hydrated aluminium ozide.

Thus, the hydrolysis of APY is arather complex process which should be
taken into consideration when dealing with coagulation. The charge of the
colloidal hydrated aluminium oxide is related to the charge of corresponding
polynuclear hydroxo complexes. The charge of the colloidal particles in acid
media is positive, whereas that in the alkaline media is negative, and the
choice of pH for removal of either negatively or positively charged colloids
from water by coagulation with aluminium salts depends on this fact.

In the last decade the chemistry of aluminium salts hydrolysis related
to the application of the products of their partial hydrolysis in coagulation
has been studied in detail [5]. It has been found that as well as the pH
value, temperature, precipitate ageing and solution, the composition of the
hydrolysis product also depends on the initial ratio of the concentration of
OH"™ ions and aluminium, as well as on the rate of the base addition. The
hydrolysis of aluminium salts influences a number of side reactions depend-
ing on the overall composition of water, since aluminium forms complexes
with other ligands, such as sulphate, phosphate and fluoride.

Evaluating the distribution diagram of different forms of the aluminium
occurrence, at pH < 4 simple hydrated AI** cation predominates in the
solution, and at pH > 7 anionic hydroxo complexes prevail. The lowest so-
lubility of hydrated aluminium oxide is achieved at about pH 5.5. Solubility
rapidly increases in the alkaline region. Low concentrations of soluble alu-
minium can be maintained within a rather narrow pH scale. Precipitation
of aluminium salts appears at pH < 4 and at the initial Al concentration
below 0.01 mol 17,

The solubility of hydrated aluminium oxide depends on the modifica-
tions connected with precipitate ageing. The precipitate ageing reduces the
amount of hydrated aluminium oxide due to the formation of crystalline
thermodynamically stable modifications, and the minimum solubility pH is
shifted into the more acid pH region [6].

In surface and normal §roundwaters aluminium occurs only in hun-
dredths to tenths of mg 17", High aluminium content was found in acid
waters from the vicinity of deposits of some sulphide-containing ores or
slates, by the oxidation of which sulphuric acid was formed, which decom-
posed the neighbouring minerals.

For a long time aluminium was considered to have no adverse effects on
health. Its determination is important for checking the wastewater treat-
ment plant operation where aluminium sulphate is used for clarification.
In the case of improper dosing and low temperatures, on coagulation the
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hydrated aluminium oxide may separate sufficiently in the water piping
network thus deteriorating the sensory properties of drinking water. The
World Health Organization recommends 0.2 mg 17! as the highest Al con-
centration in water because of possible neurotoxic effects.

3.4.1.6 Iron

The forms of the occurrence of dissolved and undissolved iron depend on
pH, redox potential and the presence of complex-forming inorganic and
organic substances.

In the ozygen-free reduction environment of groundwaters and in the wa-
ters at the bottom of pools and lakes, iron is present in the ozidation state
1. Soluble forms which occur are particularly Fe’*, [FeOH]*, [Fe(OH),]™,
and in the waters with high concentrations of sulphate and hydrogen car-
bonates also [FeSO,(aq)]® and [FeHCO,]*. Organic substances in natural
waters are mostly complexes of humic acids.

The Fe(II) solubility is influenced by the solubility of Fe(OH),, FeCO,
and FeS. In natural waters it is mostly limited by the FeCO solubility,
but precipitation of FeCO,4(s) is very slow and requires considerable super
saturation. Only in strongly alkaline region Fe(OH), is found. Within
the range pH 8-11 different hydroxo carbonates are usually separated. In
waters containing hydrogen sulphide and its ionic forms, the iron solubility
can be limited by the FeS solubility over a wide range of pH. However, at
high concentrations of hydrogen carbonates and a very low concentration
of sulphidic sulphur the equilibrium moves in the favour of FeCOj.

In waters containing soluble oxygen, iron in the ozxidation state III is
the most stable form. Fe’t, [FeOH]**, [Fe(OH),]* are the predominating
dissolved forms of Fe(III), and in the presence of higher concentrations of
sulphates and in acid media ionic associates of [FeSO,]*, [Fe(SO,),]” or
[FeHSO4]2+ are also taken into consideration. Similarly, in strongly acid
waters with a high concentration of chlorides [FeCl]** and [FeCl,]" can be
formed, and in the presence of phosphates, ionic associates of [FeHPO“]+
and [FeHzPO,,]H. The solubility of iron under aerobic conditions is influ-
enced by the solubility of hydrated iron(III) oxide.

The equilibrium concentration of dissolved Fe(III) can also be limited by
the presence of phosphate within a certain pH range. However, the effect
of FePO, solubility is observed at pH < 5 at a phosphate concentration
> 0.1 mmol 17!, At pH > 5 FePO, slowly hydrolyses to Fe(OH),, si-
multaneously releasing phosphate ions. In anaerobic media phosphates can
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react with dissolved Fe(II) forms producing low soluble ferrous phosphate
Fe;(PO,),.8H,0.

Other anions with which Fe(III) forms complexes are the silicates; Fe(II)
is less reactive with these species. This is used to limit the separation
of hydrated Fe,O; from waters, e.g. in water mains (this also concerns
hydrated Mn(III) and Mn(IV) oxides). In waters containing 15-20 mg 17"
Si the Fe, 04 separates with difficulty. It is best stabilized in alkaline media
at pH 7.5. The formation of cationic or anionic complexes is supposed,
e.g. [FeSiO(OH)3]2+ and [Fe(OH).0.Si(OH),]”. At higher concentrations
of iron, polynuclear complexes can be formed.

We now consider Fe’* hydrolysis. The hexaaquafferric cation [Fe(H, O)s]3+
is more acid than hexaaquaferrous cation [Fe(H,0)s]**. The equilibrium
constant of hydrolysis is approximately one order lower than that in phos-
phoric acid, whereas the equilibrium constant of the hydrolysis of Fe?*
is approximately one order higher than that in boric acid. During the
hydrolysis the following essentially mononuclear complexes are produced:
[FeOH]**, [Fe(OH),]*, [Fe(OH),(aq)]° and [Fe(OH),]”. By other reactions
a series of polynuclear complexes is formed, for example, [Fe2(OH)2]4+,
[Fe,(OH),]*t, [Fe,(OH)s]%Y, etc. (for simplicity, the coordinated water
molecules are omitted). First, colloid hydroxo complexes are formed and
finally there is a precipitate of hydrated ferric oxide which is in fact a mix-
ture of different polynuclear complexes. The distribution of polynuclear
complexes depends not only on pH, but also on the initial concentration of
iron. In diluted solutions of ferric salts a precipitate of hydrated Fe, O, is
separated only at a higher pH. The equilibrium between particular polynu-
clear complexes is established only very slowly.

We turn now to the kinetics of Fe(II) ozidation. The ability of Fe(II) and
Fe(III) to undergo reversible oxidation and reduction plays an important
role in the chemistry and biology af natural waters and water de-ironing.
Dissolved iron is removed in the form of hydrated Fe,O, from natural
waters by oxidation with dissolved oxygen and subsequent hydrolysis and
flocculation. The oxidation can be represented by the following equation:

4Fe’* + 0, + 10H,0 — 4Fe(OH), + 8H* (3.73)
In hydrogen carbonate waters this reaction takes place as follows:
4Fe’t + 8HCO; +2H,0 +0, — 4Fe(OH), +8CO, (3.74)

The rate of oxidation depends on pH, iron concentration and concentra-
tion of dissolved ozygen or its partial pressure [7]. As hydrogen ions are
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released during the reaction, the oxidation is accelerated in alkaline media.
The oxidation rate within the pH range 5.0-7.5 can be described by the
following kinetic equation:

&P;et(l)) = ke(Fe(I1))c*(OH " )po, (3.75)

The dependence on pH is very marked. Within the above pH range
the oxidation rate increases by about 100 times for a pH increase of one
unit. In a more detailed description the effects of temperature and light
are also taken into account. The positive or negative effect of different
anions depends on the stability of their complexes with Fe(II) or Fe(III).
If more stable complexes with Fe(III) are formed then the oxidation rate
increases, and vice versa. Among the cations, copper has catalytic effects
on the oxidation process. A higher buffer value of water has also a positive
effect.

The Fe(II) oxidation rate is also influenced by organic matters which can
be either complex-bonded or can have reduction effects. This concerns pri-
marily humic substances. The complex-forming, oxidation-reduction and
catalytic processes result in a condition in which iron of the oxidation state
II can exist in humic waters in solution even in the presence of dissolved
oxygen unless the organic substances are removed by a stronger oxidizing
agent.

At low concentrations, hundredths to tenths of mg 17", iron is a common
component of waters. Higher amounts of iron are found in the waters of
peat moors where iron is bonded in complexes with humic substances and
is kept in a stable colloid solution. In reservoirs and lakes the content of
iron is stratified. On the bottom of reservoirs reduction processes take
place to produce Fe(II) (anaerobic conditions). During spring and autumn
circulation, Fe(Il) is dispersed in the whole water column and it oxidizes
at the surface to Fe(III) due to the contact with dissolved oxygen and is
hydrolysed.

In oxygen-free groundwaters iron in the oxidation state II is present at
concentrations of as many as tens of mg 17!, Natural waters with amounts
of iron above 10 mg 17! are considered to be mineral waters and are called
ferruginous waters.

The content of iron in surface and normal groundwaters is not significant
from the viewpoint of hygiene. However, it influences the sensory propertles
of water. Taste is affected at concentra.txons from about 0.1-1.5 mg 17,
At concentrations higher than 0.5 mg 1™ ! separation of the hydrated oxide
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under aerobic conditions can cause water turbidity unless the iron is bonded
in stable complexes.

Low Fe concentrations in water can cause development of iron bacteria
which can clog water piping, and after they die out they cause an unpleasant
odour in the water. Iron bacteria are autotrophic, obtaining energy by
oxidation of Fe(II) to Fe(IIl), and they utilize CO, and its ionic forms as
the source of carbon for the formation of new biomass.

Thus, iron in waters causes particular technological problems from the
aspects of supplying drinking and service waters. Therefore, the concentra-
tion of iron in drinking waters should not exceed approximately 0.3 mg 17t

Iron is also undesirable in waters for industry as it causes rusty spots
on materials. Its permissible concentration is sometimes lower than that
in drinking water. For example, in the production of viscose staple, the
maximum permissible quantity of iron in technological water is 0.05 mg 1.
A strict limit is also imposed in the case of waters for textile and paper
industries.

3.4.1.7 Manganese

In waters, manganese can occur in different oxidation states. In natural
waters the oxidation states II, III and IV are of greatest importance. In
water treatment, manganese in the oxidation state VII is sometimes used.

In the absence of soluble ozygen and other ozidizing agents Mn(II) is the
most stable form of occurrence in water. For the dissolved forms, Mn’t,
[MnOH]*, [Mn(OH),] ", [MnSO,(aq)])’, [MnHCO,]* should be considered,
and at high concentrations of chlorides and in acid media also [MnCI]*,
[MnCl,])° and [MnCl;]™ chloro complexes. As distinct from iron the relative
representation of ion associates of [Mn$0,]’ and [MnHCO,]* can be quite
significant in hydrogen carbonate and sulphate waters, and in some cases it
can be as much as 50% of the total dissolved manganese. Among the organic
complexes, those with humic substances are of particular significance.

The quantity of dissolved Mn(II) in natural waters depends on the solubi-
lity of hydroxide, carbonate and sulphide. In most natural waters the equi-
librium concentration of dissolved manganese is determined by the MnCO,
solubility. The production of Mn(OH), is considered only in a stronger
alkaline medium. In the presence of hydrogen sulphide and its ionic forms
the Mn(II) solubility in alkaline media is limited by the MnS solubility and
the equilibrium concentrations are the lowest under these conditions.

Manganese in the ozidation state 11 is labile in waters containing dis-
solved orygen under certain conditions. It is oxidized and hydrolysed quick-
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ly in alkaline media. Relatively insoluble higher oxides of manganese in the
oxidation states III and IV are separated.

Oxidation of Mn(II) and Mn(III) up to Mn(IV) accompanied by precipi-
tation of hydrated oxides is an important process in the course of manganese
removal from waters. In comparison with Fe(Il), Mn(II) is more resistant to
oridation. Oxidation with dissolved oxygen proceeds more markedly only
at pH > 9. On the contrary, it is easier to achieve reduction of Mn(III)
or Mn(IV) to Mn and thus also dissolution and release of manganese from
the sediments into the liquid media under conditions where the reduction
of Fe(III) to Fe(II) does not yet take place.

The kinetics of Mn(11) ozidation with dissolved oxygen can be described
by the following relationship:

de(Mn(II))

i = koc(Mn(II)) + kye(Mn(1I))e(MnO, )po, (3.76)

This kinetic equation involves an additive member containing the pro-
duct of oxidation (in contrast to Fe(Il) oxidation). It is an autocatalytic
reaction. Therefore, when removing manganese from water, employing so-
called manganese filters, it is first necessary to form a layer of higher hy-
drated oxides of manganese on the carrier, which is usually sand.

Complex forms of manganese in the oxidation state Il are more resistant
to oxidation by dissolved oxygen than a simple Mn®* jon. Organic Mn(1I)
complexes with humic substances are very stable. Apart from the che-
mical oxidation of Mn(II) by dissolved oxygen, biochemical oxidation with
manganese bacteria is also significant in waters. Fast biochemical oxida-
tion takes place even in natural media. The excessive growth of manganese
bacteria can cause build up of biomass coating in water piping.

Increased content of iron in water is usually observed together with in-
creased content of manganese. The quantity of manganese is generally
lower than that of iron, however, waters with roughly equal concentrations
also exist. The concentrations are mainly lower than 1.0 mg 17! due to the
low solubility of MnCO;, Mn(OH), and MnS, respectively. High concen-
trations of manganese are found only in acid mine waters. In reservoirs and
lakes the content of manganese is usually stratified, as in the case of iron.

Manganese has no adverse effects on health when present in the concen-
trations occurring in natural waters. However, it markedly influences the
sensory properties of water, more so than iron does. The taste of water
can be adversely influenced at concentrations greater than 0.1 mg 171, As
distinct from iron, materials in contact with water change its colour at low
concentrations. This also concerns the possibility of a more intense growth
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of manganese bacteria. Since manganese is more harmful than iron, its con-
tent in drinking and industrial waters is strictly limited. The World Health
Organlzatlon recommends for drinking water a maximum concentration of
0.1 mg I”". However, the limits are even lower for waters used by textile
and foodstuff industries.

3.4.1.8 Copper

Among the soluble forms of Cu®* present in natural waters the follow—
ing are to be taken into consideration: carbonate complexes [CuCOs(aq)]
and [Cu(CO3) 7, and hydroxo complexes [CuOH]*, [Cu(OH);]” and
[Cu(OH) ] . Important complex-forming substances are polyphosphates
which can bond copper into stable chelate structures. Silicates, sulphates
and nitrates do not form complexes with copper. Of the organic complexes,
production of compounds with amino acids, polypeptides and humic sub-
stances are of interest.

The solubility of copper in natural waters in acid media is limited by
the solubility of the alkaline carbonate, malachite Cu,(OH),CO,, and in
the alkaline media by the solubility of Cu(OH),. However, it depends on
the concentration of hydrogen carbonates. Depending on pH and hydrogen
carbonates, only limited quantities of copper can be kept in the soluble
form, this being of practical importance for the evaluation of its algicidal
effects in reservoirs.

In surface waters the dissolved forms of copper are mostly complex com-
pounds. Orgamc complexes with amino acids and humic substances, and
the [CuCO3(aq)] carbonate complex prevail. Only a small fraction consists
of the simple ionic form [8].

In  common surface and groundwaters copper occurs only in tens of
Ug 17!, Water stagnating in copper piping can contain even units of mg !
Acid waters from the vicinity of ore deposits contain hlgh concentlatlons
of copper ranging from tens through hundreds of mg 1~

Copper is not so poisonous for humans as was assumed in the past.
However, a concentration of 1-5 mg 17! causes a very unpleasant taste of
water. Compounds of copper are fairly toxic for fish.

When suppressing the excessive growth of algae a concentration of about
1.0 mg 17" is usually applied which rapidly decreases since, depending on
the composition of water, only a certain equilibrium concentratlon can be
kept in the soluble form, this being lower than 1.0 mg 1!
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3.4.1.9 Silver

Significant concentrations of silver occur only in some mine and industrial
wastewaters (particularly the photographic industry). In natural waters it
is present in trace amounts only. Slightly higher concentrations of silver can
be found in the waters which were disinfected by silver ions because of their
oligodynamic properties. Water in contact with silver or its slightly soluble
compounds shows a decrease in the concentration of bacteria. Bactericidal
effects are explained by the reaction of Ag+ ions with proteins of living
matter; such effects are observed at concentrations as low as 25 ug 1.

3.4.1.10 Zinc

The following soluble forms of zinc occur: Zn®*, [ZnOH]™, [Zn(OH);]~ and
[Zn(OH)4]2_. In waters with a higher concentration of hydrogen carbonates
the [ZnCO:,(a,q)]0 jon associate is also significant and in waters with a higher
concentration of sulphates, [ZnSO4(aq)]0. In industrial wastewaters from
metal plating, various cyano complexes and amino complexes can also be
present. The solubility of zinc is limited particularly by the solubility of
ZnCOg, Zny(OH)4(CO4),.H,0, and in alkaline region also by the solubility
of Zn(OH),. In normal surface and groundwaters usually 5-200 ug 17" are
present. In water remaining in zinc vessels the Zn concentration can reach 5
mg 17, Exceptionally high concentrations are present in acid waters from
ore mines.

The content of zinc in drinkin§ water is limited by the World Health
Organization to a value of 5 mg 1™~ with respect to organoleptic properties
of water. As zinc has rather adverse effects on fish and other aquatic
organisms only 0.05 mg 17! s permissible for streams.

3.4.1.11 Cadmium

Among the dissolved forms particularly Cd**, [CAOH]*, [CdCO,4(aq))’,
[CdSO.,(aq)]0 occur, and in alkaline media mainly the hydroxo complexes
[Cd(OH),]” and [Cd(OH),)*". Humic substances provide important or-
ganic complexes.

Cadmium in waters occurs together with zinc, but at much lower con-
centrations. The background in natural waters ranges from units to tens of
ug 17!. The artificial sources of cadmiun are wastewaters from the surface
finishing of metals, photographic and printing industries. It can be leached
from plastic piping as it is a component of their stabilizers.
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The solubility of cadmium is limited by the solubility of CdCOQ;, alkaline
carbonates and Cd(OH),. Cadmium has quite a high accumulation coef-
ficient which ranges from 5000 to 50,000. This concerns not only bottom
sediments but also aquatic organisms.

Cadmium is one of the very dangerous poisons, therefore, the World
Health Organization limits its maximum permissible concentration in drink-
ing water to 0.005 mg 1.

~ 3.4.1.12 Mercury

Among the soluble inorganic forms, Hg", Hg®*, Hg2*, [HgOH]*, [HgCL,)°,
[HgCl,]™, [HgCl,)?~, [HgCl)* and [HgS,]*~ are significant and in the or-
ganic forms particularly monoalkxlmercury compounds and dialkylmercury
compounds. The presence of Hg2+ is limited because of the disproportio-
nation into Hg0+Hg2+ in water. The concentration of elementary mercury,
whose solubility in an oxygen-free medium is about 25 ug 17!, can be signi-
ficant. The solubility increases in waters containing dissolved oxygen, due
to the formation of slightly soluble Hg(OH),. Mercury in natural waters
bonds in the form of slightly soluble HgS in sediments under anaerobic
conditions. In alkaline media the solubility of HgS increases due to the
formation of the complex anion [HgS2]2_ which is of practical importance
for mercury-containing wastewater treatment by precipitation with sodium
sulphide. In the presence of higher concentrations of chlorides chloro com-
plexes with 1-4 atoms of chlorine coordinated round the central atom are
to be taken into consideration, particularly in wastewaters resulting from
electrolysis.

In the group of organo-mercury compounds, phenylmercuric chloride
used as pesticide should be mentioned. By biological processes either
CH,HgCl or CH;HgCH, is formed from inorganically bonded mercury.
These compounds are easily accumulated in the meat of fish living in the
mercury-containing waters.

Mercury has one of the highest accumulation coefficients. It accumulates
exceptionally intensively in sediments and aqueous flora and fauna. The
values of accumulation coefficients presented are as high as 10°.

The maximum Hg concentration recommended by the World Health Or-
ganization in drinking water is only 0.001 mg 17! — the lowest value among
all the toxic metals.
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3.4.1.13 Lead

In natural waters, Pb’* and [PbCO3(aq)]0 are the significant soluble forms.
In the alkaline region also [Pb(CO);]*~, [Pb(OH),(aq)]’ and [PbOH]* com-
plexes are to be considered. In waters with a high concentration of sulphates
the [PbSO4('abq)]0 complex is also important. In addition, at high concen-
trations of chlorides different chloro complexes must also be taken into
consideration.

The solubility of lead in hydrogen carbonate waters is chiefly dependent
on the PbCOj, solubility. In alkaline media Pb;(OH),(CO4), and Pb(OH),
can be considered which, however, again dissolve in strongly alkaline media
to form [Pb(OH);)”. The solubility can also be significantly influenced by
the presence of organic complex-forming substances.

Artificial and increasingly important sources of lead are exhaust gases
of motor vehicles, which contain degraded products of tetraethyl lead. Via
atmospheric precipitation, lead is introduced into surface waters. Since
it has a high accumulation coefficient its major portion is removed from
surface waters by sorption on the bottom sediments.

Lead is a traditional poison and it is very dangerous when present in
waters. Therefore, no lead pipes are nowadays used for the distribution of
drinking water.

The maximum concentration of lead in drinking water recommended by
the World Health Organization is 0.5 mg 1I”'. Comprehensive results on
lead in the environment are presented elsewhere [9].

3.4.1.14 Arsenic

Arsenic usually occurs in water as As(V), but also in labile forms of As(III),
it is frequently bonded in complexes with organic ligands. As(III) undergoes
chemical and biochemical oxidation to form As(V). The most stable form
in aerobic environment of waters is As(V). In neutral media particularly
the ionic forms, H,AsO, and HAsO2™ should be taken into consideration.
In neutral media and at a redox potential of approximately zero As(III)
predominates, particularly its non-ionic form, H3AsOj;.

In natural waters arsenic usually occurs at concentrations ranging from
units to tens of ug 17'. Mineral waters containing more than 0.7 mg 17 of
arsenic are called arsenic waters. Since the compounds of arsenic appear
in company with phosphates, used as additives in detergents, as much as
0.1 mg1™! can be found in the waters from laundries.
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Arsenic has a considerable ability to accumulate in river sediments and
aquatic organism. Similarly to mercury, organic methyl derivatives can be
formed by the biological activity.

The arsenic compounds are poisonous, especially As(III), causing chro-
nical diseases. The maximum concentration of arsenic in drinking waters
recommended by the World Health Organization is 0.05 mg 1,

3.4.1.15 Selenium

Selenium occurs in waters in the oxidation state IV in the form of simple
or complex anions, for example, Se03~, HSeO5 , [Se(OH)6]2_, and the like.
In natural waters it is present only in trace quantities. However, in some
areas its amount in water can be very high, reaching tens of mg 1™t

The compounds of selenium are fairly dangerous. The maximum con-
centration of selenium in drinking waters permitted by the World Health
Organization is 0.01 mg 17",

3.4.1.16 Chromium

Chromium can occur in water either in the oxidation state III or VI. Cr(III)
possesses significant complex-forming properties. The Cr(VI) forms are
stable in aerobic media. In anaerobic media Cr(VI) can be reduced to
Cr(IIT), chromium is eliminated from the liquid phase in the form of low
soluble hydrated chromic oxide.

The oxidation of Cr(III) to Cr(IV) by oxygen dissolved in water is very
slow and takes place only in alkaline media. On the other hand, reduction of
Cr(VI) in natural waters by bivalent iron is possible especially in acid media
and by sulphites and hydrogen monosulphide. The maximum concentration
of Cr(VI) in drinking water permitted by the World Health Organization
is 0.05 mg 17",

3.4.1.17 Other metals

Nickel can enter natural waters primarily from wastewaters discharged from
plants involved in the surface finishing of metals.

Organically bonded cobalt occurs in the sludge from biological wastewa-
ter treatment plants in the form of vitamin B,,.

Molybdenum can be toxic at higher concentrations. It is intensively
accumulated by plants.
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Vanadium, when present in waters at certain concentrations, is conside-
red to be an indicator of crude oil occurrence and it perhaps has balneolog-.
ical effects. At low concentrations it probably has static effects on dental
caries, however, it is toxic at higher concentration.

Most of the elements of the periodic system occur in waters, including
the elements of rate earths. However, these concentrations are very low and
do not cause any hygienic or technological problems. Recently, attention
has been paid to the remarkable toxicity of beryllium. The compounds of
beryllium are used in the production of rocket fuels, fluorescent lamps and
they occur in wastewaters from beryllium processing works.

3.4.1.18 Fluorine and chlorine

Fluorine occurs in waters largely in the form of the simple anion F ™, some-
times also as hexafluorosilicates SiFg_ and complex compounds with me-
tals, particularly with Fe(III) and AI(III) (fluoroferrates and fluoroalumi-
nates). The concentration of fluorides in waters is limited by the solubility
of CaF, and MgF,. As CaF, is less soluble than MgF, the equilibrium
concentration of fluorides in water depends primarily on the concentration
of calcium.

The concentration of fluorides in natural waters ranges from hundredths
to tenths mg 1™, Concentrations exceeding 1 mg 17! are exceptional.

Fluorine in waters is of special hygienic importance from the viewpoint of
stomatology. Health disorders can occur in the case of both deficiency and
excess of fluorine in drinking water. At higher concentrations a chronical
disease occurs — fluorosis which is manifested by spots on the teeth (dential
fluorosis). Therefore, the limiting content of fluorides in drinking water is
1.5 mg 17!, On the other hand, concentrations of fluorine in drinking water
lower than 0.5 mg 1™! can result in more intensive occurrence of caries,
particularly in children. The optimum concentration of fluorides in drink-
ing water is 1.0 mg 17! as it has both caries-prophylactic and caries-static
effects. Since most natural waters contain only a low content of fluorine,
fluorides are often added to drinking waters (fluoridation) to prevent the
formation of caries. The biological activity of fluorine depends on the form
of its occurrence. It appears that fluoroaluminates are biologically less ef-
fective. However, it seems that in natural waters with pH > 7 and at a
concentration of a free fluoride ion of approximately 1.0 mg1™" no fluoroalu-
minates are formed because the competing capability of hydroxyaluminates
is quite significant [10]. For fluoridation, fluorides or fluorosilicates are re-
commended. Fluorosilicates are gradually hydrolysed in water according
to the equation:
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SiF2™ + 2H,0 = 6F~ + 4H* 4 Si0, (3.77)

Mineral waters with a concentration of fluorides more than 2.0 mg 17" are
called fluorine (fluoride) waters.

Chlorine is present in waters primarily in the form of the simple C1™
anion, and in some cases also in the form of chloro complexes, for example,
[FeCl]+ [FeCl,)*, [FeCl**, [FeCly]™, [FeCl,)*", etc. Of other forms of
occurrence of chlorine, elementary chlorine, non- dlssociated hypochlorous
acid HCIO, C10~ anion and different chloramines should be considered, fol-
lowed by organically bonded chlorine which may originate from the waste-
waters of chemical industry, and from chlorinated pesticides. However, it
can also enter the water via the chlorination of polluted waters.

Chlorine occurs most widely in the form of chlorides. In nature this
anion is present in all waters at fairly high concentrations. Together with
hydrogen carbonates and sulphates chlorides are the chief anions in waters.
In surface and normal groundwaters they are present in amounts ranging
from units to tens of mg 17", Chlorides may predominate in groundwaters
from great depths.

Man excretes about 9 g of chlorides per day in urine, which increases
the original content of chlorides in sewage. If chlorides are of animal origin,
they indicate faecal pollution. High concentrations of chlorides occur in
some industrial wastewaters (salting-out of products with sodium chloride,
neutralization of HCl-containing waters).

Chlorides are relatively stable, both chemically and biochemically. They
do not change in natural waters. During infiltration they are only slightly
adsorbed on different soil minerals. They have no adverse effects from the
viewpoint of hygiene, however, they affect the taste of water. But the
threshold concentration of taste also depends on the relative amounts of
some cations. A concentration of 150 mg1™ ! does not influence the sensory
properties of water. The maximum concentration of chlorides in drmkmg
waters recommended by the World Health Organization is 250 mg 1~

The presence of elementary chlorine in water is not natural. It is mtro-
duced into waters via disinfection by chlorination or where chlorine is used
as an oxidizing agent. Chlorine react with water according to the following
equation:

Cl, + H,0 = HCIO +H* +CI”

3.78
HCIO HY + Cl0~ (3.78)

!
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A solution of chlorine in waters is not stable when exposed to sunlight
and it undergoes a photochemical decomposition according to the following
reaction:

2HCIO — 2H" +2C1™ + O, (3.79)

Depending on pH and redox potential the following forms can occur in
water: Cly, HCIO, CIO™ and CI™. In the presence of ammonia nitrogen,
chloramines are formed during the chlorination of water. In neutral media
primarily HClO reacts:

NH,Cl + HCI0O — NHCL, + H,0 (3.80)
NHCl, + HCIO — NCl, + H,0

Distribution of mono-, di- and trichloramines depends on pH, tempera-
ture, time of reaction and mass ratio of chlorine and ammonia nitrogen.
At a certain ratio chloramines are degraded to form elementary nitrogen
or dinitrogen monoxide. This process can be represented by the following
summary reactions:

9NH, +3Cl, — N,+6H' 4+6CI™

3.81
4NH, + 7Cl, + H,0 — N, +N,0 + 14H* +14C1~ (381

Chlorine dissolves in water to form chlorine water. At 10°C about
10g 17! can be dissolved, and the above reactions (3.78) take place. The
solution of chlorine has both chlorinating and oxidizing effects. In hydro-
chemistry the term “active chlorine” denotes all forms of chlorine which
oxidize iodides into iodine in acid media. It is necessary to differentiate
between free active chlorine (molecular chlorine, hypochlorites, chlorine
dioxide) and bonded active chlorine (active chlorine in chloramines). In
water, chloramines are slowly hydrolysed into hypochlorites, and they are
weaker oxidizing agents than chlorine. The oxidation of Fe(II) and Mn(II)
by chloramines is not very effective. ‘

To ensure hygienically safe drinking water it is necessary to remove
the remaining concentrations of chlorine from the water; active chlorine
at higher concentrations also influences the sensory properties. Therefore,
the concentration of active chlorine in drinking water should range from
0.05 to 0.3 mg 17!, Active chlorine is rather harmful for fish as well as for
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other aquatic orga,msms Its concentration in surface waters should not be
higher than 0.15 mg 17t

3.4.1.19 Bromine and iodine

These elements are present in waters predominantly in the form of simple
Br~ and I” anions. The amount of iodides is usually lower than that of
bromides. In atmospheric waters they are of either natural origin (coastal
areas) or artificial (industrial air pollution). In normal ground- and surface
waters, they are usually present in trace quantities only; there are higher
concentrations in the sea and in mineral waters.

Mineral waters containing at least 5 mg 1" of iodides are called iodine
(iodide) waters. They are important in the treatment of some forms of
tuberculosis and positively influence the function of glands with internal
secretion. Deficiency of iodine causes hypertrophy of the thyroid gland.

3.4.1.20 Sulphur compounds

In natural and wastewaters, inorganic compounds of sulphur in the oxida-
tion states II, 0, IV and VI may be present. They include sulphates, sul-
phites, thiosulphates, thiocyanates, hydrogen sulphide and its ionic forms,
polysulphides and elementary sulphur.

Sulphates occur in water predominantly in the form of simple SO4
anions; in waters with high concentratlons of sulpha,tes ionic associates with
some cations, e.g. [CaS0,(aq)]’, [MnSO,,(a.q)] and others are also present.
Together with hydrogen carbonates and chlorides they provide the essential
part of the anions in natural waters. In normal ground- and surfa.ce waters
the content of sulphates ranges from tens to hundreds of mg 1”'. Some
mineral waters are particularly rich in sulphates.

From the chemical viewpoint sulphates are quite stable. However, un-
der anaerobic conditions they fairly easily undergo biochemical reduction
to hydrogen sulphide and can almost disappear from water. Under certain
conditions elementary sulphur can also separate as a transient oxidation
state. These processes can be represented as follows:

SO}~ + 8H' 4+ 6~ — S(s)+ 4H,0 (3.82)
S(s)+2HY + 2~ — H,S '

Sulphates at concentrations occurring in surface and usually in ground-
waters are irrelevant from the aspects of hygiene. However, high concen-
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trations can influence the taste of water and have laxative effects. The
maximum concentration of sulphates recommended by the World Health
Organization is 400 mg 17t

A higher content of sulphates in water causes aggressiveness towards
concrete. Permissible concentration of sulphates depends on the quality
of ¢oncrete and other factors. The aggressive effects on concrete are due
to the formation of ettringite (Candlot’s salt), CagAl,[SO,(OH),]; which
crystallizes with 30-33 molecules of water, thus considerably increasing
its volume and influencing the neighbouring material via crystallization
pressure.

Sulphites rarely occur in natural waters. They are chiefly of artificial
origin (wastewaters from the production of sulphite cellulose and thermal
processing of coal). They are washed out into atmospheric waters from
urban and industrial air pollutants. In waters, sulphites are slowly oxi-
dized into sulphates, consuming dissolved oxygen. Chemical oxidation is
accelerated by catalytic effects of various metals, particularly the Co(II)
compounds. In water treatment, sulphites are used for dechlorination, re-
moval of oxygen from feed waters for steam boilers, and in the technology
of wastewaters for reduction of Cr(VI) to Cr(III).

Thiosulphates occur in natural waters only exceptionally. They are of
natural origin in some mineral waters in which they accompany hydrogen
sulphide and its ionic forms. Their artificial origin in wastewaters comes
from the thermal processing of coal, dying plants, leather plants, etc.

Thiocyanates do not occur naturally in waters, but they are present
in wastewaters from the thermal processing of coal. - They can also be
formed by secondary processes, chemical reactions of biochemical processes
between cyanides and some compounds of sulphur.

We now consider hydrogen sulphide and its ionic forms. Sulphidic sul-
phur can occur in waters in the form of either non-dissociated hydrogen sul-
phide, H,S, simple HS™ and s~ ions, or some complex ions, e.g. [Hg82]2_.
Within the range of pH 7.5-12 the HS™ ion predominates. At pH < 6
non-dissociated H,S predominates in water. The second dissociation of
H,S is significant only in strongly alkaline media. Apart from these forms,
polysulphides can also be present in water probably as intermediates in the
oxidation of hydrogen sulphide.

Hydrogen sulphide and its ionic forms are labile in waters since they can
be ozidized to sulphates via chemical or biochemical reactions. In waters
they can occur permanently only in anaerobic media and therefore they
are evidence of reduction processes taking place in such waters. Chemical
oxidation of hydrogen sulphide by oxygen dissolved in water is a very com-
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plex process. Intermediates of the oxidation are probably polysulphides,
sulphites, thiosulphates and elementary sulphur. The oxidation rate de-
pends on pH (it is very low at pH < 6) and on the presence of catalysts
(Mn®*, Ni** and Co®*) [11, 12].

Mineral waters contammg at least 1 mg1™ ~1 of sulphide and thiosulphate
sulphur are called sulphur (hydrogen sulphide) waters. Mineral waters of
oil origin are particularly rich in hydrogen sulphide.

Hydrogen sulphide and its ionic forms can cause corrosion of concrete
sewage piping. In anaerobic media in sewage, hydrogen sulphide is genera-
ted and escapes into the atmosphere, where it is biochemically oxidized to
free sulphuric acid via the sulphur bacteria from slimy layers on the walls
of sewers. This acid can seriously damage the lining of the sewer roofs.
For such aggressive effects, concentrations of about 1 mg 17! of H,S in
wastewaters is sufficient [13].

Hydrogen sulphide seriously affects the sensory properties of water. The
threshold odour concentration depends on pH because this odour is caused
by non-dissociated H,S. Drmkmg water should have concentrations not
greater than 0.01 mg 1~ st Hydrogen sulphide is very poisonous for
fish.

3.4.1.21 Phosphorus compounds

Inorganically bonded dissolved phosphorus occurs in water in simple or
complex ionic or non-ionic forms, or in the form of polyphosphates

Orthophosphates occur pa,rtlcularly in the following forms: PO4 , HPO}
H,PO; , [CaHPO,]’, [FeHPO,]’, etc.

Polyphosphates occurring in water have either linear structures (catena-
polyphosphates) or cyclic structures (cyclo-polyphosphates).

Of the catena-polyphosphates particularly catena—dlphosphates P O7 ,
[CaP,0,,)*” and eventually catena-triphosphates P;035, [CaP;0,,]°”
and others are to be considered in the hydrochemistry and technology of
water. This group involves the polyphosphate frequently also used in the
technology of water, incorrectly called hezametaphosphate. It is a catena-
polyphosphate with 20-60 atoms of phosphorus per molecule. A gene-
ral formula of the cyclo-polyphosphates is (HPO,),,, for example cyclo-
triphosphates P3O9 (n = 3) or cyclo-tetraphosphates P, 0i; (n=4).

Polyphosphates are able to bond different cations into complezes keeping
them in this way in the soluble form even in the presence of some anions
with which they would otherwise form insoluble compounds. Therefore,
they find wide application possibilities in the textile industry, laundries,
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in the treatment of cooling and boiler waters in all places where higher
concentrations of calcium, magnesium, iron, manganese and other cations
cause problems.

The solubility of orthophosphates in water is limited by the solubility of
hydroxylapatite, Ca;(PO,);(OH), Mg,(PO,),, FePO,, AIPO,, Fe;(PO,),,
etc. The formation of these low-soluble phosphates is used for chemical
removal of phosphates from water. In the case of anaerobic stabilization
of sludge, piping can get clogged by very low soluble MgNH,PO, as the
recycling sludge water contains higher concentrations of ammonia nitrogen
and phosphates, and the pH is in the alkaline region [6].

The formation of many low-soluble compounds with commonly occurring
cations in waters causes very low concentrations of phosphates in both
natural and wastewaters. The concentration of phosphates in surface waters
can be several tenths mg 1”!. More rich in phosphates are waters from
peat moors which can sometimes contain as much as 1 mg 1™'. Due to
detergents and application of phosphates in agriculture their content is
continually increasing in natural waters. To prevent further undesirable
increase of phosphates in surface waters their application in the production
of synthetic detergents is now limited.

Man excretes about 1.5 g phosphorus per day which is discharged into
sewage wastewaters; the use of synthetic detergents for washing in house-
holds thus resulted in a doubled amount of phosphates in sewage.

The compounds of phosphorus play an important role in the natural
turnover of substances. They are of vital importance for lower and higher
organisms. After the death and decay of organisms phosphates are again re-
leased into the environment. Phosphates are particularly important for the
growth of green organisms in water. For the synthesis of 100 mg of biomass
of algae about 1 mg phosphorus is required. Higher concentrations of phos-
phates in surface waters are not desirable as they support intensive growth
of algae and cyanobacteria. They contribute to the so-called eutrophication
of water.

The content of phosphates in groundwaters to be used for drinking water
supplies is considered to be an indicator of faecal pollution if they are of
organic origin. As phosphates are well retained in soil, their indicator value
is significant.

Polyphosphates hydrolyse in water according to the following reaction:

P,0%; +2H,0 = 3P0} +4H' (3.83)
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The rate of hydrolysis is influenced by pH, temperature and calcium con-
centration. Calcium shifts the chemical equilibrium of this reaction to the
right as it bonds the orthophosphate ions formed. In addition to chemical
hydrolysis, biochemical hydrolysis also takes place in waters, particularly in
sewage with a dense biological population. A considerable part of polyphos-
phates in sewage fed into wastewater treatment plants is hydrolysed. The
half-time of polyphosphates in surface waters is given in days and tens of
days.

The peptization capabilities of polyphosphates depend on their sorption
on aluminosilicates and colloidal particles of hydrated oxides of iron, alu-
minium and manganese. In practice, this causes problems in water treat-
ment by coagulation when already rather low concentrations of polyphos-
phates can cause improper agglomeration of colloidal particles into sedi-
mentable floccules.

3.4.1.22 Nitrogen compounds

Together with phosphorus, nitrogen is one of the most important macro-
biogenic elements. The compounds of nitrogen are involved in all biological
processes in natural and wastewaters, and such compounds can be of either
inorganic or organic origin. Sewage is one of the sources of organic nitro-
gen. Man produces about 12 g of N per day. The nitrogen compounds in
wastes from agricultural operations (manure, silage waste) are also of or-
ganic origin. Inorganic sources of nitrogen are wastes from agricultural land
fertilized with mineral nitrogen fertilizers, atmospheric waters particularly
in the period of storms, and some industrial wastewaters (e.g. from thermal
processing of coal). Elementary nitrogen is considered in Section 3.4.1.26.

Nitrogen compounds undergo numerous biochemical transformations in
water. Organic nitrogen substances are decomposed by microbial activity
and nitrogen is usually released by deamination in the form of ammonia
nitrogen. On the other hand, ammonia nitrogen is utilized by microor-
ganisms as a source of nitrogen for the synthesis of new biomass. In some
cases molecular nitrogen can be transformed by some bacteria and algae
directly to organically bonded nitrogen. If the degradation of organic ni-
trogen compounds takes place under anaerobic conditions the ammonia
nitrogen formed is not further changed. Under aerobic conditions ammo-
nia nitrogen can be oxidized by nitrifying bacteria into nitrite and even to
nitrate nitrogen. This process is called nitrification and takes place in two
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steps:

2NH, +30, — 2NO; +2H" +2H,0
2NO; + 0, — 2NOj
(3.84)

9NH, + 40, — 2NO; +2H,0 +2H*

For complete oxidation of 1 g of ammonia nitrogen, 4.57 g of oxygen is
consumed.

During nitrification hydrogen ions are released which react with hydro-
gen carbonates commonly present in waters. If the buffering capacity of
water is insufficient, the pH value drops significantly.

In the reverse direction, under anaerobic conditions reduction of nitrites
and nitrates into elementary nitrogen, and eventually to N,O and NO can
take place. This process is called denitrification, in which nitrogen is re-
moved from the liquid phase into the atmosphere. Biochemical reduction to
ammonia nitrogen is rare; it does, however, take place, for example, during
fixation of elementary nitrogen by some green organisms. Denitrification
can result in the loss of nitrogen during biological wastewater treatment.
For denitrification, an organic substrate as the source of energy is essential.
Denitrification can take place in either strictly aerobic environment or at
very low concentrations of dissolved oxygen. In acid media the rate of de-
nitrification is lower and more oxides of nitrogen are formed. Nitrates are
biologically reduced in priority to sulphates. Therefore, in an oxygen-free
media hydrogen sulphide is not formed by the reduction of sulphates until
there are no more nitrates in the water.

We now consider in turn the various forms in which nitrogen may occur
in the environment, ammonia, nitrite, nitrate, cyanide and cyanate.

Ammonzia nitrogen occurs in the form of either non-dissociated ammonia,
NH,, which is hydrated in water, or the cation NH} . Relative represen-
tation of the two forms depends on pH. At a pH of approximately 9.3 the
ratio of molar concentrations is approximately 1:1.

Ammonia nitrogen is the primary product of the decomposition of or-
ganic animal and plant substances. Therefore, it occurs at high concen-
trations in sewage and in the wastes from agricultural production plants
(silage liquids, urine). It is of inorganic origin in wastewaters (from ther-
mal processing of coal), in atmospheric waters, and its other sources are
washings from soil to which nitrogen fertilizers have been applied.
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As there is always a small amount of ammonia nitrogen in the atmo-
sphere, its traces can be found in almost every surface water. There are
usually tenths mg 17! of ammonia nitrogen in atmospheric waters, but in
industrial waters its concentration can increase to units of mg 17" Orga-
nically polluted surface waters can also contain ammonia nitrogen in units
of mg 17!, This is also the case for waters from peat moors, where it
is produced via degradation of organic nitrogen substances of plant origin.
Exceptionally high concentrations are found in some industrial wastewaters
and waste from agricultural plants.

Ammonia nitrogen is very labile under aerobic conditions in natural wa-
ters. It is transformed into nitrites and even nitrates by biochemical oxi-
dation (nitrification). Chemical ozidation is difficult. Ozone, potassium
permanganate and potassium dichromate are ineffective. In only a few
cases can partial oxidation be achieved in aqueous solutions using catalysts.
An efficient oxidizing agent is chlorine which — depending on the reaction
conditions — can provide a mixture of different chloramines, elementary
nitrogen or nitrogen monoxide.

Ammonia nitrogen is essential for the production of a new biomass of
microorganisms. Due to the activity of heterotrophic and autotrophic mi-
crobes it is transformed into organically bonded nitrogen. The NH‘,+ ions
are strongly absorbed in soil, undergoing ion exchange. Ammonia nitro-
gen markedly increases corrosion of copper and its alloys, especially if the
concentration of ammonia nitrogen is higher than 10 mg 17! and the pH is
greater than 8.5.

Ammonia nitrogen is of great importance from the viewpoint of hygiene
as it is one of the primary product of degradation of organic nitrogen sub-
stances and one of the important chemical indices of groundwater pollution
with animal wastes. However, it is necessary first to rule out any possible
inorganic origin.

Ammonia nitrogen is fairly toxic for fish, the toxicity being caused pri-
marily by non-dissociated ammonia and not the NHI ions. Non-toxic con-
centrations of NH; for fish range from 0.01 to 0.04 mg 171,

Nitrites occur as the simple NO, anion. It is formed particularly by
biochemical oxidation of ammonia nitrogen or biochemical reduction of ni-
trates. Some industrial wastewaters are very rich in nitrites, for example
those from the production of some dyestuffs or from engineering works
employing cutting liquids for cooling of machine tools; such liquids con-
tain nitrites as corrosion inhibitors. Nitrites in waters occur with nitrates
and ammonia nitrogen only at low concentrations since they are biochemi-
cally and chemically labile. In clean ground- and surface waters only trace
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amounts are present. Higher contents of nitrites can be found in iron and
peat moor waters, where they are formed by reduction processes. In se-
riously polluted natural waters they occur exceptionally at concentrations
>lmgl™".

Nitrites are insignificant from the viewpoint of hygiene at the concen-
trations occurring in ground- and surface waters. The problems concerning
their higher concentrations are discussed in the section dealing with ni-
trates. They cause methaemoglobinaemia.

Nitrites are one of the important indicators of pollution of groundwaters,
if formed by transformations from organically bonded nitrogen in animal
wastes. Industrial water for the wool industry should not contain nitrites
which could cause a yellow colour of wool in more acid media as well as
difficulties during dyeing.

Nitrates, occurring most frequently as the simple NO, anion, are found
in much higher concentrations than nitrites. They are formed especially
by secondary pathways during nitrification of ammonia nitrogen. Another
source is the drainage from agricultural land to which nitrogen fertilizers
have been applied. In the case of electric discharges in the atmosphere, ni-
trates are formed by oxidation of elementary nitrogen; they are then trans-
ported into atmospheric waters. Nitrates are the final step of degradation
(mineralization) of organic nitrogen substances in an aerobic environment.

Nitrates occur at low concentrations in almost all waters. Higher con-
centrations can be found in groundwaters in the vicinity of large towns and
old settlements, as well as in groundwaters of agricultural areas. In clean
normal ground- and surface waters, concentrations of units mg 17! are usu-
ally present. However, in some areas waters containing tens to hundreds
mg 17! of nitrate nitrogen are present.

Nitrates are stable in water under aerobic conditions.

Under anaerobic reduction conditions they are biochemically reduced to
nitrites, elementary nitrogen or nitrogen monozide, and eventually even to
ammonia nitrogen. The chemical reduction of nitrates is also possible, in
iron waters in alkaline media.

Denitrification due to which the nitrogen compounds are lost from water
in the form of N, or N,O is of particular importance in the technology of
water. It has been suggested for the removal of excessive amounts of inor-
ganically bonded nitrogen from wastewaters after their biological treatment
so that the recipient is not overloaded with nutrients supporting an exces-
sive growth of undesirable organisms. After exhaustion of dissolved oxygen
in water, nitrates can temporarily serve as the source of oxygen for biolo-
gical oxidation of organic substances.
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Nitrates themselves have little direct adverse effects on man. However,
they can become harmful indirectly as they are reduced in the gastrointesti-
nal tract by microbial activity into the more toxic nitrites. Nitrites react
with haemoglobin to form methaemoglobin which is not able to transfer
oxygen in blood. A risk dose of nitrites for adults is approximately 500
mg; for sucklings it is about 1-10 mg NO, . The forms of diseases depend
on the amount of methaemoglobin in blood. A low-level clinical form is
manifested by cyanosis and tachycardia. The condition is called nitrate
alimentary methaemoglobinaemia, and it can be observed in regions with
drinking water containing high amounts of nitrates which is used for the
preparation of artificial nourishment for sucklings.

Furthermore, nitrites formed by the reduction of nitrates can react with
secondary amines in the gastrointestinal tract to produce potentially car-
cinogenic nitrosoamines.

The World Health Organization recommends limiting the concentrations
of nitrite and nitrate nitrogen to 10 mg 1™}, emphasizing that this value ex-
ceeds the content of nitrates in water which can be used for the preparation
of nourishment for sucklings.

Organically bonded nitrogen occurring in natural waters is of either ani-
mal or plant origin, or it originates from some of industrial wastewaters,
primarily from the foodstuff industry. The main forms of organic nitro-
gen in natural and sewage wastewaters are proteins and their degradation
products (peptides, peptones, amino acids) and urea. The resulting pro-
duct of biological transformations of organic nitrogen is most frequently
ammonia nitrogen. It is determined particularly in waste- and sometimes
in surface waters, and is important for tracing the technological processes
of wastewater treatment and for the evaluation of biological sludge.

Cyanides occurring in natural waters are never of natural origin. They
originate from industrial wastewaters, for example, from electroplating and
the thermal treatment of coal. Cyanides can occur in waters in the form
of simple (HCN, CN7) or complez forms. The sum of the various species
forms gives total amount of cyanides.

Hydrogen cyanide is a very weak acid in aqueous solution with a dis-
sociation constant of approximately 10~°. In neutral and acid media non-
dissociated HCN predominates, so that hydrogen cyanide can be eliminated
from simple cyanide solutions by such weak acids as H,CO3 or H3BO,. If
non-dissociated HCN predominates it can be removed from the solution by
simple aeration.

The CN™ anion has a great ability to coordinate as a ligand and to
provide a series of complex cyanides which are common in wastewaters from
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metal surface finishing. The most stable are complexes of Fe(II), Fe(III),
[Fe(CN)gJ>~, [Fe(CN)g]'™ and complex cyanides of cobalt. The complex
cyanides of cadmium, zinc, copper and nickel, for example [Cd(CN )4]2_,
[Zn(CN),J*~, [Cu(CN),]™, [Ni(CN),]>” and others, have lower stabilities.
Their behaviour depends on the magnitude of the stability constants; the
stability constants of cyano complexes of cadmium and zinc are so low that
the complexes are almost completely dissociated into simple cyanides in
diluted solutions.

Simple cyanides and some less stable complex cyanides undergo, in wa-
ter, chemical and biochemical decomposition processes, hydrolysis and oxi-
dation. The decomposition is stimulated by free CO, in water:

CN™ +CO, +H,0 — HCO; +HCN (3.85)
HCN +2H,0 — HCOOH + NH, (3.86)

Simple cyanides are very toxic. In the case of complex cyanides, the
toxicity depends on the stability constants as given by that fraction of
HCN which is able to split off.

The maximum allowed concentration of CN™ in drinking water recom-
mended by the World Health Organization is 0.1 mg 1!

Cyanates occurring in waters are not of natural origin. They are formed
during chemical treatment of cyanide wastewaters by oxidation with chlo-
ride, or during biological treatment of wastewaters containing cyanides.
They are about one thousand times less toxic than free cyanides. They are
stable only in alkaline media, readily undergoing hydrolysis in neutral and
acid media according to the following equation:

OCN™ +2H,0 + H* — NH{ + HCO; (3.87)

3.4.1.23 Silicon

Silicon is observed in waters following the decomposition of aluminosilicates
under the effects of CO, and H,0. The solubility of amorphous and crys-
talline Si0, (quartz) is also quite significant. Artificial sources of silicon in
waters are some industrial wastewaters of inorganic-based industry (e.g. in
glass and ceramic production).

In natural waters with pH < 9 silicon occurs primarily in the soluble
monomer non-ionic form as orthosilicic acid, Si(OH), and partially in the
colloidal form. In the past it was assumed that the colloid-soluble forms
predominated.
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Tetrahydrogensilicic acid is very weak, dissociating at the first step into
the [SiO(OH),]™ anion which is frequently written as HSiO; .

In water, about 120 mg 17" of amorphous Si0, dissolves at 25°C and
6-12 mg I”! of quartz. Supersaturated solutions are formed easily and
polymerization is initiated. However, the equilibrium is achieved only very
slowly. Ionic forms of silicon in waters can be considered only in stronger
alkaline media, at pH > 9. This concerns, for example, mononuclear com-
plexes, such as [SiO(OH)3)~, [SiO,(OH),)*~, [Si(OH),]™ and [Si(OH)g]*~.
At pH > 9 and at higher concentrations different polynuclear hydroxo
complexes of polysilicates can be formed, for example, [Si,Og(OH)s)*™,
[Si,0,(OH),)*" and others.

By acidification of the silicate solutions colloid polymer forms, colloidal
hydrated SiO,, are slowly separated. Absorbed silicate anions give the
colloidal particles a negative charge. Silicates can form complexes with
Fe(III) and Mn(Il); their importance was mentioned in the section dealing
with iron.

Because of very wide distribution of the silicon compounds in nature,
silicates occur in almost all natural waters. In surface and fresh ground-
waters concentrations are commonly up to 10 mg 17!, Exceptionally high
contents of silicon are found in hot waters of geysers, hundreds mg 17,
from which hydrated SiO, is separated in the form of opal by cooling and
evaporation after the emergence of the water at the surface.

For some microorganisms (diatoma) silicon compounds are of vital im-
portance. They form a cell wall containing hydrated SiO,. Siliceous shells
of diatoms from ancient geological eras form layers, making the so-called
diatomaceous earth which is important in the technology of water as a
filtering material.

The silicon compounds are not significant in waters, from the viewpoint
of hygiene. Higher silicon concentrations are undesirable in waters to be
used for the textile industry and breweries. They cause special problems
in the case of feed and boiler waters because they form dangerous sili-
cate coatings (silicate boiler incrustation) via the reaction with calcium,
magnesium, iron, aluminium and sodium. These coatings have a very low
heat conductivity. At higher pressures, so-called hard coatings of the type
Na,0.R,03.25i0,.yH,0 can be formed.

3.4.1.24 Boron compounds

Boric acid, B(OH), is a very weak acid. It forms the anion [B(OH),]” in
aqueous solutions. At concentrations < 0.025 mol 171 it is usually present
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in the monomolecular form. At higher concentrations polymers are formed
which can have either chain or circular structures. Depending on the pH the
monomolecular form can occur in either a non-ionic or an ionic form. At the
pH of natural waters the non-ionic form predominates and therefore boron
in waters is considered to be a non-electrolyte. The considerable tendency
of boric acid to form complex compounds complicates the distribution and
increases the number of the possible forms of the occurrence in waters.

An artificial source of boron in waters is sewage containing borates from
detergents, and some industrial wastewaters, e.g. from glass, ceramic, pho-
tographic and foodstuff industries. In surface waters the content of boron
of natural origin ranges from thousandths to hundred thousandths mg 17,
Higher concentrations can be found in surface waters which are recipients
of sewage. In such cases the concentrations of borates can exceed even a
value of 1 mg 17t

The content of boron in sewage is gradually increasing due to the increase
of the use of washing agents; concentrations as high as 5 mg I™! can be
found.

Boron does not represent any health hazard if present at the concen-
trations occurring in clean surface and fresh groundwaters. However, its
presence is not suitable in irrigation waters as it inhibits the growth of
plants. Therefore, the concentration of boron in these waters should be
limited to values ranging from 0.5-2.0 mg 17!

3.4.1.25 Oxygen (elementary)

Oxygen enters water via diffusion from the atmosphere and it is genera-
ted by photosynthetic activity of aqueous plants. It is consumed during
aerobic decomposition of organic substances, oxidation of some inorganic
compounds and respiration of the organisms present.

In clean surface waters the concentration of dissolved oxygen is about 85—
95% of saturation and varies throughout the day. These diurnal variations
depend on the intensity of photosynthesis and changes in the temperatures.
In the case of intensive photosynthetic assimilation of green organisms or
in turbulent stretches in streams, water can easily become oversaturated by
ozygen. At 15°C water is saturated by oxygen at a concentration of about
10 mg 17,

As opposed to surface waters, groundwaters are poor in dissolved oxy-
gen but after springing at the surface they are promptly saturated. The
presence or absence of dissolved oxygen determines whether aerobic or anae-
robic processes will take place in water. It is essential in order to ensure
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aerobic processes during self-purification of surface waters, and for aerobic
biological wastewater treatment. If oxygen is exhausted from water, mi-
croorganisms obtain their oxygen for biochemical oxidation first of all by
reduction of some inorganic susbstances (e.g. nitrates), and after exhaus-
tion of these sources reduction of organic substances starts and different
bad smelling products are formed, including mainly hydrogen sulphide.

It follows that the content of dissolved oxygen is an important indicator
of the quality of streams, as one of the first indications of surface water
pollution by organic substances is a decrease in the oxygen content down-
stream from the source of pollution. Oxygen in water is of vital importance
for fish, a concentration of 3-4 mg 17 s usually considered to be the lower
limit, but this depends on the sensitivity of fish. The salmon-like fish
require a concentration of approximately 6 mg 17t

Oxygen in water is important when evaluating aggressivity of water to-
wards metals (so-called oxygen corrosion), and it is an important index for
checking the operation of biological wastewater treatment plants.

3.4.1.26 Nitrogen (elementary)

The source of nitrogen in waters is primarily atmospheric nitrogen. It can
also be generated directly in water or soil by biochemical denitrification
processes from nitrates and nitrites. Although nitrogen is less soluble in
water than oxygen its concentration in surface waters is higher because of
its higher partial pressure in the atmosphere.

Nitrogen dissolved in water does not undergo chemical transformations.
However, it can be biochemically transformed into organic nitrogen (fixa-
tion of elementary nitrogen by some bacteria or algae). Nitrogen in water
has neither hygienic nor technological importance, therefore, it is not de-
termined in waters.

3.4.1.27 Methane and aliphatic hydrocarbons

These compounds are present in some groundwaters and their origin is
mostly biochemical. Methane is one of the base gases present in waters from
oil deposits where it was generated by the activity of methane bacteria. It is
also generated, together with a lower amount of hydrogen, during anaerobic
stabilization of sludge from treatment plants and anaerobic treatment of
some industrial wastewaters.
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3.4.1.28 Carbon dioxide and its ionic forms. Carbonate equilibrium.
Aggressive carbon dioxide

Unpolluted air contains about 0 03% by volume of CO, which corresponds
to its partial pressure of 3 x 10~° MPa. Under these conditions approxima-
tely only 0.7 mg 1™ CO2 is dissolved at 10°C in distilled water. Although
the content of carbon diozide in the air of large towns and in the neighbour-
hood of industrial sites is higher, it is not the reason of high concentrations
of CO, in waters.

Carbon dioxide of biochemical origin is an important source of CO, in
fresh ground- and surface waters. It is formed during biological decomposi-
tion of organic substances present in both water and soils. The content of
CO, in the surrounding air can be many times higher than that in the atmo-
sphere. Its partial pressure usually ranges from 5 X 10~ *t01x 1072 MPa.

Another source of CO, can be thermal decomposition of carbonate mi-
nerals, or their destruction by acid waters during the oxidation of sulphide
ores.

Hydrogen carbonates get into water via chemical weathering of alumi-
nosilicates by CO, and H,O and the reaction between carbonate minerals
and CO,.

Carbonates occur in natural waters at higher concentrations only very
rarely. Concentrations which can be analytically determined are formed
during intensive photosynthetic assimilation of green organisms in waters
when dissolved CO, is exhausted and thus the carbonate equilibrium is
shifted in favour of the formation of CO3 ions. By this process the pH
value is increased (pH > 8.3).

Carbon diozide is dissolved in the molecular form as a free hydrated CO,
and is usually denoted by the symbol CO,(aq). Slightly less than 1% reacts
with water to form non-dissociated molecules of H,CO;. Carbon dioxide
dissolved in water is called free carbon diozride and this term is used for the
sum of the concentrations of free hydrated CO, and H,CO,.

In chemical reactions usually only CO, or H,CO; is written, but it al-
ways expresses the total quantity of dissolved CO, in the form of both hy-
drated CO, and non-dissociated carbonic acid.

The dissolution of CO, in water and the dissociation of carbonic acid
can be expressed by the following equations:
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¢(H,CO3)

e(H")e(HCO5) . _ e(H")e(CO5™)
pr(COZ) ’

¢(H,CO5) ' 27 ¢(HCO;)
(3.88)

K, = K, =

where ¢ is the concentration of the relevant component in mol 1_1, and p,
(CO,) is the relative partial pressure of carbon dioxide above the liquid
phase, p. = p/p,, where p, is the standard pressure 101,325 Pa and p is
the pressure of CO, in Pa.

The jonic forms of carbon dioxide are represented by the HCO; and
CO3 ions. Here, carbon diozide is chemically bound and is specified as a
hydrogen carbonate and carbonate. The sum of all three forms, is denoted
as total carbon diozide:

¢(CO,)g = ¢(H,CO4) + ¢(HCO; ) + ¢(CO37) (3.89)

At pH < 4.5 the HCO; ions practically do not occur in water and free
CO, predominates. At pH 8.3 the HCO; ions are predominant and at
pH > 10.5 the ions CO3 prevail.

Dissolved free CO, can be found in almost all natural waters with pH
< 8.3. In running surface waters CO, is present only in units of mg 1!
and does not exceed 30 mg 1”'. In deep reservoirs and lakes the content
of CO, is stratified due to photochemica.l assimilation of phytoplankton.
In surface waters the CO, demand can be so high during photosynthetic
assimilation in summer that the content of free CO, is exhausted and thus
the pH of the water becomes higher than 8.3.

Fresh groundwaters usually contain several tens mg 17? of free CO, and
mineral waters frequently more than 1000 mg 1!

From the hydrogeological viewpoint the partial pressure of CO, corre-
sponding to the given composition of water is important as it enables one
to assess the state of water saturation in comparison with the atmosphere
or soil air. Its value is calculated by solving the equations for equilibrium
constants K, and K:

log p.(CO,) = log ¢c(HCO5 ') — pH — log Ky K, (3.90)

where p_(CO,) is the relative partial pressure. The actual pressure of CO,
is calculated by multiplying the relative pressure by the standard pressure
of 101,325 Pa.

Hydrogen carbonate is an ion which is common to all natural waters and
it is the predominant anion. Apart from the simple HCO; ions, part of
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hydrogen carbonates occur in ionic associates with calcium and magnesium,
[CaHCO,4]* and [MgHCO,]*.

Atmospheric waters contain units and tens of mg ™" of HCOj . In fresh
ground- and surface waters their quantity ranges from tens to hundreds
mg 17", and in mineral waters their concentration is even higher.

Carbonates are difficult to determine in fresh ground- and surface wa-
ters. Only in the case of intensive photosynthetic assimilation when free
CO, is exhausted from water, the carbonate equilibrium shifts towards the
formation of carbonates which results in an increase of pH above 8.3. They
are present in alkaline wastewaters from the textile industry and laundries.

Carbon dioxide is quite soluble in water; at 10°C about 2.360 mg 17!
dissolves. A very low degree of hydration of CO, to H,COj, causes slight ex-
pulsion of carbon dioxide from water by aeration and slight transformation
of the HCO; ions into carbonates by boiling.

The CO, content in waters does not have any hygienic significance. How-
ever, it influences the taste of water very positively and in higher concentra-
tions it can mask the unpleasant taste caused by other substances. Carbon
diozide in water is of considerable technological importance from the view-
point of aggressivity.

Hydrogen carbonates also favourably affect the taste of water. To ensure
non-aggressivity of water, minimum values of HCO; have been defined for
water transported by piping. It is recommended that the concentration of
hydrogen carbonates in drinking water should be higher than 0.8 mmol 1t

We now consider the calcium carbonate equilibrium and aggressive carbon
dioride. Of the various chemical equilibria in natural and service waters,
the calctum carbonate equilibrium is of the greatest theoretical and practical
importance. It is concerned with the evaluation of water aggressivity, con-
trol of deacidification processes, limnology, evaluation of buffering capacity
of water, etc.

The solubility of CaCO,(s) in clean waters is given by the solubility
product K, which is defined by the equilibrium constant of the reaction:

K, = (Cal*)e(CO%T)

CaCO,(s) = [CaCO(aq)” = Ca’* +CO%~ (3.01)

Calcium carbonate can dissolve to a larger extent only in the presence
of dissolved CO,, according to the reaction:

CaCO,(s) + CO, + H,0 = Ca’* +2HCO; (3.92)
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An equilibrium is established between the Ca’* and HCO; ions, and
CO,. Carbonate dioxide which is in equilibrium according to the above pre-
sented reaction and which is required to prevent CaCQOj separation from the
solution or, vice versa, for prevention of its dissolution, is called equilibrium
carbon diozide. If a higher quantity of free CO, than that corresponding
to the carbonate equilibrium is present in water, then the water has a ten-
dency to dissolve calcium carbonate. The difference between the free and
equilibrium CO, is called ezcess carbon diozide. A part of the total excess
CO, has aggressive effects on various materials. On the other hand, if a
lower amount of free CO, is present in water than that corresponding to
the equilibrium, then water has a tendency to separate CaCO, and to form
incrustations. In this connection one talks about the stability of water,
which represents the condition in which it neither separates CaCO; from
the solution, nor dissolves it.

Many authors discuss the theoretical and experimental solution of the
calcium-carbonate equilibrium [14]. The methods are based on various
simplifying assumptions and they solve calcium-carbonate equilibrium and
thus also aggressivity of water with greater or lesser success. In the majority
of cases the aggressivity of water can be evaluated only semi-quantitatively.

Water aggressivity should be evaluated with respect to the material it is in
contact with. Most frequently, its aggressivity against iron or calcium car-
bonate is evaluated, in connection with the effect of water on some building
materials (mortar, concrete). If water is in contact with calcium carbon-
ate the excess CO, reacts as above specified. 1 ml of free CO, provides 2
moles of hydrogen carbonates. If the content of free CO, is reduced during
dissolution of CaCOj, by a certain quantity, the content of hydrogen carbo-
nates is doubled. Water is enriched in hydrogen carbonates and thus the
quantity of equilibrium CO, is increased. In this case only part of excess
CO, is aggressive against limestone. It is evident that aggressivity of CO,
towards limestone is lower than the aggressivity of CO, against iron.

The Langelier indez of saturation, which is one of the so-called indices of
unequilibrium (equilibrium indices, saturation indices), is commonly used
in practice. The Langelier index specifies whether a water of given compo-
sition is or is not in equilibrium with solid CaCO3. Water in a condition of
calcium—carbonate equilibrium (so-called stable water) or slightly oversat-
urated CaCOj, has a tendency to form protective layers in metallic pipings
and thus to limit its corrosion. In the opposite case (undersaturation) water
has a tendency to dissolve CaCOj; in both the building industry (mortar,
concrete) and in metallic piping. :
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The behaviour of water towards CaCO,4 can be characterized by the dif-
ference pH - pH,, where pH, is pH of water which is in equilibrium with
CaCO,. This difference is called the Langelier saturation indez and is usu-
ally denoted by I,. If I, = 0 the water is in calcium-carbonate equilibrium,
if I, < 0, water has a tendency to dissolve CaCOQ, (aggressive water), and
if I, > 0 water has a tendency to precipitate CaCOj (incrustating water).
Thus, if I, is greater or less than zero, one can talk about unstable water.

The index I, is not a quantitative measure of aggressivity but only an in-
dicator of a general tendency to separate or dissolve CaCQO,. Therefore, the
values ranging from +0.25 to -0.25 are still considered to be an equilibrium
state.

For the calculation of pH, it is possible to derive the following equation
from the equation for the second dissociation constant of carbonic acid K,
and the solubility product of calcium carbonate, K,:

K,
K,y(Ca’" )y(HCO3)

pH, =log —logc(Ca’t) — log c(HCO;)  (3.93)

where ¢ is the mass concentration in mol 17! and ~ is the activity coefficient
of the corresponding species.

The value of pH, calculated in this manner expresses pH of water which
would be achieved if it was in equilibrium with CaCOj, at the given ionic
composition. It is not pH, achieved after the contact of aggressive wa-
ter with CaCOj since by dissolving of CaCOj; the content of calcium and
hydrogen carbonates changes and so does the ionic strength, so that the
original state is not known. This difference between actual and fictive pH
is neglected in practice. The difference can be significant only in slightly
mineralizated waters with a high content of aggressive CO,.

The evaluation of aggressivity according to the Langelier indez of satu-
ration is not ideal. The calculated pH, values are usually higher than the
actual ones. The aggressivity of waters with low mineralization is normally
overestimated, and that of the waters with high mineralization is underes-
timated.

Ryznar suggested an empirical expression similar to the Langelier satu-
ration indices. The term 2pH, - pH which assumes only positive values was
called the stability indez. If the stability index ranges from 7.5-8.5 water
is aggressive. If the index values are lower than 6 it means that the water
will probably cause incrustations. If the stability index is approximately 7
the water is in equilibrium.
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It seems that the calculation of oversaturation or undersaturation of
water by CaCO, is more important for the evaluation of aggressive or
incrustation effects of waters L14, 15]. It is the quantity of calcium or CaCO,
either in mmol 17! or mg |7 which canr be separated from oversaturated
water or dissolved in unsaturated water.

None of these methods of pH, calculation and water oversaturation by
CaCOj; take into consideration the formation of ionic associates in the cal-
culation of ionic strength as well as in the calculation of actual and equilib-
rium concentrations of calcium and hydrogen carbonates which are primar-
ily used for the calculation of calcium-carbonate equilibrium. More exact
calculations of calcium-carbonate equilibrium, more exact calculations with
regard to the formation of ionic associates may be found elsewhere [16, 17].

In the USA the use of the Caldwell and Lawrence diagrams is widespread
[14). These are graphic solutions of the problems concerning calcium-
carbonate equilibrium. Each diagram is valid only for certain temperature
and ionic strength. The diagram itself consists of isolines connecting the
points with identical concentration of calcium, pH values and acid neu-
tralizing capacity to pH 4.5 (ANC, ;) (alkalinity). The point where these
curves cross is the point of the calcium-carbonate equilibrium of water.

As the theoretical calculation does not always result in entirely cor-
rect results, practical corrosion tests are carried out. Aggressivity towards
CaCO, is experimentally determined by the so-called Heyer’s test (marble
test). In these experiments water is brought in contact with CaCO, and
after achieving equilibrium the increase or the loss of calcium or hydrogen
carbonates is determined.

3.4.1.29 The pH value, buffering and neutralization capacity of water

The pH value considerably influences the course of chemical and biochemi-
cal processes in waters. It causes the differentiation of the specific forms of
occurrence of some elements, it is one of the aspects for the evaluation of the
aggressivity of water and it influences the efficiency of many technological
processes employed for the treatment and purification of waters.

In clean natural waters the pH value ranging from 4.5-8.3 is given by
the equilibrium between free and bonded CO, (carbonate equilibrium) un-
less another protolytic system is present at higher concentrations. This de-
pendence can be affected by humic substances, a higher content of cations
easily undergoing hydrolysis, a higher content of hydrogen sulphide and its
ionic forms, and a higher content of phosphates, etc. Decrease in pH of
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water below 4.5 is caused by free inorganic and organic acids. Waters with
pH > 8.3 contain CO3 or OH™ ions or organic bases.

In clean natural water the pH can be calculated from the content of free
CO, and hydrogen carbonates using the expression for the first dissociation
constant of carbonic acid. Dissociation to the 2nd degree can be neglected
as its effect becomes significant only as pH > 8.3. Due to the inaccurate
determination of free CO, the calculation provides only rough results. On
the contrary, from a known value of pH and the content of HCO; the
content of free CO, can be calculated.

Distilled water which is in equlhbrmm with CO2 in clean air (0.03% by
volume) contains about 0.55 mg 17" CO, at 20°C. By calculation it results
that its pH is 5.65.

Surface waters, except the waters from peat moors, have a pH ranging
from 6.5-8.5. The shift into the alkaline region above 8.0 is caused by
intensive photosynthetic assimilation of the organisms present. Waters from
peat moors containing humic substances have relatively low pH values. The
pH value of fresh groundwaters usually ranges from 5.5-7.5. Waters in the
neighbourhood of sulphide ores have strongly acid reactions.

The pH value can be markedly influenced by its biological processes. For
example, during biological nitrification hydrogen ions are released which
react with the hydrogen carbonates present to release free CO, and the
pH of the water decreases. Conversely the increase of pH of water can be
observed during biological denitrification or reduction of sulphates.

The buffer value of water (BV) expresses the ability to resist, or buffer,
pH changes after addition of acids and bases. It can be defined as a ratlo
of an infinitesimal addition of a strong base ¢, or strong acid ¢, in mol 17!
to the corresponding pH change induced in the following way:

BV=—2 - __—=2 (3.94)

The buffer value of a solution can be evaluated from the course of the
neutralization titration curve. It is a reciprocal value of the tangent to the
titration curve expressing the dependence pH = f(¢,) for the given points.
The buffer value is given in mmol 1™ and is always positive.

A number of homogeneous and heterogeneous buffer systems can be
found in water. The most important buffer system in natural waters is
COQ—HC03—CO§_. Maximum buffer values in this system are achieved
at equal concentrations of hydrogen carbonates and carbonates which are
at pH of about 6.3 when c(H+) = K, and at pH of about 10.3 when
¢(H) = K,. The carbonate system has the minimum capacity at pH 8.3,
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i.e. when the concentrations of free CO, and carbonates are equal, when
c(H+) = /K, K,. Other buffer systems which may occur in natural waters
involve borates and silicates, which are observed in some mineral waters and
sea water.

In wastewaters the NH,~NHJ buffer system needs to be considered. The
total buffer value is given by the sum of partial buffer values; for natural
water this ranges from tens to units of mmol 177,

The buffer mechanism in water can also be induced by some hetero-
geneous systems where exchange reactions between the ions in water and
‘bottom sediments or minerals occur, or dissolution and precipitation of
some minerals take place.

During the anaerobic stabilization of sludges from wastewater treatment
plants, the buffer value of undissolved carbonates is particularly important.

The ability of water to bond hydrogen or hydroxyl ions is called the
neutralizing capacity. This ability is a general property of all waters, in-
volving different protolytic systems; in natural waters the carbonate system
predominates. However, in the case of many wastewaters (sludge from anae-
robic stabilization, agricultural wastes, etc.) a number of other protolytic
systems are of interest. Neutralizing capacity is determined by titration
of a sample of water with acid (acid neutralizing capacity, ANC) or base
(base neutralizing capacity, BNC) up to the determined pH value which
can be chosen on analytical grounds (inflexion point of the titration curve)
or technological grounds (determination of acid or base consumption for
neutralization of wastewaters) [1, 10].

For the titration of a carbonate system, titration indices 4.5 and 8.3 are
used, but for the analysis of sludge water from anaerobic stabilization of
sludge the value of pH 5.78 has been recommended [18]. To determine the
consumption of acid or base for neutralization of wastewaters titration to
pH 7.0 is recommended.

Acid or base neutralizing capacity is that quantity of a strong monobasic
acid or monoacidic base in mmol which is used by 1 litre of water to achieve
a certain pH value.

Acid or base capacities are therefore measured in mmol 17!, The pH
value up to which the titration takes place, is presented as the index of the
relevant abbreviation, e.g. ANC, 5, ANC; 75, BNC, o, etc. The neutralizing
capacity is an integral of the buffer value within given pH range.

In natural waters with the main protolytic system of carbon dioxide and
its ionic forms, the determination of acid capacity up to pH 4.5 (ANC, ;)
(so-called alkalinity) is the most important from the analytical viewpoint;
in this case hydrogen carbonates react to form free CO,:
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HCO; +HY = CO0,+H,0 (3.95)

The acid consumption corresponds to the content of hydrogen carbona-
tes. As well as free HCO; ions, hydrogen carbonate complexes bonded in
ionic pairs with calcium, magnesium, etc. are also determined.

If the pH of water is hlgher than 8.3 it indicates the presence of COa ions
or OH™ ions, which can occur either separately or in combinations, HCO4
+ CO™ + OH™. The combmatlon of HCO; + OH™ is not possible as the
reaction takes place to form CO3 ions. To determine the concentration of
individual ions the acid capacity to pH 8.3 (ANCg ;) must be determined.
Carbonates react as follows:

CO}” +HY = HCO; (3.96)

The determination of base capacity up to pH 8.3 (BNC, ) also has ana-
lytical importance in natural waters. Free CO, reacts according to the
reaction:

C0,+O0H™ = HCO; (3.97)

However, all weak inorganic and organic acids and their salts S’phos-
phates, borates) and cations of metals being hydrolysed to release H™ ions
are titrated at the same time. In the majority of less-mineralized natu-
ral waters with pH > 4.5 which do not originate from peat moor regions,
the content of free CO, in water can be calculated from BNCg 5 (so-called
acidity).

The following acid and base capacities of a carbonate system can be
determined:

ANC, = c(Hco3 ) +2¢(CO37) + ¢(OH™) — ¢(HY) (alkalinity)
ANCg 5 = ¢(CO27) + ¢(OH™) — ¢(H,CO3) — ¢(HY)
BNC, ; = ¢(H') — ¢(OH™) — ¢(HCO3 ) — 2¢(CO3™)
BNCg 5 = c(H) + ¢(H,CO;) — ¢(CO3 ™) — ¢(OH™) (acidity)

(3.98)

For the total acid capacity of a carbonate system ANC, ; can be consi-
dered, when all forms of carbon dioxide are transformed into free CO,.

In the case of wastewaters, the determination of neutralizing capacity at
pH 7 or another point in the neighbourhood of this is of the greatest impor-
tance from the technological viewpoint. The determination of neutralizing
capacities to pH 4.5 or 8.3 has neither practical, nor theoretical nor ana-
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lytical importance in wastewaters as the calculation of the CO, forms is
usually meaningless.

3.4.1.30 Radioactive substances

Radioactivity originates in natural sources (natural radioactivity) as well
as in artificial ones (artificial radioactivity).

Natural radioactivit 5; is caused b the presence of radionuclides such as
226Ra, 2R, 28U, 29Th, %P0, 2’°Pb, *°K and others. Except for some
mlneral wa,ters and waters from the neighbourhood of radioactive ore de-
posxts, oK participates to the greatest extent in the activity of groundwa-
ters Natural potassium contains about 0.012% of the radioactive isotope

K. In atmospheric waters also, natural radionuclides can be found which
are formed m the atmosphere due to the effects of cosmic radiation, for
example 3H, MC.

The artificial radioactivity of waters is caused particularly by radionu-
clides formed by nuclear fission reactions (nuclear explosions, nuclear reac-
tors). The contribution of artificial radioactivity from scientific and medical
institutions is small. The followm§ radionuclides in partlcular can be con-
sidered in this case: 90Sr, %0 Y, 1321 13.IC 41Ce, 144 Ce, etc. Other
radionuclides are formed due to the effects of neutron radiation on mate-
rials contained in reactors and nuclear wea{)ons (**Fe, %0 Co, *1Cr, **Mn),
or the constituents of the atmosphere (

Radionuclides can be present in waters in both soluble and insoluble
forms, as simple and complex ions.

One of the main components of the natural acitivity of mineral waters
is gaseous radon. Other components of natural radioactivity of groundwa—
ters are uranium and radium. Waters with an activity > 370 Bq 1™ are
considered to be radioactive mineral waters.

Following the prohibition of nuclear weapons testing the most impor-
tant source of radioactive pollution of surface water is the radioactivity of
wastes from exploitation and processing of uranium ores. Wastewaters with
artificial radionuclides are less dangerous for surface water pollution.

The most dangerous are radionuclides with half-lives, emitting radiation
with a hl%h density of ionization and rema.mmg in organisms. Particularly
toxic are ~2°Ra, *°Sr, Y, 210ph and #1°Po.

In drinking water indirect indicators are allowed from the viewpoint of
radiology, such as total volume activity alpha and total volume activity
beta, which help to assess the occurrence of alpha or beta active radionu-
clides in waters without the necessity to identify actual radionuclides whose
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analysis would be complicated. The level of total alpha and beta activities
was chosen so that the actual exposure of consumers would not be higher
than 0.05 mSv per year at a daily consumption of 2 1 of water. A “no
action level” has been chosen, i.e. a level which does not require other ana-
lyses or action by the health care authorities. For the total alpha activity
this is 0.1 Bq 17" and for the total beta activity 1.0 Bq 17!, The level for
. the alpha activity was determined with respect to the presence of *26pa
and for beta activity the reference was 90Gr. If these values are exceeded
then detailed measurement is required and it is necessary to determine the
content of individual radionuclides.

After the discharge of radioactive waste the following processes take place
in the recipient: precipitation, accumulation in the aquatic flora and fauna,
and bottom sediments. Some radionuclides are accumulated selectively in
certain organisms or organs. Contamination of fish is a very serious matter.
Therefore, for total evaluation of radioactive pollution not only the liquid
phase must be analysed, but also sediments, and aquatic flora and fauna.

3.4.2 Organic substances in waters

The contamination of the hydrosphere of our environment by organic sub-
stances shows an ever increasing trend. This does not concern only their
concentration, but also quantity and detrimental effects. Organic matter is
present in both surface and groundwaters; the origin of such matter is di-
verse. Natural organic pollution of natural waters is caused by elutions from
soil and sediments as well as by products of the biotic activities of plant and
animal organisms living in water. Artificial organic pollution is due to the
industrial activity of human society, which produces a remarkable variety
of chemical wastes. From the biological viewpoint substances undergoing
biological degradation or biochemically and chemically resistant substances
which may accumulate in the hydrosphere, need to be considered. A very
important factor resulting from the environmental contamination by or-
ganic substances is often forgotten, that is, their influence on the biological
microworld living in symbiosis with the macroworld. Upsetting the biologi-
cal balance in the realm of microorganisms can bring about unpredictable
negative impacts on the biological macroworld.

From the viewpoint of effects the organic substances in water can be
categorized into harmful and harmless groups. In drinking water, organic
matters are present in quantities of tenths to units of mg 1l . Their amount
in surface waters increases approximately 10-fold, and in severely polluted
industrial wastewaters amounts expressed in terms of g 17! are present. In
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surface waters from 100 to 1000 organic coumpounds can be expected to
occur.

Organic substances influence primarily the quality and properties of na-
tural waters. Some organic substances are toxic, and they can manifest
carcinogenic, mutagenic and teratogenic effects. Others, even though non-
toxic, can very negatively influence the oxygen balance of the river or the
sensory properties of water.

With regard to the very broad spectrum of organic substances present
in waters, it is particularly important to identify those organic substances
which are resistant from both chemical and biological viewpoint. From the
viewpoint of biotransformations [20-23] it is necessary to know the possibil-
ities of biodegradability of particular substances and the properties of the
metabolites thus formed. On account of the immense quantity of individual
chemicals occurring in waters which even increase after biotransformation,
it is evident that the evaluation of the behaviour of specific substances is
practically impossible. Only in some cases is this behaviour completely and
precisely known. Therefore, in the following sections organic substances
will be considered from the viewpoint of both their chemical affinity and
their origin. Negative effects of organic substances in the biosystem will be
briefly mentioned. Other properties and effects will be discussed in some
of the following chapters.

The very extensive problems of the pollution of the hydrosphere by or-
ganic substances have been elaborated from different aspects in books, for
example [24-29] and in numerous papers. Not all organic pollutants of the
environment are considered here. For example, organic dyestuffs are miss-
ing, and so are the chlorinated dioxins and related derivatives [35] which are
so topical from the environmental viewpoint [30-34), the chemical transfor-
mations of organic pollutants. of the hydrosphere [36] whose importance is
illustrated by few examples only from the field of photochemical transfor-
mations of pesticides, asbestos in waters [37) and other important groups
of organic pollutants of the hydrosphere.

3.4.2.1 Phenols and phenolic compounds

A large group of organic substances in water is that consisting of phe-
nols and related compounds [38-42]. Phenolic compounds belong to very
important biological substances occurring in nature. They are present in
plants and tree species, and therefore, they are designated as plant phenolic
compounds.
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A huge amount of these substances is formed by secondary metabolism
[22]. For example, p-hydroxybenzoic-acid, a metabolic intermediate (1) un-
dergoes oxidation decarboxylation to form 1,4-dihydroxybenzene (2) which
is further transformed into arbutine (3)

COOH H H
| ?
- - (3.99)
J)H O— glucose
1 2 3

Another example of phenols occurring as secondary metabolites, are
flavones (4) and flavonols (5)

(3.100)

In general, phenols behave as organic acids. Therefore, phenolic com-
pounds of natural and artificial origin are eluted by water. The content of
naturally occurring phenols eluted increases in the vegetation period and
can reach as much as several tenths of mg 17!, The acid properties of phe-
nols of natural and artificial origin are listed in order of the pK, values
measured in water (Table 3.16). Polyphenols occurring in water involve
biologically difficult-to-degrade substances of different colours of either na-
tural or artificial origin. They cause a yellow to brown-yellow colour of
water. They are mostly both chemically and biochemically considerably
resistant.

3.4.2.1.1 Simple plant phenols

Simple plant phenols are monomeric monohydroxy- to polyhydroxyphenolic
compounds. In the plant kingdom a great number of these substances is
present, and in the majority of cases their biochemical function is not yet
known. As already mentioned, they participate particularly in secondary
metabolism. They are formed as products of metabolic transformations

112



Table 3.16. pK, constants of different phenols in water

Compound pKa
Phenol 10.00
o0-Cresol 10.29
m-Cresol 10.09
p-Cresol 10.26
2,4-Xylenol 10.47
2,5-Xylenol 10.32
2,6-Xylenol 10.60
3,5-Xylenol 10.09
2,4,6-Trimethylphenol 10.80
2-(n-Propyl)phenol 10.55
2,6-Diisopropylphenol 10.08
2-(t-Butyl)phenol 11.35
2,6-Di(t-butyl)phenol 11.70
2,4,6-Tri(z-butyl)phenol 12.19
Pyrocatechol 9.45
Resorcinol : 9.44
Hydroquinone 9.96
1-Naphthol 9.85
2-Naphthol 9.63
o-Nitrophenol 7.21
m-Nitrophenol 8.39
p-Nitrophenol 7.16
2,4-Dinitrophenol 4.11
2,4,6-Trinitrophenol 0.38

of aromatic compounds. They enter water primarily by the humification
process on the elution of humus with water. Examples of simple plant
phenols are shown in Fig. 3.19. '

3.4.2.1.2 Plant tanning materials

Plant tanning materials are phenolic compounds which dissolve in water.
They have a low degree of polymerization, and they are used in the leather
industry for tanning.

Tanning materials are present in the tissues of living plants, particularly
in vacuoles. In bark (dry tissue) they accumulate in higher amounts and un-
dergo further chemical transformations. The content of tanning materials
in bark depends on many factors, and in the case of technically important
types of tanning raw materials it ranges from 5 to 20% in domestic raw
materials, and from 20 to 60% in some foreign ones.
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Fig. 3.19. Examples of some simple plant phenols

The tanning materials enter the waters by the natural route as well
as from wastewaters of the leather industry, and also after elution of the
waste deposits from the preparation of tanning leaches and wastes of the
wood-working industry.

All the known tanning materials are polyhydroxyphenols from the view-
point of chemical structure, with different relative molecular weights. The
most important functional groups are phenolic hydroxyls. Many of these
compounds provide a multicoloured spectrum of different parts of plants.

From the chemical viewpoint the tanning materials are classified into
hydrolysable and condensed substances.

The hydrolysable ones have a structure of polyesters with two essen-
tial constituents — saccharide and phenolcarboxylic acid. Under the effect
of hydrolytic agents (acids, enzymes, alkalies) they split into the original
components. Thus, gallotannines provide — in addition to the sucrose com-
ponent — also gallic acid, and elagitannines provide hexahydroxydiphenyl
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acids or acids which can be derived from gallic acid by a simple chemical
transformation, for example, oxidation or reduction. The mutual affinity
of gallitannines and elagitannines is illustrated in the following scheme:

hydrolysi
ydrolysis HOOC H

OH

—C—0—C H gallic acid
|

OH

Polygalloylglucose fragment

l biosynthesis

hydrolysis

ellagic acid

(3.101)

From the chemical viewpoint condensed tanning materials belong to the
group of flavonoides whose monomers are precursors of the origin of con-
densed tanning materials by polycondensation. The most important types
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are as follows:

@'.O

flavan-3-ol OH
flavan-3,4-diol -

(3.102)

The group of condensed tanning materials also includes polycondensates
based on hydroxystilbenes as their precursors. These substances were found
in the bast of the spruce bark (Picea ezcelsa) and their chemical structure

is as follows:
HO ' R
@-ﬂhﬂi@-ou (3.103)
HO ‘

3.4.2.1.3 Lignins

Lignin represents 20-30% of the total mass of wood in the case of higher
plants and thus, it is the major component of wood as regards quantity.
Wood is the most frequently used and chemically processed raw material.

Lignins are phenolic compounds noted for their insolubility in water.
They are highly polymeric substances with a considerable content of me-
thoxyl groups. The chemical structure of lignins is rather complicated with
respect to their polymeric character. Studies have shown that the funda-
mental construction unit has the following arrangement:

R; = -OCH3 or -H
R* = -OCHg, -H, -C 3.104
2 l ) b .
R R R (biphenyl, phenylcoumarone, etc.) ( )
R R3 = -H, alkyl, aryl, acyl, etc.
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An important part of the chemical processing of lignin is the prepara-
tion of cellulose by soda, sulphate or sulphite processes. The production of
cellulose consists in its separation from lignin and other accompanying sub-
stances. In the sulphate process lignin transforms into alkali-lignin under
the effect of sodium hydroxide and sulphide. In the production of cellulose
by the sulphite process lignin changes, by boiling with acid sulphites, into
ligninsulphonic water-soluble acids:

CH—R? éH—R’

— @L Rl = H, -C (3.105)
CHs “OCH;  R? = H, alkyl, aryl

3 R3 = alkyl, aryl, aroxy
OR! OR R =Na H

The sulpho group can also be bonded in another site of the lignin macro-
molecule. Lignin sulphonanes form a biologically difficult-to-degrade and
important part of the pollution of wastewaters from the production of sul-
phite cellulose. Under aerobic and anaerobic conditions they undergo only
a very slow biological degradation. In surface waters only 4-15% of lignin
was degraded within 30 days and after 20 weeks it still contains 30-70% of
lignin. Primarily low molecular weight entities are degraded. Among the
intermediates of degradation compounds the following have been identi-
fied: coniferyl aldehyde, verulic acid, p-coumaric acid, protocatechuic acid,
vanillic acid, vanilline, 1-hydroxy-2-methoxybenzene, etc.

The production of cellulose represents 70% of the total pollution of was-
tewaters from chemical industry on the basis of BOD; (biological oxygen
demand). Polluted wastewaters from the production of sulphite cellulose
cause a brown colour in surface waters, as well as their frothiness due to
the surface activity, and they have an unpleasant odour.

3.4.2.1.4 Phenols of artificial origin

Pollution of wastewaters by phenols of artificial origin is caused particularly
by those from the thermal processing of coal, oil refineries, from sulphite
woodworking, dyestuff industry, and from the manufacture of pesticides.
These wastewaters contain monovalent and multivalent phenols at concen-
trations of units of g 17", In the process of biological treatment of phenolic
wastewaters different polyphenols are formed which have a similar cha-

117



racter to those of natural origin. After biological treatment of phenolic
wastewaters the content of polyphenolic substances in the recipient can
amount to several tens of mg 17!, The treatment of the phenol containing
waters by chlorination to produce drinking water causes many difficulties
due to chlorination or oxidation reactions of chlorine. In acid media chlori-
nation preferentially takes place whereas in alkaline media oxidation with
opening of the aromatic nucleus is preferred. Chlorination of phenols re-
sults in the formation of 2-chlorophenol, 4-chlorophenol, 2,4-dichlorophenol,
2,6-dichlorophenol and 2,4,6-trichlorophenol. These products influence pri-
marily the sensory properties of drinking water.

Halogenated phenols are also known as bactericidal and fungicidal sub-
stances; they also occur in nature. It is interesting that 2,6-dichlorophenol
has effects as a sexual pheromone on the female ticks of Amblyomma amer-
tcanum.

Much work has been carried out on these compounds. For example,
in the study [43] an assessment of the impact of the chloroorganic com-
pounds on the hydrosphere is presented, including monochlorophenols and
dichlorophenols; in another paper [44] the effect of the quality of sediments
on biodegradation of 2,4,6-trichlorophenol in the Delaware River was stu-
died.

The study [45] summarizes the results of photochemistry of chlorinated
aromatic substances (including chlorophenol) in aqueous media. Biodegra-
dation of monosubstituted phenols (m-cresol, m-aminophenol, p-chlorophe-
nol) by aquatic bacteria is discussed in the study [46].

An example of the chlorination of water containing organic matter is
the reaction of guaiacol alcohol with chlorine (Fig. 3.20), or the oxidation
reaction of the phenolic nucleus during chlorination:

% e tion
xD
ocn, OCH, I 0
o)

OOH
COOH

(3.106)

R = H or lignin unit, Cl = chlorine in unstated position.
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Fig. 3.20. Reactions of guaiacol alcohol with chlorine

Another fairly toxic group of phenolic compounds present in wastewa-
ters is that of the nitrophenols. They are toxic when applied perorally,
as well as when inhaled or absorbed through the skin. The most toxic
is 2,4-dinitrophenol employed in the dyestuff industry (sulphur black). In
biochemical reactions, its inhibiting effect on the vital functions of the cell
is known. The solubility of some nitrophenols is presented in Table 3.17.

Table 3.17. Solubility of some nitrophenols in water

Compound

Solubility in water (g/100 g of water)

o-Nitrophenol
m-Nitrophenol
p-Nitrophenol
2,4-Dinitrophenol
2,6-Dinitrophenol
2,4,6-Trinitroresorcinol

0.32 g (38°C), 1.08 g (100°C)
1.35 g (25°C), 13.30 g (90°C)

0.80 g (15°C), 1.60 g (25°C), 29.1 g (90°C)

0.02 g (12°C), 1.32 g (100°C)
slightly soluble in cool water

0.45 g (15°C), 0.57 g (20°C), 0.68 g (25°C)

In the water treatment to produce drinking water phenols play an im-
portant role from the viewpoint of their negative sensory properties which
are even more marked in their chlorinated derivatives, from the point of
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view of odour. In water treatment, excess of chlorine must be used so that
phenols are degraded via oxidation reactions.

It is clear from these facts, that in addition to the general removal of
organic substances, the removal of phenols is of essential importance for wa-
ter treatment. Various emergency situations which have arisen in supplying
large industrial towns with drinking water, causing problems by drinking
water polluted with phenols, are sufficient warning,.

3.4.2.2 Humic substances

Decayed plant and animal organic substances are degraded biologically and

form the organic component of the soil, i.e. humus [47-50]. The degradation

and synthetic processes by which humic substances are formed from the

primary organic matter are called humification processes. Depending on the

composition of the primary organic substances and biological conditions in,
soil the composition of humus differs both qualitatively and quantitatively.

About half of the primary organic matter is humified and the residue is

mineralized.

Humic substances represent a broad spectrum of different compounds.
In the formation of humic substances saccharides, pectins, lignin, proteins,
fats, waxes, resins, tannins, etc. participate. During humification, bio-
chemical and chemical processes take place. Of these, the polymerization
and condensation reactions of the products of the degradation of primary
organic matter into products which are the result of the humification pro-
cess are important.

Humic substances are high-molecular cyclic compounds representing a
complex of organic substances as products of condensation of phenol-type
aromatic substances with amino acids and proteins. The amount of humic
substances in soil ranges from 0 to 5%, and in peat from 40 to 55%.

Humic substances are classified according to physico-chemical and che-
mical properties into
— humic acids — humic acids,

— fulvic acids,

— hymatomellanic acids;
— humines;
— humic coal.

The classification is based on differing solubility in acid and alkaline
media as well as in alcohol. There is no general agreement over the classi-
fication into individual groups.
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3.4.2.2.1 Humic acids

Humic acids are slightly dissociated polyhydric organic acids. The values
of dissociation constants range from 10™* to 10™°. The pH values of their
solutions are about 3.5 depending on the concentration. In solutions they
behave as micellar colloids. The colloid particles have a negative charge and
their isoelectric point is in the acid region. They form mostly true solutions
in strongly alkaline media. They can also be obtained via extraction using
alkaline solutions and precipitation in acid media.

Up to the present the structure of humic acids has not been deduced in
detail. As the basic structural unit of humic acids, cyclic compounds, most
frequently aromatic ones with side-chains and hydrophilic groups, can be
considered which are bonded to the nucleus also in the side-chains. Quinoid
structures have also been found. Heterocyclic compounds are present as
well, such as derivatives of furan, pyridine, indole, purine and pyrimidine.
There are built-up or bridge-type systems. Humic acids of different ori-
gin have also a different pattern of functional groups and side chains. One
would expect that these are formed in different stages of microbial degrada-
tion and thus the determination of the structure of particular components
of humic acids is rather complicated. A general and characteristic fea-
ture of these substances is the presence of carboxyl and hydroxyl groups
— both phenolic and alcoholic ones, as well as of the methoxyl group.
The carboxylic and hydroxyl groups cause acid reactions, sorption and ex-
change capacity of humic acids which differ in dependence on the nature
of the cation. Humic acids usually contain three or four carboxylic groups
and three to seven hydroxyl (phenolic) groups. At present, the opinions
and theories of the structure of humic acids are often contradictory, par-
ticularly due to disagreement over the origin of humic acids. Difficulties
appear also from the viewpoint of the study of humic acids based on the
data of elementary analysis. The contents of C, H, O, N, S are common to
all humic acids. Therefore, original structures can be deduced only after
the fractional analysis of humic acids. This analysis is important for the
determination of the structure of specific sub-units and the character of the
functional groups involved, as well as for the determination of their mutual
link in a macromolecule. Some organic compounds obtained by hydroly-
sis, oxidation or reduction of humic acids are schematically illustrated as
follows:
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(a) acid or alkaline hydrolysis,

H H
O CHs, H H
HO HO Hi
vanillin syringaldehyde p-hydroxybenzaldehyde orcinol
H OH H
CH3 H
COOH COOH OOH
vanillic acid protocatecholic acid p-hydroxybenzoic acid
(3.107)
(b) HNO;, oxidation,
OOH
COOH
OOH
(3.108)
COOH OOH COOH
phthalic acid terephti’mlic acid isophthalic acid

(c) oxidation by nitrobenzene resulting in the formation of syringalde-
hyde, vanillin, p-hydroxybenzaldehyde, syringic acid, vanillic acid and
p-hydroxybenzoic acid,
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(d) oxidation by KMnO,:

oo™ OF0 OO0 OO

2-methylnaphthalene anthraquinone xanthone fluorenone

(3.109)

(e) oxidation by chlorine resulting in the formation of aliphatic aldehydes,
ketones, alcohols as well as chloroform.

By acid hydrolysis with HCl, ten amino acids were obtained from the
peat humic acids: cystine, lysine, hystidine, arginine, aspartic acid, serine,
glycine, glutamic acid, threonine and alanine. Proposals for the structure
of humic acids have also been published; of these, the structure of the humic
acid according to Ludmila (1936) [51] is presented:

(3.110)

A comparison of the functional groups in lignin and humic acids is shown
in Table 3.18.
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Table 3.18. Comparison of functional groups in lignin and humic acids

Group Lignin® Humic acids®
-OCH3; 5.1 0.2
-OH (total) 6.2 5.1
~OH (phenolic) 1.6 2.9
—-OH (alcoholic) 4.6 2.2
>C=0 1.0 5.5
-COOH Traces 8.6

3 mmol mol~!

3.4.2.2.2 Fulvic acids

Fulvic acids are organic substances which remain in the solution after acid
precipitation of humic and hymatomelanic acids from the extract of humic
acids. The chemical structure and physico-chemical properties of these
substances are similar to those in humic acids. The aromatic character of
the molecule is less distinct, and side chains predominate. They also differ
from humic acids in their lower molecular weight, yellow to light-brown
colour, better solubility in water and easier hydrolysis in acid media. They
are easily eluted from soils and peat. They are more acid than humic
acids (pH of solution with ¢ = 0.01 mol 17" is about 2.6). They manifest
complex-forming properties and exchange capacity.

3.4.2.2.3 Hymatomelanic acids

These differ from humic acids by solubility in alcohol. The free acids are
difficult to dissolve in water. In their elementary composition they differ
only very little from humic acids (Table 3.19).

Table 3.19. Comparison of functional groups in hymatomelanic acids and humic acids

Fundamental structure Hymatomelanic acids Humic acid
C42H4704 CssH35304
-OCH3 1 1
-OH 2 2
-COOH 2 4
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3.4.2.2.4 Humins and humus coal

Humins and humus coal are water insoluble and non-hydrolysable, and
therefore, they are of no importance from the hydrochemical viewpoint.

3.4.2.2.5 Occurrence of humic substances in waters

Humic matters are present in almost all natural waters. They are extracted
from soil and peat. The solubility of the constituents of the soil humus
depends on the type of soil, period of contact with water, pH of the water
and its composition, and depending on such factors, the humic materials
"are present as either true or colloid solutions. In waters from peat moors the
concentration of humic matters is usually tens of mg 17!. In some stationary
waters as much as 500 mg 17" can be found. In waters from peat moors a
low pH is typical (it can be lower than 4), high oxidation potential and the
presence of iron, manganese and ammonia nitrogen (anaerobic processes).
Iron and other metals are present in an organic complex form and they are
difficult to remove [52, 53)].

Humic matters cause a deterioration of the sensory properties of water,
giving rise to a yellow to brown colour of the water and an unpleasant
odour. The intensity of colour increases with increasing pH.

The presence of humic matters in drinking, service and industrial waters
is undesirable on account of these properties. Their colour, for example,
can impair the quality of some products, e.g. of textil and paper industries.

They are of small detrimental significance from the viewpoint of hygiene.
The toxicity limit for warm-blooded animals is about 100 mg 17! in drinking
water. ‘

With regard to chlorination, the lowest possible content of humic mat-
ters in waters intended for drinking is desirable for water treatment. Many
papers currently deal with the study of the structure of humic matters.
For example, the authors of the study [54] have characterized the humins
of sediments on the basis of their alkaline hydrolysis whose products were
separated via gas chromatography or GC-MS technique. Another study
[55] deals with the distribution of fulvic and humic acids of different mo-
lar weights determined by gel permeation chromatography (GPC). In the
study [56] structural analysis of aquatic humic matters was carried out
using NMR spectroscopy. By means of the 3¢ NMR spectroscopy the
relationship between the structure of sea humic matters in sediments and
in the sediments in the estuaries has been studied [57]. In another study
(58] humic and fulvic acids in the sediments of the Baltic Sea are charac-

125



terized, employing 'H NMR and ">NMR spectroscopy. The role of free
radicals in the formation of humus has been emphasized elsewhere [59].
Other possibilities for the use of NMR spectroscopy use for the determi-
nation of the structure of humic compounds are presented in the study
[60]. Its author discusses the possibility of the application of the CPMAS
(cross-polarization magic-angle spinning) technique for the determination
of structural differences of soil and aquatic humic acids.

3.4.2.3 Pesticides

Increasing requirements for nutrition of the global population of our planet
has led to an extreme situation in the case of the application of pesticides
(24, 61-66]. Although the negative effects of these materials on the envi-
ronment are well known, pesticides will certainly continue to be used into
the near future.

Pesticides are classified from different standpoints. The classification
according to the type of harmful agents against which they are used is as
follows:

— fungicides — against diseases caused by fungi,

— insecticides and acaricides — against insects and mites,
— herbicides — against weeds,

— rodenticides — against rodents,

— other agents — special application for plant protection.

Although it is rather difficult to evaluate the positive effects of pesticides
for the period of their application, it is even more complicated to evaluate
their negative effects on the environment. The beneficial effects are well
documented. In the case of the most frequently discussed preparation, DDT
(for the discovery of biological application of DDT P. H. Miiller was awarded
the Nobel Prize for physiology and medicine in 1948), it is estimated today
that in the first 10 years of its application, DDT saved lives of millions of
people. Furthermore, hundreds of millions of people have been protected
from malaria, typhoid fever, dysentery and more than twenty million people
from diseases caused by insects and arthropods.

The worldwide production of pesticides has an increasing tendency and
the pattern of use continually changes. It is estimated that there are 400-
500 pesticide preparations available, of which — depending on the mech-
anism of the effect — 68 influence respiration, 74 photosynthesis, 148 the
nervous system, 44 biosynthesis, 47 growth of plants, 31 have non-specific
effects and 67 are with unknown mechanisms of effects. In Czechoslovakia
(1979), for example, about 470 different preparations have been permitted
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Fig. 3.21. Examples of some types of pesticides

of which 153 are herbicides, 135 insecticides and acaricides and 80 fungi-
cides. On the worldwide scale the production of chlorinated insecticides
has decreased by more than 60%. At present, the global consumption of
pesticides is about 2 million tons which is approximately 0.5 kg per capita.
Of this amount 34% is applied in the USA, 45% in Europe and 21% in
other parts of the world. The estimated consumption of pesticides in the
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year 2000 is about 3 million tons. In Czechoslovakia, for example, about
25,000 tons of pesticides per year is used in agriculture.

It is evident from the scheme shown in Fig. 3.21 that the chemical struc-
tures of pesticides are quite diverse; they undergo various physico-chemical
effects in the environment after application (solar radiation, heat, air, soil,
water) as well as being subjected to various metabolic transformations in
plants, microorganisms, insect and animals. Common metabolic transfor-
mations are schematically surveyed in Table 3.20, which shows that pri-
marily oxidation, hydrogenation, reduction and hydrolytic reactions are
concerned. Also among the individual chemical compounds mutual che-
mical reactions take place. Some examples of photochemical reactions of
pesticides in water are presented in Figs 3.22 to 3.26. Biochemical reac-
tions of DDT and DDE are shown in Fig. 3.27. The number of individual
chemical species is hence significantly multiplied in the hydrosphere due
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Fig. 3.22. Photochemical reactions of fenitrothion in water [67]
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Fig. 8.24. Photochemical reactions of s-triazines in water [69, 70]

to secondary reactions. The increasing worries concerning the omnipresent
residues of these chemicals in abiotic and biotic environments is thus fully
justified.
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Table 3.20. Some general metabolic reactions of pesticides

Chemical reactions

Schematic representation

Pesticide undergoing
this reaction

(1) Oxidation
(a) hydroxylation

(b) side chain
oxidation

(c) splitting of ether

(d) formation of
sulphoxides

(e) formation of
N-oxides

(2) Dehydrogenation and
dehydrohalogenation

(3) Reduction

o~Gro-cuLon

OO

1
H>—COOH

R—S—CH»

N(CH3)2
R-—O—I/
\N(CHJ)z

CcCl,
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Table 3.20 (continued)

Chemical reactions

Schematic representation

Pesticide undergoing
this reaction

(4) Conjugation
(a) formation of
amides

(b) metal complexes

(c) glucosides and
glucuronic acid

(d) sulphates

(5) Hydrolysis of
(a) esters

(b) amides

(6) Exch ange reactions
(7) Isomerization

R-NH,+R'-COOH ~— R-NH-CO-R~

Ry-N+MeX — (R;N-Me)X

OOH
R-OH + glucuronic acid — R—o_C)@wH
H OH

R-OH+S02~ — R-0-SO3

R-CO-OR' — R-CO-OH+HO-R

R-CO-NH-R' — R-CO-OH+R'-NH,

Amitrole

Amitrole

Barthrin

Biphenyl

Malathion

Dimethoate

Parathion
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Fig. 3.25. Chemical and photochemical reactions of chloridazone in water [71, 72]
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Among the main sources of the pollution of ecological systems, con-
ventional use of pesticides in agriculture, forestry and water systems, and
public health care and hygiene, should be considered. This concerns par-
ticularly aerial large-scale spraying of fields and forests, and the frequent
application of pesticides to waters to control the carriers of diseases or
aquatic plants in irrigation systems.

Other important sources of direct pollution of rivers are the wastes from
the industrial production plants for pesticides, wastes from households,
and from the cleaning of application machinery and auxiliary equipment.
Particularly harmful is aerial spraying, in which 50-75% of pesticides can
fall outside the target zone.

Pesticides of atmospheric origin are the most serious source of the pol-
lution of the oceans. The fall-out of aerosols and washing out of pesticides
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Table 3.21. Solubility of some pesticides in water [24]

General name of pesticide

Temperature of
measurement (°C)

Solubility
in water (mg1-1!)

Insecticides:

Aldrin
Camphechlor
DDT
Dieldrin
Endrin
Heptachlor
Lindane
Acephate
Diazinon
Dichlorvos
Dimethoate
Disulphoton
Metathion
Mevinphos
Parathion-methyl
Thiometon
Trichlorophon
Carbaryl
Carbofuran
Pirimicarb
Propoxur
Herbicides:

Atrazine
Chloridazone
Chlorophenprop-methol
Chlorotoluron
2,4-D

2,4-D butylester
Dinoseb-acetate
EPTC
Isoproturon
MCPA

Mecoprop
Picloram
Simazine

2,4,5-T

2,4,5-T butylester
Terbutryn
Terbutylazine
Trifluralin

20-30
20-30
25
20-30
25
20-30
20
20
Room
Room
Room
25
25
25
20
25
30
25
25
20

20-27
20
20
20
25
25
20
20
25
25
20
25
20
25
25
20
20
20

0.027
3.0
0.0012
0.186
0.23
0.06
10.0
700x10-3
40
1x10~¢
25%10~3
66.0
145
Soluble
55-60
200
154
40.0
250-700
2.7 x 1073
2x10~3

70.0
300-400
690

70
890
890

2.22 x 10~3
375
170

1.5-1.6 x 1073
620
430

5
280
280

58

8.5

1
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Table 3.21 (continued)

General name of pesticide Temperature of Solubility
measurement (°C) in water (mg17!)

Fungicides:

Captan 25 0.5

HCB 25 Insoluble

Triforine Room 30

Tridemorph 20 100

from the atmosphere by rain increase the quantity of pesticides entering
oceans via rivers (see Table 3.24).

The hydrosphere coexists in a dynamic equilibrium with other spheres.
However, only a small fraction of persisting pesticides is present in true
solutions due to their low solubility (Table 3.21). The highest quantity is
concentrated in the sediments on the bottom of rivers, lakes and oceans.
However, on account of the cumulative ability of the living organisms in
water, even the low concentration of pesticides becomes very dangerous. As
shown in Table 3.22, DDT present in water is considerably accumulated in

Table 3.22. An example of DDT concentration increase in the food chain [73]

Links in the food chain DDT residua
(ppm)
Water 0.00005
Plankton 0.04
Fish of the Atherinidae family 0.23
Fish Cyprinodon variegatus 0.94
Pike-like fish (predators) 2.33
Fish Scomberesoz scaurus (predators) 2.07
Heroms (feeding small animals) 3.57
Gannets (feeding small animals) 3.91
Lapwings (feeding small animals) 6.00
Eggs of osprey 13.80
Cormorants (feeding bigger fish) 26.40

living aquatic organisms. This accumulation in fish and birds is even more
multiplied due to the DDT residue accumulation in extensive reserves of
fat in the body (in animals, also in the milk). DDT and other chlorinated
insecticides interfere with the metabolism of steroid hormones (this is true
for mammals as well) and influence the reproductive ability of whole po-
pulations. And thus, very low doses which are not lethal for individuals
become lethal for populations. Of course, this problem also concerns man,
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and biological impacts cannot yet be predicted. One example which has
been studied is the loss-rate of pelicans on American lakes where Toxafen
was applied (Table 3.23).

Table 3.28. Occurrence of Toxafen in the lakes of the USA

Toxafen residua
(ppm)
Lake water 0.2
Plankton 77.0
Fish 200.0
Pelican (lethal dose) 1700.0

In addition to the above biological effects, pesticides negatively influence
the self-cleaning ability of water, deteriorate its sensory properties and in-
fluence the operation of biological wastewater treatment plants. There is
also the possibility of deterioration of underground waters by pesticides or
their residues. To illustrate this, Table 3.24 lists concentrations of some

Table 3.24. Concentrations of some chloroorganic
insecticides in rain waters (ug 17!) ng 1%

Geographic region a-BHC  4-BHC Dieldrin DDE DDT DDD
Antarctica (snow) - - - - 40 -
England (1966-1967):

London 29 59 16 25 61 7
Camborne 5 43 6 28 53 34
Lerwick (isle) 24 121 11 20 46 7
Hawaii (1970-1972) - 1-9 1-97 - 1-14

GDR (1970-1972) - 80 - 50 190 20

chlorinated insecticides in rain water, and Table 3.25, in surface waters.
The maximum allowable concentrations from the viewpoint of sensory pro-
perties are, however, lower than the concentrations with toxic effects. The
World Health Organization has defined the permissible daily dose of pes-
ticides which is without evident risk for man. When treating water for
drinking purposes many pesticides cannot be eliminated by common tech-
nological processes, such as clarification, chlorination or ozonization. Some
values of the pesticide concentration in drinking water are listed in Ta-
ble 3.26.
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Table 3.25. Concentration of chloroorganic
pesticides in surface waters (ug 1-1) ng 1!

Locality No. of with- DDT BHC
Type of water drawals max. med. max. med.
England

rivers 76 —_ — 118 25.82

rivers 15 43 8.67 214 53.6

household waste 21 800 130.9 390 92.5
GDR

Havel — 3200 650 670 240
FRG

the Elbe

(Hamburg) — — = 430 252

the Rhine — — — 535 211

main rivers 51 300 18.9 1700 138
Switzerland

the Rhine

(Kembser) — — — 86 —
USA

main rivers 11 120 10.3 20 2.8

Mississippi-delta 10 720 112 120 28
Canada

water surfaces 4 397 64 — —
Czechoslovakia

the Danube

(Devin—~Komaérno) 185 165 — 197 —

the Danube (mud) 10 1120 0.7 0.045 0.01

Table 3.268. Concentration of chloroorganic
pesticides in drinking water (ug1~!) ng 1~}

Locality DDT DDE Lindane BHC  Dieldrin Endrin Camphe-
chlor
Hawaii 44.0 — — 1.6 9.4 —_— -—
GDR 100.0 60.0 50.0 — — — —_
Slovakia 42.0 22.0 69.0 — — — —
Sweden (Lovd) 0.2 0.07 0.07 0.015 — — —
USA — — — 7-1000 160.0 160.0 7-140

Mutual synergistic effects of various pesticides and combined effects of
pesticides with other toxic substances are so far only little known.

As it is impossible to stop the use of pesticides at present, it is ne-
cessary to look for new types of chemicals, such as attractants, hormonal
preparations, sterilenes, which could be substituted for the highly toxic and
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persistent pesticides used till now. Only the future will show to what extent
this problem will be successfully managed by mankind, and current trends
confirm that efforts are being made in this direction. The basic require-
ment is a knowledge of the behaviour of pesticides in the environment, e.g.
it is necessary to know their chemical and biological transformations and
effects of intermediates formed in this way; we now give some examples to
illustrate the varied directions of this research.

In addition to the above-mentioned photochemical transformations of
some pesticides another study of photodegradation of Basagran (Benta-
zon) herbicide has been carried out both under natural conditions (solar
radiation) and model conditions [74]. The study also deals with the pho-
todegradation of Basagran in aqueous solutions.

The photodegradation of Bromobutid herbicide has been described [75].
The authors present expected routes for its photodegradation. Their as-
sumptions result from detailed ESR-analysis of model reactions of Bro-
mobutin with different additives, reaction with the OH radical and the
reaction with singlet oxygen. The papers dealing with the photooxidation
of Bromacil [76, 77] and Terbacil [78] in water, or photodegradation reac-
tions of diphenylether herbicides in water and other solvents cyclohexane,
methanol are of a similar character. One study [79] can serve as an ex-
ample of research into the secondary generation of nitrophenols into the
environment.

A promising group of intensively studied derivatives at present is repre-
sented by insecticides known as pyrethroids [61, 80]. These originally na-
tural compounds are now produced by synthetic processes [80]. A detailed
study of their photochemical and hydrolytic reactions has been carried out
by a group of Japanese scientists [81-85].

It is of great importance to know the biological degradability of pesti-
cides [86], as studied, for instance, in the biotransformation reactions of
pentachlorobenzene-based fungicides. In another study [87], the biotrans-
formation reactions of pentachloronitrobenzene with hexachlorobenzene are
compared. The mechanism of reduction denitrification is discussed by the
same authors elsewhere [88]. Similar studies are presented in the papers
(89, 90].

The omnipresence of pesticides and their residues [91-94] accentuates the
need for reliable analysis [95-98] and sensitive detection of the hydrosphere
pollution by these substances [99].
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3.4.2.4 Carcinogenic compounds

The occurrence of carcinogenic substances in the environment and thus in
the hydrosphere as well is a vitally urgent problem [100-110]. The curve of
the occurrence of cancer-related diseases has such an increasing tendency
that, in parallel with the heart disease, it represents at present one of the
most frequent causes of death, especially in view of the fact that these
diseases occur in man regardless of age.

The urgent problem of the study of carcinogenic substances in the envi-
ronment seems to be becoming ever more complex at present. The situa-
tion is well documented by the development of opinions on the carcinogenic
effects of polyaromatic hydrocarbons (PAH), particularly benzo[a]pyrene.
The number of studies dealing with this problem, differences in opinions as
to the main point as well as the determination of which intermediates, or
which activation causes the generation of the ultimate cancer, underline the
view that our knowledge is only partial and that the mechanism in some
cases is more suspected than actually known. Considerable progress in this
field has been achieved primarily due to new ESR techniques and other
spectral methods (e.g. spin trapping) which make it possible to measure or
to indentify even very low concentrations of intermediates possessing the
decisive role in chemocarcinogenesis [111-114].

The problem is also complicated by the fact that several substances fre-
quently interact. Their mutual activity can have procarcinogenic effects.
Thus, the field of co-carcinogenesis is entered, which even further compli-
cates the situation.

In the following paragraphs, only chemical carcinogens will be discussed.
Of the extensive groups of carcinogenic substances which occur or are regu-
larly applied into the environment one should mention, for example, pesti-
cides, widespread detergents which either have carcinogenic effects or their
presence in water results in increased solubility of other dangerous carcino-
gens involving some heavy metals which occur most frequently in the form
of organic complexes. Other examples are nitrosoamines, nitro compounds,
halogen derivatives, and some aromatic as well as aliphatic amines.

However, with regard to widespread and high carcinogenic activity the
most dangerous for man are the polyaromatic hydrocarbons as well as some
heterocyclic compounds, nitroheteroaromates, nitroaromates, and poly-
cyclic carbonyl compounds. These substances have the character of procar-
cinogens and can be frequently activated up to the level of direct carcino-
gens via metabolic transformations in the biosystem. For the ultimate car-
cinogens, Miller postulated that the final entity must have an electrophilic
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character {104, 105]. This precondition is satisfied by the experimentally
found details of typical activation reactions of some derivatives (Table 3.27).
The reactions of the ultimate chemical carcinogens can be illustrated by ex-
amples of the reactions of vinylchloride and aflatoxin B, with nucleic acids:
(a) reaction of vinylchloride with DNA

O
CH,=CH—Cl — Cﬁz—\CH—CI — O=CH—CH>—C| —> SN2 reaction

H
O=CH—CH»—Cl NH; f) NH;
\ . H:C @

H N @\ N
Sn2 k N) — (i
|

dIR dR

4 H
(S
J - (]
dR dR
(3.111)
(b) reaction of aflatoxin B, with DNA
0]
Il
i
O
\- OCH; HQ @i
') 3
/p N CH;
A A
H:N~ N~ N (3.112)

Carcinogenic polycyclic hydrocarbons occur in water either in the dis-
solved form (Table 3.28) or adsorbed on various particles. The content
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Table 3.27. Examples of some carcinogen activation reactions

Procarcinogen — Direct carcinogen — Ultimate carcinogen

aflatoxine B,

H 0—-es| ter
NHCOCH, NCOCH; N—R

OO - OO0 - OO

2-acetylaminofluorene

NO! _ NHOH _

2-nitronaphthalene

H:C=CH—Cl - Hzcj_\.CH_(j

vinylchloride

ter

pyrrolizidine

(alkaloid)
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of these corpuscular carcinogens in natural waters ranges from 0.004 to
0.5 mg kg~' of dry matter with a simultaneous content of dissolved car-
cinogens of 0.002-0.008 mg m~2.

Some carcinogenic polyaromatic hydrocarbons which have been identi-
fied and which occur in the environment of man are the following:

1 — chrysene, 2 — benzo[a]anthracene, 3 — dibenzo[a, h]anthracene, 4 —
benzo[a]pyrene, 5 — indeno[1,2,3 — cd]pyrene, 6 — benzo[b]fluoranthene,
7 — benzo[j]fluoranthene, 8 — dibenzo|a, h]pyrene, 9 — dibenzo[a, []pyrene,
10 — 3-methylcholanthrene, 11 — dibenzo[a, i]pyrene, 12 — benzo[c|phe-
nanthrene. The most dangerous of these is benzo[a]pyrene.

With regard to the serious pollution of our rivers with these substances
and their sensitivity to light, oxygen, ozone or other oxidation agents, one
can expect quite a fast transformation from the stage of procarcinogens into
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Table 38.28. Solubility of some polycyclic hydrocarbons in water

Hydrocarbon Solubility
(mg m~3)®
Benzo[a]pyrene 4-60
Anthracene 75
Benzo[a)anthracene 10-11
9,10-Dimethylbenzo[a]anthracene 550°
Dibenzo[a, h]anthracene 0.5-0.6
Phenanthrene 1600
Chrysene 1.5-6.0
Pyrene 165-175
Fluoranthene 240-265
Perylene 0.5
3-Methylcholanthrene 1.5

® Values from different sources are often controversial for the given temperature.
Temperatures of measurement were 25 and 27°C.
b 0.5% of caffeine.

direct carcinogens. This fact is illustrated by the scheme for the metabolic
activation of benzo[a|pyrene

OH OH

main product ultimate carcinogen

(3.114)

Its stability and thus also the transformation into direct carcinogen
in water is characterized by the loss from the original content of 2.0 to
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1.74 mg m™ after 5 days, and 0.094 mg m™? after 35 days. Only after 45
- days was no residual concentration observed.

Man is endangered by carcinogenic substances from many sources. The
problems of hygienic prophylaxy of malign tumours will not be satisfac-
tory solved until the problems of the environmental pollution by these sub-
stances are solved separately. As surface waters are ever more used in water
treatment practice, it is in the common interest to protect the hydrosphere
against further pollution by carcinogenic organic materials.

3.4.2.5 Tensides and detergents

Another large group of organic substances polluting the hydrosphere are
the preparations known as tensides and detergents [115, 116].

Tensides are surface active substances with a capability to reduce the
surface tension at an interface. In aqueous solutions they have cleansing,
wetting, emulsifying, dispersing, stabilizing and frothing effects.

The term detergent denotes washing and cleaning preparations which
contain, in addition to tensides, also other additives to increase the washing
and cleaning properties of the preparation.

A molecule of tensides consists of hydrophilic and hydrophobic parts.
The polar parts of the molecule are formed particularly by the sulphone,
sulphonate groups or cumulated hydroxyl or etheric groups, which are all
hydrophilic. The hydrophobic part is formed by aliphatic or aromatic car-
bon, frequently branched and substituted. From the viewpoint of dissoci-
ation capability of the polar hydrophilic group, tensides are classified into
ionic and non-ionic categories:

s
[CATIONIC |  [AMPHOLYTIC_|]

Ionic tensides dissociate in aqueous media to generate positively or neg-
atively charged ions. Non-ionic tensides contain a polar non-dissociated
group, such as -OH, or -O-.

Ampholytic tensides contain functional groups which are alkaline or acid
depending on pH. Examples of some tensides are listed in Table 3.29.
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Table 8.29. General examples of some tensides

(a) Anionic tensides
CH3-(CH2),-CH2-COOM
soaps n = 6-10

alkylarylsulphonanes

R’

R'—@@—SOJM

Neokal

_OR
O=P—OH

~OH
Hopstaphat KW 200

(b) Cationic tensides

R—NH:—X || OAc

(c) Ampholytic tensides
R’
R—-—TL’—R'
CH,—COO~

(d) Non-jonic tensides
R-O-(C2H40)nH
alkylpolyglycolethers

R-CO-0O(CyH40), H

acylpolyglycolethers

CH3-(CH2),.~CH2—©—-SO:;M

Armac quaternary amonium salts

CH3-(CH3),~-CH2-0OSO3M
sulphates of higher fatty acids

R-X-CHz;-COOM

X-non-dissociated polar group
-802NH-,~0O-,-SO3-,~S-,-CONH~-

_’i?@-som
R

H Ultravon K

R
o-rfgn
H

R—NH—(H'-—NH—R
NH

dialkylguanidines

T.
R—N*—R’

H>—S03

R-Ar-O-(C2H40), H
alkylarylpolyglycolethers
/ C2H4-O~(CzH4)nH
R-CO-N \
C2H4-O—-(C2H40)nH

acylated alkanoamino polyglycol ethers

M = monovalent metallic cation,
R = higher alkyl or alkylaryl,
R’ = lower alkyl.
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Tensides have a wide range of practical applications particularly in the
textile industry, and in the production and processing of plastics. They
are also extensively used in the oil industry, in pulp and paper making, in
foodstuff and leather industries, as well as in agriculture.

Their occurrence in waters causes a higher solubility of other organic
low-soluble compounds. Due to their effects the oxygen balance of rivers
is considerably reduced. In water treatment they cause serious difficulties
with regard to their physical and chemical properties. Quite frequently they
are biologically difficult-to-degrade and their biodegradability is thus an
important factor which becomes a criterion for the practical use of tensides.

In Tables 3.30 and 3.31 examples of the biological degradability of some
tensides are presented.

In the scheme below an example of metabolic degradation of 2-(4-sulpho-
phenyl)dodecane and 4-(4-sulphophenyl)dodecane is illustrated:

CH3;—CH—(CH:)s—CH:» CH3;—(CH:):—CH—(CH:)—CHs
|
_B-oxidase

Os3Na SO3Na

CH;—CH—CH,—COOH CH;—(CH2):—CH—CH:—COOH
@ (3.116)
O:Na | O:3Na
1 desulphonization l
Ha dehydration (CH ‘.')2—CH3
1-methyl-3-indanone 1-propyl-3-indanone

The scheme shows that here too, 8-oxidation scission with subsequent
desulphonization and cyclization dehydration occur.

Tensides cause many difficulties in water treatment. The treatment pro-
cess of surface waters into drinking water removes tensides only partially
and a population supplied with such water permanently ingests tensides.
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Table 3.30. Degradability of thiosuccinic acid diesters
in rivers according to the reaction with Methylene Blue

Alkyl ester groups Time of degradation
(d)

Benzyl- 5

n-Octyl- 6

2-Ethylhexyl- 11

3,5,5-Trimethylhexyl- 11

Isobutyl- 24

1,3-Dimethylbutyl- No degradation after 28
days

Cyclohexyl- No degradation after 28
days

Table 3.31. Biological degradability of a-sulphonated esters
of aliphatic acids according to the reaction with Methylene Blue

Name Avarage times for 80%
degradation (h)
2-Sulphohexadecanoic acid 125
2-Sulphooctadecanoic acid 180
9,10-Dichloro-2-sulphooctadecanoic acid 186
9,10-Dihydroxy-2-sulphooctadecanoic acid 89
Hexylester of 2-sulphononanoic acid 239
Methylester of 2-sulphohexadecanoic acid 103
Isopropylester of 2-sulphohexadecanoic acid 120
Butylester of 2-sulphohexadecanoic acid 165
N-Hydroxyethylamide of 2-sulphooctadecanoic acid 113
X-Phenyl-2-sulphooctadecanoic acid 335
Sodium n-dodecylhydrogenosulphate 39
Sulphated hexadecyltriethylene glycolether i 48
n-Dodecylsulphonate 94
Sodium n-hexadecylsulphonate 103
Sodium n-heptadecylsulphonate 117

In contrast to tensides, soaps form insoluble surface-inactive compounds
with Ca®* and Mg2+ ions present in water. Their residues easily undergo
biological degradation.

Maximum permitted concentrations of tensides in surface biologically
treated waters depend on the type of the tenside and its biological degrad-
ability. The standard refers to aesthetic rather than physiological a.spects,
as anion-active tensides at concentrations upwards from 0.5 to 1.0 mg 1!
begin to froth. This concentration is sufficient to increase the intake of
harmful substances into the organism (pesticides, carcinogenic substances,
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etc.). Therefore, the fundamental requirement, worldwide, is the need to
produce biologically easily degradable tensides. Many emergency situations
in the rivers of the FRG and other countries have called for the legal im-
position of this requirement for tensides and detergents. This is the only
way of achieving reduction or entire elimination of these preparations from
surface and drinking waters.

3.4.2.6 Petroleum components

From the viewpoint of the possibilities of environmental pollution by petro-
leum components the hydrosphere is the most seriously affected [117-119].
Although the compounds present in oil have a low solubility in water, they
form a continuous film on the water surface which has very negative impacts
on the oxygen balance of, for example, a river. Futhermore, hydrophobic
organic substances, such as pesticides, are more readily dissolved in this
surface film.

Petroleum is an inflammable liquid consisting largely of hydrocarbons.
It is usually lighter than water, and has a light to almost black colour,
with a characteristic smell. It contains all groups of hydrocarbons except
monoenes and polyenes. n-Alkanes are present in all fractions of the oil. It
also contains isoalkanes, cycloalkanes, condensed hydrocarbons, aromatic
hydrocarbons and polycondensed hydrocarbons. Oxygen, sulphur and ni-
trogen substances are also present, for example, cycloalkane acids, hydro-
gen sulphide, mercaptans, acyclic and cyclic sulphides, thiophenes, and the
heavier fractions contain derivatives of benzothiophenes. In the case of
nitrogen derivatives there are pyridines, quinolines, carbazoles and their
hydrogenated analogues. Petroleum also contains some oil-soluble metal-
lic compounds. These substances are accumulated in the heaviest asphaltic
fractions. The most important metals are V, Ni, Na, followed by Al, Si, Ca,
Mo, Cu, Mg, Pb, Ag, Cr and Mn. Such a vast heterogeneous composition
of petroleum has considerable impacts on the environment.

The source of the pollution of the hydrosphere by constituents of the
oil are of different origin. They begin at the site of petroleum exploita-
tion itself (on land as well as in the sea), then during transport, when the
water of oceans is polluted by fairly frequent breakdowns and occasional
ship-wrecks. For example, in the wreck of the oil-tanker Torrey Canyon in
1967, 118,000 t of oil was spread on the surface of the English Channel.
Within this ecological disaster 25,000 sea birds died. The use of cleaning
preparations turned out to be even more harmful for the sea life than the
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oil itself. At the present rate of shipwrecks of tankers, some 5-10 million
tons of petroleum per year get into the seas.

Petroleum and petroleum products ever more pollute surface and un-
derground waters (e.g. in Bratislava). The source of the pollution of these
waters is primarily the petrochemical industry, followed by mechanical and
metallurgical industries, motor-car repair shops and service stations.

Some oil products are biologically quite easily metabolized, such as alka-
nes, alkenes, cycloalkanes and aromates. Products of this activity are diffe-
rently oxidized oxygen derivatives (peroxides, alcohols, phenols, aldehydes,
acids, etc.). In this way microorganisms enable self-cleaning processes in
soil and rivers. The rate of these degradation reactions depends on sufficient
access of oxygen from the air.

The physiological properties of oil and oil products are diverse. In con-
trast to their few positive merits in medical treatment (reumatism, eczema,
burns, gynaecological diseases, etc.) the negative effects from petrochemi-
cal and related operations are of very great significance.

From the viewpoint of water treatment, petroleum components particu-
larly affect the sensory qualities of water (even at low concentrations, of the
order of 1078 to 1077 g 17!, they cause an unpleasant odour or aftertaste of
the water) which cannot be entirely eliminated by the treatment processes.

On account of the known toxic or carcinogenic effects (see Section 3.4.2.4)
of some hydrocarbons in petroleum or in its products, the initial preventive
removal of the sources polluting the hydrosphere is especially desirable, as
cleaning of surface and groundwaters already polluted by these substances
is complicated.

Organic pollutants of the hydrosphere are regularly analysed and the
results are published systematically [120-125]. The immense quantity of
papers dealing with identification of organic pollutants of the hydrosphere,
e.g. [126-130], shows the considerable development of analytic methods in
this field. A good example of the progress in this interdisciplinary field is
the monograph [120].
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3.5 Natural waters

The origin and development of the hydrosphere is closely connected with
the development of other constituents of the Earth. Between the envelope
and the earth’s crust, between the hydrosphere, atmosphere, lithosphere
and biological matter a permanent exchange of water takes place which
causes changes in the chemical and isotopic composition of waters.

According to their origin, waters are classified into juvenile waters (form-
ed in the primary differentiation of the substances of the earth’s envelope)
and recirculated waters (participating in the hydrologic cycle in the atmo-
sphere). The continuous circulation of water is induced by solar energy and
earth’s gravity.
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Fig. 3.28. Water cycles in nature. 1 — great cycle, 2 — small cycle, 3 — outflowless area
(stagnant water)

The global water cycle operates between ocean and continent (Fig. 3.28);
in this case, the complete equation of the hydrological balance is:

where Hy is the average height of the water level from precipitation (mm),
Hy — the average height of the run-off water (mm), Hy — the average
height of the evaporated water layer (mm), and Hy — the average height
of water layer which will increase or decrease the water reserves (retention)
(mm).

The small water cycle occurs above the oceans; a shortened balance
equation is valid here

A completely separate cycle occurs above zones without an outflow. The
complex water transformation in the individual phases of the cycles is shown
in the scheme of the hydrosphere (Fig. 3.29) [1].

Recirculated waters can be classified into five groups as follows:

— magmatic — separated at magma crystallization,

— metamorphous, leaking from rocks at thermal and pressure dehydration
of minerals,

— fossil, preserved in the pores of sedimentary rocks in which no water
exchange takes place,

— sea, both ocean and sea waters soaked from seas into the rocks forming
continents,

— meteoric ones with direct genetic links to the atmospheric circulation,
such as atmospheric (precipitation) water, soil water and sub-surface
water infiltered from the surface. Meteoric water participates in a com-
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Fig. 3.29. The hydrosphere scheme

plicated biological cycle in the surface layer, with which it forms physico-
chemical subsystems of the biosphere (Fig. 3.30) [2].
According to their origin the waters occurring in nature are classified as
follows:
— precipitation (atmospheric),
— surface,
— groundwaters.
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Fig. 3.30. Water circle in the biosphere

Table 3.32. Sources of normal water occurrence on the Earth [3]

Source of occurrence Percentage of total
reserves of normal water
Glaciers and permanent snow coverage 68.65
Groundwaters 30.1
Sub-surface ice 0.86
Lakes 0.26
Soil water 0.05
Atmospheric water 0.04
Swamps and peat moors 0.03
Stream water 0.006
Water in plants and living organisms 0.003

The proportions of fresh water (water with a low content of soluble solid
substances, gases or microorganisms, incorrectly called “sweet water”) in
its various forms are given in Table 3.32 [3].

The processes determining the qualitative and quantitative composition
of natural waters are physical, chemical and biochemical. In addition, the
character of natural waters is influenced by climatic conditions, the overall
features of the landscape, the density and type of its settlement, and other
factors.

General classification of water pollutants is given in Table 3.33 [4].
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Table 3.83. General classification of water pollutants [4]

Class of pollutant

Significance

Trace elements

Metal-organic combinations

Inorganic pollutants

Asbestos

Algal nutrients

Radionuclides

Acidity, alkalinity, salinity
(pollutants if in excess)

Sewage

Biochemical oxygen demand

Trace organic pollutants

Pesticides

Polychlorinated biphenyls
Chemical carcinogens
Petroleum wastes
Pathogens

Detergents

Sediments

Taste, odour, and colour

Health, aquatic biota
Metal transport

Toxicity, aquatic biota
Human health
Eutrophication

Toxicity

Water quality, aquatic life

Water quality, oxygen levels

Water quality, oxygen levels

Toxicity

Toxicity, aquatic biota,
wildlife

Possible biological effects

Incidence of cancer

Effect on wildlife, aesthetics

Health effects

Eutrophication, wildlife,
aesthetics

Water quality, aquatic biota,
wildlife

Aesthetics

3.5.1 Precipitation (atmospheric) water

Water is a permanent constituent of the atmosphere, in which it occurs in
three forms:

— water vapour as air humidity,

— drops or granules and crystals forming clouds, and

— atmospheric precipitation falling on the Earth (rainfall).

The term precipitation (atmospheric) water denotes water in liquid or
solid state which falls from the air onto the earth’s surface during water
vapour condensation. Depending on the temperature and degree of air
saturation with water-vapour it can be either liquid (rainfall, dew, mist) or
solid (snow, hailstones, hoarfrost, ice) precipitation.

Dew is a rain of very slight intensity. It is formed during clear nights
due to cooling of the lowest air layers by the earth’s surface below the dew
point.

Mist consists of minute droplets of water in the range 0.006-0.04 mm in
diameter; it is formed by cooling of the ground air below the dew point.

Drizzling rain is formed by mist precipitation.
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Hailstones are pieces of ice 5-50 mm in size. They are formed particu-
larly in summer by rapid cooling when very humid air quickly rises to large
heights.

Hoarfrost originates from undercooled mist on contact with solid bodies
(e.g. with aerial wiring).

Icy surface is formed during rainfall from undercooled droplets which
immediately freeze and sohdlfy after reaching the surface of the ground.

Approximately 448,000 km?® of water is evaporated annually from the
seas and oceans, and about 71,000 km® from the land. This water returns
to the earth’s surface in the form of precipitation. Roughly 412,000 km
of water fall on the surface of the seas and oceans, and about 108,000 km®
on the continents. It is evident from this that the same quantity of water
which is introduced into the atmosphere due to evaporation returns to
the earth’s surface in the form of precipitation. Total average precipita-
tion over the whole of central Europe is about 600 mm per year. The
average regional annual precipitation on the Earth is shown in Fig. 3.31.
The atmospheric precipitation influence both quantitative and qualitative
reserves of groundwaters.
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Fig. 3.31. Average annual regional precipitation on the Earth

636-1270mm

158



Atmospheric water is the most abundant form of pure natural water,
however, it becomes polluted when passing through the air layers. The
greatest influence on the chemical composition of atmospheric waters is
that of the layer of the atmosphere at a height of 1000-1500 m from the
earth’s surface. The rain drops and snow in passing through this layer of
atmosphere “wash-out” considerable quantities of aerosols from air whose
the most important sources are continental dust, salts carried by wind from
the surface of ice, seas, surface rivers, volcanic and anthropogenic activities.
Apart from the quantity and composition of aerosols, the chemical compo-
sition of atmospheric precipitations depends mostly on water content in
clouds, quantity of precipitations, character of the precipitation period,
size of aerosol particles, duration of precipitation, size of droplets, etc.

Atmospheric water contains particularly soluble gases which are com-
monly contained in air (oxygen, nitrogen, carbon dioxide and rare gases)
followed by gaseous air pollutants (sulphur dioxide and sulphur trioxide,
nitrogen oxides, ammonia, etc.), as well as solid substances (particles of
dust, smoke, plants, microorganisms, etc.). The total quantity of inorganic
soluble substances (mineralization) in atmospheric water ranges from 10 to
100 mg1~! (in industrial or coastal regions these values can be considerably
higher — as much as 100 mg 17"). The content of particular anions and
cations is usually in units of mg 1™!, but more than 10 mg 1"! are found
only in the case of sulphates and hydrogen carbonates, and sometimes of
some cations (Ca2+, Mg”). In coastal regions atmospheric water can con-
tain as much as 300 mg 1™ of chlorides. Inorganic compounds of nitrogen
(ammonia, nitrides, nitrates) occur in tenths to units of mg 17t

Due to the weak mineralization of atmospheric waters and low concen-
tration of hydrogen carbonates their neutralization capacity is very low.
The pH value of atmospheric waters ranges from 5 to 6. Due to the ab-
sorbed oxides of sulphur and nitrogen (particularly in industrial zones) the
pH values of atmospheric waters can be lower than 4.

The chemical mechanism of acid rain formation in the atmosphere [5] is
as follows:

(1) Sulphur oxides

S + 02 b 802
SOz + H2O g H2SO3
catalyst

H2SO4 + 0-502 — HgSO4
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catalyst

$0, + H,0 — H,S0,

(2) Nitrogen oxides

2NO+0, — 2NO,
2NO2 + H20 g HNO2 + HN03

Acid atmospheric waters can reduce the pH of surface waters with low
neutralization capacity. For example, in Scandinavian lakes and rivers,
acidification caused by acid atmospheric precipitations results in the killing
of fish species, trout and salmon. Apart from the reduced abundance of fish,
acid atmospheric waters also unfavourably affect the soil composition (soil
becomes poor in cations, replaced by hydrogen ions), as well as the growth
of plants. They also cause significant corrosion of concrete, mortar, iron and
other metals. Because of this property, low mineralization and irregularity
of precipitation, atmospheric waters are very seldom used directly for water
supplies. In some cases atmospheric waters can be an important source of
nitrogen compounds for agriculture.

It is rather difficult to give mean values of the composition of atmospheric
waters as it varies significantly. However, to illustrate this, Table 3.34
presents some examples of the chemical composition of atmospheric waters

Table 3.34. Examples of chemical composition
of atmospheric waters (in mg 1-1) [5, 7]

Locality
Component
Sweden Northern Bohemia High Tatras Bratislava

(CSFR) (CSFR) (CSFR)
pH 3.8-7.7 6.4-6.6 4.3-5.5 4.9-7.5
so2- 6.2-6.5 21-57 7.1-11.4 4.5-5.3
Cl- 0.1-64.0 — 2.7-12.0 2.1-12.2
NH} 0-8.7 1.8-6.0 0.5-2.5 0-3.3
NO; 0-0.34 4.3-5.4 0.8-1.9 0-1.2
Ca?t 0.2-25.5 0.12-6.0 1.2-4.6 —
Mg?+ 0.1-2.9 5.8-16.4 0.1-0.7 —
Na*t 0.6-63 — 0.4-1.6 —
K+ 0-11.2 — 0.2-1.4 —
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from different localities [6, 7] and Table 3.35 presents the average chemical
composition of atmospheric waters in two very different regions [8].

3.5.2 Surface water

Surface water is run-off water or water retained in natural and artifi-
cial reservoirs on the surface. It originates from precipitations, springs
of groundwater and melting of icebergs.

The formation receiving water from a certain river basin is called a water
recipient. It is formed either in a natural way or artificially by man’s
interference. The water in the recipient may be either moving or stagnant
(motionless). Considering this classification the following waters exist:

(1) stagnant:

— natural (seas and oceans, lakes and swamps),
— artificial (ponds, dams),
(2) running:
— natural (brooks, torrents, rivers),
— artificial (channels).

According to the locality, surface waters are categorized into continental
and sea waters. Based on the measurements within the framework of the
International Hydrological Decade (1965-1975) the world oceans contains
1228 million km® of water which represents about 96.5% of all water re-
serves of the Earth. Not quite 3% of the reserves on the Earth is common
continental water. The volume of continents emerging above the sea sur-
face is about 125 million km>. The ratio between the volume of continents
above the sea to the volume of the seas is approximately 1:11.

Continental surface waters originate from atmospheric and surface wa-
ters. The chemical composition of the continental waters is determined first
of all by the reactions between atmospheric water, soil and rocks (from fairly
recently, this composition has been and is being significantly influenced by
the activity of man). Surface waters supplied by groundwaters are more
mineralized, whereas mineralization is more moderate when atmospheric
waters predominate. The character of the surface waters is determined by
the representation of the above presented sources in the surface waters,
climatic effects (precipitations, temperature), structure of geological layers
and tributaries.

In Table 3.36 the mean content of chemical elements in surface waters of
the Earth is presented. The table shows that sodium chloride prevails in the
sea waters, and calcium hydrogen carbonate in common continental waters.
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Table 3.35. Average chemical composition of atmospheric water in northern Europe and in southeastern Australia 8]

Locality Average annual pH Na K Ca Mg cl SO~ NO;  NH,
rainfall (mg17') (mg17') (mg1~') (mgl~!) (mgl~') (mgl™') (mgl~') (mgl~!)
(mm)

Northern Europe 560 5.47 2.05 0.35 1.42 0.39 3.47 2.19 0.27 0.41

(62 stations, 3.9-7.7 0.6-63.2 0-11.2 0.20-25.5 0.12-2.93 0.06—64.0 0.18—6.52 0-1.6 0-8.7

30 month)

Southeastern 590 2.46 0.37 1.20 0.50 4.43 Trace

Australia 0-82.8 0.04—6.6 0-20.0 0-27.6 0—138.5 Trace

(28 stations,

36 months)

Contituents (upper numbers, average; lower numbers, range)



Table 3.36. Mean content of chemical elements (anions and cations)
in surface waters of the Earth (wt%) (9]

Elements Sea water Common glacier water
Anions

O 6.29 44.1

Cl 55.30 5.68

S 1.54 4.08

Br 0.19 Traces

C 0.07 7.05

Si Traces 5.47

N Traces 0.20
Total 63.39 66.58
Cations

Na 30.60 5.79

Mg 3.73 3.41

Ca 1.20 20.40

K 1.11 2.12

Fe Traces 0.94

Al Traces 0.69
Total 36.64 33.35
Mineralization (%) 3.5 0.027
Anions CI>504>CO03>Br C0O3>S04>Cl
Cations Na>Mg>Ca>K Ca>Na>Mg>K

The content of dissolved salts in the sea waters is on average 100-fold higher
than the content in the common continental waters [9].

In addition to the above specified compounds also other elements are
present whose contents differ and vary over a wider range. The contents of
rare elements in the hydrosphere are listed in Table 3.37. Elements whose
mean content is not quite certain are shown in brackets. The upward arrow
means that it can be higher, the downward arrow signifies the probability
of a lower content [9].

Common continental waters differ from the sea waters not only in their
mineralization but also by greater differences in their chemical make-up.
Therefore, the average composition of common waters can only be deter-
mined with much lower accuracy than the average composition of the sea
waters. This is also evident from the data in Table 3.38 which shows the
considerable differences between the average content of salts of rivers in Eu-
ropa and Africa. Variations in the composition of individual river waters
are even more marked [10].
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Table 3.37. Content of rare elements in the hydrosphere [9]

Content in order Elements
gt
10-2 I, Ba, Al, (Mo})
10-3 (Fe1), (Znl1), (Ast), Mn, Sn, Cu, Ti,
. (Nil), (V1)
10—4 Ne, Kr, Ag, Co, Cs, Bi, Y, (Zr),
Cd, Xe, W, Pb, (Sbl)
10-3 (Set), (Hgt), Ge, Cr, Ga, Nb, (Sc)
10-6 Au, Tl, He, La, Ce
10-7 Be, Pr, Nd, Sm, Eu, Gd, Dy, Ho,
Er, Tm, Yb, Lu
103
10-°
10-10 (Ral)
10-11
10-15-10-16 Rn

Other elements are also present in the river waters, in low concentrations.
Table 3.39 presents the content of rare elements in river waters. Letters in
bold type are elements which occur in higher quantities in the river waters
than in the sea waters, the letters in italics denote the elements with the
opposite tendency.

The composition of stagnant surface waters (reservoirs) depends parti-
cularly on the depth, whereas in the big rivers it changes along the length
of its flow and its width. Mineralization of water of the lower flow is many
times higher than that of the upper one. Thus, this value varies in different
layers of the flow.

For the life of aquatic organisms and self-cleaning capability of the sur-
face waters, the content of dissolved oxygen is of great importance; it is
a function of temperature, content of organic substances and intensity of
photosynthesis. In summer periods the content of dissolved oxygen usually
ranges from 8 to 12 mg 17", in the winter periods from about 6 to 8 mgl™ !,
The content of oxygen also varies during the day as well (algae produce
oxygen during the day).

The content of free carbon dioxide in surface waters is very low (maxi-
mum few mg 17" )- It is introduced into the surface waters by solution from
air as well as via biological processes during degradation of organic matters
in water. The pH of surface waters varies, depending on the CO, content.
In winter periods the CO, content is higher (pH about 6.5-7.7) than in
summer (pH as high as 8.8) when vegetation is intensive. In the surface
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Table 3.38. Chemical composition of river waters in g t=1 [10]

Constituent Mean value Mean value Mean value Mean value of The Tuscaravas The White Nile The Amazon The Jordan
of all rivers of European of African of the Rio-Grande river at New- at Khartoum at Obidos at Jericho

rivers rivers at Lobatos comerstow (Africa) (South (West Asia)

(Colorado, USA) (Ohio, USA) Anmerica)

HCO; 58.4 95 43 121 85 149.2 17.9 238

S03- 11.2 24 13.5 84 135 0.44 0.8 175

Cl- 7.8 6.9 12.1 10 477 8 2.6 473

NO; 1 3.7 0.8 1.5 5.1 0.44

Ca?t 15 31.1 12.5 39 201 17.4 5.4 80

Mg?t 4.1 5.6 3.8 8.4 16 5.2 0.5 71

Na*t 6.3 5.4 11 29 141 . 30.7 1.6 253

K* 2.3 1.7 5.4 4.4 11.8 1.8 14.8

Fe 0.67 0.8 1.3 0.5 0.07 1.9

SiO, 13.1 7.5 23.2 32 6.6 25.6 10.6

Total 120 182 121 331 1072 249 431 1310




Table 3.38. Content of elements in river waters [9]

Content by order Elements
(g1°1)
10-1! F, Al, Fe
10~2 B, Sr, Ba, Mn, Ni
10-3 (Cat), (Cd), Br, I, Li, Rb, Pb,
(Tif), Cr, U, (Col)
104 Zn, Mo, V, (As), (Csl), (Hgl)
10-5 (AgT)
1010 Ra

waters of peat moor the pH value sometimes drops below 4.0 (depending
on the humic matter content).

Surface waters usually contain higher amounts of organic matter. This
is, for example, humic substances and other polyphenols, products of the
life activity of aquatic organisms (natural sources) as well as organic pollu-
tants of sewage and industrial wastes (artificial sources). Chemical oxygen
demands COD(Mn) (see p. 300) in clean waters is usually given in terms
of mg 17!, but in the polluted waters it rises to tens of mg 17'. COD(Cr)
is usually 3 times higher than COD(Mn). Organic substances in surface
waters have a certain de§ree of complex-forming capacity (usually given in
pmol Cu®*t or pmol Co * which can bond organic substances from 11 of
water). This expresses the capability of organic compounds to bond metals
into complexes. :

In Czechoslovakia, for example, the description and classification of th
qualitative properties of continental waters is made according to the indices
into 4 groups [11]:

a) oxygen regime indices (particularly dissolved oxygen, BOD; (biochem-
ical oxygen demand; see p. 304), COD(Mn), free hydrogen sulphide, biolo-
gical state),

b) indices of the basic chemical composition (dissolved and non-dissolved
substances, calcium, magnesium, sulphates, chlorides),

c) specific indices (pH, ammonia nitrogen, nitrates, iron, manganese
cyanides, phenols, tensides, temperature, odour),

d) indices of microbial pollution (number of coliform microbes).

For special needs a set of auxiliary indices is recommended. These are
as follows:

— harmful substances (e.g. lead, arsenic, mercury, etc.),
— health toxicological indices (e.g. selenium, fluoride ions, benzene, etc.),
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— sensory indices (e.g. carbon disulphide, oil, etc.),
— radioactive substances.

Evaluation is commonly carried out according to chosen indices (dis-
solved oxygen concentration, BOD,, COD(Mn), saprobites, dissolved sub-
stances, non-dissolved substances, pH, temperature, Coli index). According
to the permissible limit values surface waters are categorized into 4 classes
(Table 3.40).

Table 3.40. Water purity grades [11]

Grade
Indicator
Ia Ib I III v
very clean polluted seriously  very serious-
clean polluted ly polluted
Dissolved
oxygen
(mg1-1) >7 >6 >5 >3 <3
BODs
(mg1~1) <2 <5 <10 <15 > 15
COD(Mn)
(mg 1~1) <5 <10 <15 <25 >25
Biological oligo- beta- beta- to alpha- poly-
state saprobes meso- alpha- meso- saprobes
saprobes  mesosaprobes  saprobes
Dissolved :
substances
(mg 171) < 300 < 500 < 800 < 1200 > 1200
Non-dissolved
substances < 20 <20 < 30 < 50 > 50
pH > 6.5 < 5.8
< 8.5 6.5-8.5 6.0-8.5 5.5-9.0 > 9.0
Temperature
(°C) <22 <23 <24 <26 > 26
Coli index
(germs per 11) <108 < 10* <108 < 108 > 108

A special case of continental surface waters are brines formed by hy-
drolysis and oxidation of rocks by atmospheric water and evaporation of
the resulting solution in runoff-free lakes. In this way salt brine with a
predominance of Na* and C1™ ions is formed in the Magadi Lake (Kenya)
(total mineralization more than 300 g kg ™).

Of all water on the Earth the sea water greatly predominates. The world
ocean occupies about two thirds of the earth’s surface (Fig. 3.32). Its most

167



2800 R
-‘////4//_////

Fig. 3.32. Distribution of oceans on the Earth. 1 — Pacific Ocean, 2 — Atlantic Ocean,
3 — Indian Ocean, 4 — North Sea

Table 3.41. Mean concentrations of constituents in the oceans [12]

Constituent Concentration
(mg171)

Nat 10,500

K+ 380

Lit 0.17

NH} 0.5

Ca?t 400

Mg2+ 1,350

Fe?+ 0.01

Cl- 19,000

HCO; 142°

so2- 2,700

SiO2 6.4

B 4.6

Total mineralization 34,500 mg 17!

pH 8.2

® Given as total nitrogen (NHZ’ + NOJ + NOj).
® Given as total CO2 (HCO; + COZ%~ + free CO3).

important feature is its quite constant chemical composition. An exception
from the view point of the stability of chemical composition are some trace
elements and elements participating in biological processes in the sea water
(nitrogen and phosphorus) or those which — depending on the conditions
— are easily transformed from soluble into insoluble forms, and vice versa
(Fe and Mn). Table 3.41 presents the mean concentrations of constituents
in the oceans. Sea water has a slightly alkaline reaction (pH 8.0-8.3). In
more shallow coastal areas carbon dioxide may be accumulated and thus
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the pH can drop below this value. The majority of ions is partly complex
bonded in sea water [13].

Sea water contains on average 35 g 17! of dissolved solids, however,
this amount is not the same everywhere (Table 3.42). The predominating
component is sodium chloride. It has been calculated that its reserves in
all seas of the world represent 35 x 10 kg. Geographic changes of water
mineralization in the oceans are shown in Fig. 3.33. The composition varies
with depth down to about 200 m. The temperature of the ocean varies only
very little. The temperature of surface layers of the sea water depends on
geographic latitude and ranges from freezing point up to about 30°C. In the
depths below 3000 m the temperature is constant within the approximate
range 0 to 3°C [13-16).

Table 3.42. Mean concentrations of dissoived solids in various seas

Sea Dissolved solids
(81°1)
Atlantic Ocean 36
North Sea 32
Mediterranean Sea 38
Indian Ocean 34
Dead Sea 280
Pacific Ocean 35
Baltic Sea 20
Black Sea 11
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Fig. 3.33. Mineralization of world ocean (the content of dissolved substances
in g1~1) [13)
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A general feature of seas and oceans are changes in the content of dis-
solved salts at a depth of 100-200 m (the so-called halocline) and changes
in temperature (the thermocline). Sea is a specific aquatic environment
noted for the sufficient reserves of energy and nutrients, their even distri-
bution as well as stability of conditions. All these aspects are of essential
importance for nature and living organisms. It is confidently asserted that
these properties of the environment were inevitable for the origin of life on
our planet.

3.5.3 Sub-surface water

Sub-surface water occurs under the earth’s surface in all forms and states.

According to their origin the sub-surface waters are classified as follows:

— vadose — these originate by soaking (infiltration) of precipitation and
surface waters into the soil and to a small degree also by condensation
of water vapours of atmospheric origin under the surface,

— juvenile — these are formed by condensation of water vapours escaping
from cooling magma in the Earth. They can reach the surface along
cracks in the earth’s crust and gush out as thermal springs, hot springs
or geysers.

The sub-surface water is both chemically and mechanically (physically)
bonded in the crustal profile. Chemically bonded water (constitution, crys-
talline water) is non-utilizable from the hydrological viewpoint. Mechani-
cally bonded water occurs in the zone of saturation as groundwater as well
as in the zone of aeration as soil water (Fig. 3.34).

I EARTH SURFACE

AERATION ZONE

I GROUNDWATER LEVEL

SATURATION ZONE

IMPERVIOUS SUBSOIL

VA7
Fig. 3.34. Distribution of sub-surface water
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3.5.3.1 Soil water

Soil water is part of the sub-surface water (regardless the state) which does
not form a continuous level and does not fill all pores. It occurs in aerated
zones where the pores also contain air. According to the predominating
forces three types of soil water are recognized (Fig. 3.35).

<L EARTH SURFACE
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i
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Fig. 3.35. Distribution of soil water. 1 — suspended capillary water, 2 — gravitation
water, 3 — adsorption water, 4 — supported capillary water

Gravitation soil water — its motion and effects are due largely to gravi-
tation. It is formed by the soaking of precipitation into the Earth in larger
non-capillary pores and flows through the aeration zone into the zone of
saturation. It enriches the reserves of groundwaters.

Capillary soil water — its motion and effects are mainly determined by
the effects of capillary forces in small pores. It is formed in the soaking
of the soil by precipitation, when part of water is trapped in the capillary
pores (suspended capillary water) as well as by capillary elevation from the
groundwater level (supported capillary water).

Adsorption soil water — this water is bonded by adsorption forces to soil
rock particles. The most strongly bonded is the layer of water molecules
which is present immediately on the solid soil particles and provides hy-
groscopic water. The external layer of water molecules bonded to the solid
particles of soil by intermolecular forces is called envelope water. Whereas
hygroscopic water moves in the gaseous state only due to different vapour
tension the envelope water moves also in the liquid state but only very
slowly, and provides soil or rock moisture [1].

3.5.3.2 Groundwater

Groundwater is that fraction of sub-surface water which fills the cavities of
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water-bearing rocks regardless of whether it provides a continuous surface
or not, and the fraction which forms a continuous surface in the soil.

According to mineralization (total amount of dissolved solid substances)
and content of gas, the groundwaters are categorized into normal and mi-
neral waters.

3.5.3.2.1 Normal groundwaters

Normal groundwaters have a low content of dissolved solid substances, gases
or microorganisms which do not satisfy any of the criteria for mineral wa-
ters. The reserves of groundwater are made up by soaking of atmospheric
and surface waters, through permeable layers (infiltration), and also by the
condensation of water vapour in the soil and condensation of the vapours
from magma.

The groundwaters are the least movable part of the general hydrological
cycle on the Earth. Whereas the volume of water in the atmosphere is re-
placed every nine days, that of oceans and seas on average every 2000 years,
the volume of the groundwaters exchanges only every 8000 years, although
quite significant differences can be observed here. A similar situation has
been recorded in the case of the groundwater flow rate. Groundwaters in
the surface zones of the earth’s crust usually moves at a rate of 1 to 1000 m
per year, whereas those at a depth of 1000 to 2000 m move at a rate of
0.0001 to 0.1 m per year. For comparison, the rate of water exchange in
rivers is about 5 km h™ .

Chemical changes of groundwaters are the result of complex processes
taking place in the water-rock—atmosphere system. These are physical,
chemical and biochemical processes taking place simultaneously orin a close
sequence. Dissolution, hydrolysis, adsorption, ion exchange, oxidation and
reduction, diffusion and osmosis are of decisive importance in the formation
of a given chemical composition.

During infiltration through the soil and rock layers the soluble substances
are directly dissolved and leached. In this way sulphates and chlorides of
the alkali metals, sulphates of alkaline earths from corresponding mine-
rals, followed by nitrates (from atmospheric waters during storms, from
soil fertilized with nitrogen fertilizers, as well as from degraded nitrogen
substances), low amounts of fluorides, bromides, iodides, phosphates and
other trace elements are introduced into groundwater. However, simple
dissolution is not sufficient to produce higher concentrations of dissolved
substances in water.
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More complicated chemical reactions take place in the presence of carbon
dioxide and oxygen. In the presence of CO, low-soluble calcium, magne-
sium, iron, manganese and other carbonates are transformed into more
readily soluble hydrogen carbonates, during dissolution of aluminium sil-
icates the Nat, K*, Ca.2+, Mg2+ ions are released being substituted by
HY, Si, Al and Fe. In the degradation of aluminium silicates hydration and
hydrolysis are markedly involved.

Many of physico-chemical processes taking place in the system water—
rocks—atmosphere have an oxidation or reduction character. Insoluble sul-
phides are oxidized in the presence of oxygen into sulphates. The rate of
oxidation depends on the grain size of the sulphides, the degree of rock
protection, conditions of oxygen supply, etc. Thus, the natural waters are
enriched by sulphate ions in the chemical erosion of eruptive rocks.

The chemical composition of groundwaters is significantly influenced by
ion-exchange reactions. The bearers of the ion-exchange properties in the
sedimentary rocks are mostly clays (e.g. kaolinite, montmorillonite, illite,
etc.). The exchange of calcium for sodium is of great importance as it can
cause a change of the relative quantitative representation between Ca, Mg
and Na (the original order Ca > Mg > Na can be changed into Na > Ca >
Mg).

In sedimentary rocks with a porous structure adsorption processes are
involved to a considerable degree. Via the adsorption phenomena, natu-
ral water gets rid of many, sometimes undesirable substances, e.g. high-
molecular compounds, as well as of some elements (for example, Cu, Pb,
Zn, Sr) which enter the waters together with wastewaters.

The transfer of salts by diffusion and the accompanying processes can
change the total mineralization of the chemical composition of groundwa-
ters.

The groundwater composition is significantly influenced by biochemical
processes. According to the content of dissolved oxygen these processes
can have either an oxidation or reduction character. In the upper layers
with sufficient access of oxygen, aerobic biological degradation of organic
substances takes place, and at greater depths without the presence of oxy-
gen anaerobic processes are observed (particularly reduction of nitrates and
sulphates). Via these processes inorganic compounds of nitrogen, hydrogen
sulphide and carbon dioxide are introduced into groundwaters.

In addition to the natural sources of contaminants, human activities have
also contributed to the build-up of contaminants in groundwaters. Potential
sources of groundwater contaminants are shown in Table 3.43 [16].
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Table 3.43. Potential sources of groundwater contaminants [16]

Source

Possible contaminants

Accidental spills

Acid rain
Agricultural activities
Animal feedlots
De-icing of roads

Deep-well injection of was-
tes

Hazardous waste disposal
sites

Industrial liquid-waste sto-
rage ponds and lagoons

Landfills, industrial

Landfills, municipal

Land disposal of liquid and
semisolid industrial wastes

Land disposal of municipal
wastewater and waste slud-
ges

Mining
Rainfall
Saltwater intrusion

Septic-tank leaching fields
or beds (soil absorption ar-
eas)

Storage tanks, underground

Various inorganic and organic chemicals

Oxides of sulphur (SO;) and nitrogen (NO;)
Fertilizers, pesticides, herbicides, and fumigants
Organic matter, nitrogen and phosphorus
Chlorides, sodium and calcium

Variety of inorganic and organic compounds, radioactive
materials and radionuclides

Various inorganic compounds (particularly heavy me-
tals) and organic compounds (e.g. pesticides and prior-
ity pollutants)

Heavy metals and various cleaning solvents and degreas-
ing compounds

Wide variety of inorganic and organic compounds

Heavy metals, gases, organic compounds and inorganic
compounds (e.g. calcium, chlorides and sodium)

Organic compounds, heavy metals and various cleaning
solvents and degreasers

Organic compounds, inorganic compounds, heavy me-
tals, microbiological contaminants, etc.

Minerals and acid mine drainage
Chloride, sulphate, organic compounds, etc.
Inorganic salts

Organic matter, nitrogen, phosphorus, bacteria, etc.

Organic cleaning and degreasing compounds, petroleum
products, and other hazardous wastes

Groundwaters are classified from various viewpoints (according to the
degree and character of mineralization, gas content, radioactive substances,
trace elements, temperature, etc.). According to the quantity of dissolved
substances groundwaters are classified as follows:
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fresh with the content of dissolved substances (up to 1 g17),
slightly mineralized (1-5 g 1_1)i
medium mineralized (5-15g 1™
strongly mineralized (over 15 g 171).
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Depending on the main ion constitutents groundwaters are classified as
follows:
1st class: bicarbonate waters,
2nd class: sulphate waters,
3rd class: chloride waters.

The specific classes are divided into groups with predominating cation:
1st group — Na¥,
2nd group — M 2+,
3rd group — Ca’*.

From the point of view of treatment criteria (pH, neutralization capa-
city, dissolved substances, aggressive CO,, contents of Mn, Fe, F~, PO;~,
NHI, NO;, NO;, COD, specific organic compounds) the groundwaters
are classified into various quality categories.

Groundwaters are also classified according to the weight or molar ratio
between cations and anions. To express the essential data on the water
quality, graphic and numerical methods are employed [18-22].

When using the graphic methods water composition is represented by a
geometric diagram (column, triangle, circle) in which the composition of
water is illustrated. The symbols usually express the water composition by
their shape, and its mineralization by their size.

The column graphs consist either of two columns, one for the cation and
another one for the anion, or several columns, each of which is for one ion.
Such a graph is shown in Fig. 3.36.

CATIONS ' 0
ANIONS l 0

Fig. 3.36. Column graph representing total mineralization
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Fig. 3.38. Circular graph according to H.Udluft. Radius r = 2xM (M — total minera-
lization in mg1~!). External circles are determined for temperatures: 1. circle t < 20°C,
2. circle t = 20-20°C, 3. circle t = 40-60°C

A vivid means of representation is the circular graph (Fig. 3.37). In the
lower part of the circle the relative proportions of anions are illustrated, and
cations in the upper part. The circle radius is directly proportional to total
mineralization. The alternative circle graph by H. Udluft expresses water
composition in detail (Fig. 3.38). In addition to the content of main ions,
the contents of other ions are also taken into consideration (broken lines).
Concentric circles in the centre of the graph illustrate the contents of gases
and silicic acid in mg 17", The outer circles express temperature (each of
them represents an increase of 20°C). The area of a circle is proportional
to mineralization.
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Chemical composition of several waters is illustrated in survey graphs,
allowing comparisons to be made.

Good picture of the chemical composition of waters in a given region is
provided by maps. Chemical composition of waters in the maps is shown by
discontinuous means (using different symbols and graphs) or by continuous
means (isoline or surfaces with approximately identical values of the indices
studied, or approximately identical water quality).

-A typical map of chemical composition of groundwater shows

— the type and mineralization of groundwater of the first significant col-
lector under the surface,

— occurrence of mineral waters with denoted chemical composition, degree
of mineralization and temperature,

— localities with waters of anomalous chemical composition indicating sup-
plies from greater depths,

— depth changes of chemical composition of water found by drills,

— polluted waters and waters containing an unsuitable constituent from
the viewpoint of its usability for waterworks purposes.

Numerical methods express the chemical composition of water using a
digital symbol or formula which, however, does not represent any mathe-
matic relationship. The best known and frequently used method for ex-
pressing the chemical composition of water is the Kurlov formula. It.is a
fraction with anions in its numerator and cations in its denominator. The
ions are presented according to decreasing contents, the concentration data
(g17") being written in the form of an subscript. To the left of the frac-
tion total mineralization M (g17") is presented together with the contents
of predominating gases (g 17" ), and temperature T (°C) and capacity Q
(1s™') on the right. :

A typical example of water composition would be: 75 mg 17! ca?t,
29mgl™" Nat,24 mg1™! Mg**,8mgl™" K*,250 mgl™' HCO;,40 mg1™"
Cl™, 24 mg 17! SOZ_, 110 mg 17 CO,, mineralization 650 mg 17!, tem-
perature 8°C, capacity @ = 0.21 s™'. The Kurlov formula is as follows for
this water:

6 HCO 25 Clo.04505.035
68 Cayg 975 Nag 920 MEp 024K 0.00s

COj 1, M, TyQo. (3.119)

To express genetic relationships among groundwaters different coeffi-
cients characterizing the ratios between chosen ions are used (particularly
Cl™:Br~, Nat:Kt, HCO; :CI7).
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Table 3.44. Examples of the chemical composition of particular groundwaters

Water, Chemical composition (mg 1~1)
locality pH

NatK* Lit Ca?+Mg?+ Fe?+ C1~ HCO3 SO2~SiO; Total
minera-
lization

Groundwater of

shallower circula-

tion (V. Kdmen,

The Ore Mountains,

CSFR), environ-

ment of the circu-

lation — granite 5.25 2.52.00.02 11.0 0.01 21 37 309 7.6 60

Groundwater  of
deeper circulation
(Moravia, CSFR),
environment of the
water circulation
— troctolite 10.8 25.50.70.00 12.0 0.61 0.115.05 0.00 45.7 3 109

Table 3.44 presents examples of the chemical composition of particular
groundwaters.

The groundwater which passes through fine pores of soil layers and
changes its composition and properties is usually the top quality drink-
ing water free from organic substances; it is safe from the viewpoint of
bacteriology, it has the correct temperature and constant composition.

3.5.8.2.2 Mineral waters

Simple groundwater changes into mineral water after exceeding a certain
amount of dissolved solid substances and gases. To distinguish mineral wa-
ters from fresh groundwaters no hydrogeological criteria are available, and
therefore balneological ones are applied [6). The first definition of mineral
waters dates back to 1907: its authors are Hintz and Griinhut. An extended
proposal was adopted in 1912 by the Nauheim Decree. This proposal has
become the basis for defining mineral waters all over the world [6]; example
are given in Table 3.45.

Mineral waters in the broader sense of the word are waters which dif-
fer from normal groundwaters by their chemical composition and physical
properties, and they are formed by particular circumstances occurring in
the groundwater circulation.
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Table 3.45. Characterization of mineral waters

Criterion Unit Nauheim Decree CSFR
(1912) (1972)
Temperature °C 20 25
Dissolved substances mg 11 1000 1000
CO; (free) mg 1~} 250 1000
HsS mg 1~} 1.0 1.0
Fe mg 1-! 10.0 10.0
I mg 1-1 1.0 5.0
As mg 1-! 0.7 0.7
Br mg 1~} 5.0 —
B mg 1! 1.23 _
Rn Bq 1! 48.1 1369

The following types are recognized [17, 23]:

— natural mineral waters,
— natural curative waters,
— natural mineral table waters.

Natural mineral waters are waters from natural sources which contain
more than 1 g 17" of dissolved solid substances, or more than 1 g 17! of
dissolved carbon dioxide at the point of emergence.

Natural curative waters are waters from natural sources possessing phar-
macodynamic effects due to their chemical composition for therapeutic pur-
poses.

Natural mineral table waters are waters from natural sources without
significant pharmacodynamic effects containing 1 g 17! of carbon dioxide
minimum and 5 g 17! of dissolved solid substances maximum, and they can
be used as refreshing drinks because of their taste properties.

Mineral waters are classified and evaluated according to
— the content of dissolved gases,

— total mineralization,

— predominating cations or anions,

— biologically and pharmacologically important constituents,
— pH value,

— radioactivity,

— temperature at the point of emergence,

— osmotic pressure.

From the viewpoint of content of dissolved gases mineral waters are clas-
sified only according to the contents of carbon dioxide and hydrogen sul-
phide:
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(a) Carbonate waters called also acidulous waters — waters containing at
least 1 g 17" of free CO, on emergence.

(b) Sulphur (hydrogen sulphide) waters containing at least 1 mg 1! H,S +
HS™ on emergence.
For total mineralization, mineral waters are categorized as

(a) normal (contents of dissolved solid substances is lower than 1 g 17"),

(b) slightly mineralized (content of dissolved solid substances ranges from
1to5gl™"),

(c) medium mineralized (contents of dissolved solid substances ranges from
5t015g17),

(d) stronglg{ mineralized (content of dissolved solid substances is higher than
15g17).
According to the prevailing ions natural mineral waters are categorized

into classes and groups (Tab. 3.46). The first place is occupied by the

Table 8.46. Classification of natural mineral waters according to the prevailing ions

Class according to prevailing Class according to predo-
anion minating cation
Hydrogene carbonate and carbonate Sodium

waters
Sulphate waters Magnesium
Chloride waters : Calcium
Waters with another prevailing

anion With another cation

name of the predominating anion and the second one by the predomi-
nating cation. Waters in which other ions reach a concentration of at
least 20% of the total number of chemical equivalents in addition to the
predominating anion and cation are mixed types of waters. For exam-
ple, hydrogen carbonate—calcium—-magnesium water (HCO,—Ca-Mg water),
sulphate—chloride-sodium water (SO,—Cl-Na water), etc.

In the case of biologically and pharmacologically important constituents
mineral waters are classified as follows:

(a) sulphur — containing at least 1 mg 17! of titratable sulphur at the
point of the springing (H,S, HS™, szog‘),

(b) iodine — containing at least 5 mg 17" of iodides in the spring,

(c) ferruginous — containing at least 10 mg 17! of iron (Fe**) on emer-
gence,
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(d) with increased contents of arsenic, bromine, fluorine, copper, zinc,
cobalt, molybdenum, lithium, strontium, barium, boric acid, silicic acid.

The pH value of waters is used as a classification only if the waters are
too acid (pH < 3.5) or too alkaline (pH > 8.5).

According to radioactivity, radon waters are those whose acitivity, caused
by radon or its isotopes, is at least 1.37 kBq 17,

Classified by the temperature on emergence those waters with a tempe-
rature higher than 25°C are called thermal waters and are categorized as
follows:

— lukewarm, temperature 25-35°C,
— warm, temperature 35-42°C,
— hot, with temperature over 42°C.

The final grouping concerns osmotic pressure; waters are classified into
— hypotonic,

— isotonic,
— hypertonic.
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3.6 Drinking water

From the viewpoint of life in general and physiology in particular water is
of essential importance for humans and animals. It interacts directly or
indirectly with their fundamental living processes. Water is necessary for
metabolism, and it controls thermal and pressure conditions in organisms.
A loss of 10% of the required quantity of water induces serious health
disorders in man.

Because of its irreplaceable role in the life of man, drinking water is the
most important type of natural waters. It is therefore not surprising that
strict qualitative requirements are placed on drinking water.

Drinking water is one of the essential components of human nutrition. It
must be safe for humans and it must also have a biological value. It should
contain a number of constituents, primarily trace biogenous elements in an
amount and ratio such that their optimum utilizability by human organism
is secured. These substances can be supplied by drinking water. The most
suitable composition of biogenous elements is that of real groundwaters.
Waters with a high biological value are called curative mineral waters [1, 2].

The biological value is a very labile property, therefore it is necessary to
use a water treatment process which will maintain the natural character of
water as much as possible. Whatever chemical treatment of water is used, it
usually results in worsening of the physiological properties of water. After
the treatment, although the water satisfies the quality requirements given
by the Official Standard, its value is considerably lower; it does not contain
many of the important biological components. Moreover, its sensory pro-
perties make it less pleasant to drink [3-6]. Drinking water, however, is not
only used for drinking. It is used also for the preparation of meals, as well as
for many other purposes, for example, washing up, washing, bathing, and
flushing. In towns, water is used quite extensively for municipal services
(grass and flowers, washing of streets), and in smaller industrial plants.
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Thus, drinking water also plays the role of utility water, in some cases
even the role of service water. Therefore, it is not surprising that the specific
demands of water for inhabitants in urban agglomerations are generally
higher than that in the countryside, amounting to 300-600 1 of drinking
and utility water per capita per day.

The process of mechanization, increase of the housing standard and a
general increase of the standard of living are manifested in the increasing
demands for drinking water under both local and worldwide conditions.
By the end of this century the demand for drinking water in developed
countries is expected to increase to 1000 1 per capita per day.

3.6.1 Drinking water quality standards

Drinking water from any natural source must satisfy health and technolog-
ical requirements. First of all, water must not contain any organisms or
concentrations of substances which have or could have detrimental effects
on the health of people after being used over a long period of time.

Drinking water must have an acceptable taste, it should have good ap-
pearance, it should be free from unpleasant odour and it should also have
an appropriate temperature so that it is refreshing. Drinking water distri-
bution through pipelines should not worsen its quality. The requirements
for a sufficient quantity of drinking water result from the aspects of hy-
giene [7-12].

Standards for drinking water have evolved over the years as knowledge of
the nature and effects of various contaminants has grown. Such standards
require that the water be free of suspended solids and turbidity, that it
is tasteless and odourless, that dissolved inorganic solids are in moderate
quantities, and that organics, toxic substances and pathogens are absent.
As more is learned about the constituents of water, additional requirements
will probably be added to this list, making drinking water requirements
even more stringent.

The World Health Organization has established minimum criteria for
drinking water that all nations are urged to meet. These standards are
listed in Table 3.47. Countries with more advanced technology generally
have standards that exceed this quality.

The maximum contaminant level (MCL) of inorganic and organic chemi-
cals and microbiological contaminants are shown in Tables 3.48 through 3.50
[13-22). These standards were established by the U.S. Environmental Pro-
tection Agency and were published in 1975 under the title “National Interim
Primary Drinking Water Regulations”, Federal Register, Part IV.
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Table 8.47. Drinking-water standards of the World Health Organization

Concentration (mg 1-1)
Chemical
constituent WHO International (1958) WHO European (1961)
Permissible Excessive Maximum Recommended Tolerance
limit limit limit limit limit

Ammonia (NHy) — — — 0.5 —
Arsenic —_ — 0.2 — 0.2
Cadmium — — — — 0.05
Calcium 75 200 — — —
Chloride 200 600 — 350 —
Chromium (hexavalent) — — 0.05 — 0.05
Copper 1.0 1.5 — 3.0% —
Cyanide — — 0.01 — 0.01
Fluoride — — — 1.5 —
Iron 0.3 1.0 — 0.1 —
Lead — — 0.1 — 0.1
Magnesium 50 150 — 1250 —
Magnesium+sodium

sulphates 500 1000 — — —_
Manganese 0.1 0.5 — 0.1 —
Nitrate (as NO3) — — — 50 —
Oxygen, dissolved

(minimum) — — — 5.0 —
Phenolic compounds

(as phenols) 0.001 0.002 — 0.001 —
Selenium — — 0.05 — 0.05
Sulphate 200 400 — 250 —
Total solids 500 1500 — — —
Zinc 5.0 15 — 5.0 —

& After 16 h contact with new pipes; but water entering a distribution system should
have less than 0.05 mg 1! of copper.
b If there is 250 mg 1~ of sulphate present, magnesium should not exceed 30 mg1-!.

As an example of a national standard for drinking water quality based on
the above specified requirements of the World Health Organization which
considers specific conditions of a given country, the Czechoslovak Standard
can be presented.

The requirements for drinking water quality are specified in CSN 83 0611
— Drinking Water. This Standard presents permissible concentrations of
elements, compounds and microorganisms which must not be exceeded, for
the safeguard of man’s health, or to avoid other damage resulting from
its use. The Standard also includes some other properties concerned with
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Table 3.48. Primary drinking-water standards:
maximum contaminant levels for inorganic chemicals

Contaminant Level
(mg 171)
Arsenic 0.05
Barium 1.00
Cadmium 0.010
Chromium 0.05
Lead 0.05
Mercury 0.002
Nitrate (as N) 10.00
Seleninm 0.01
Silver 0.05

Table 3.49. Primary drinking-water standards:
maximum contaminant levels for organic chemicals

Chemical Maximum contaminant level
(mg1°1)

Chlorinated hydrocarbons:

Endrin 0.0002

Lindane 0.004

Methoxychlor 0.1

Toxaphene 0.005

Chlorophenoxys:

2,4-D 0.1

2,4,5-TP silvex 0.01

the deterioration or aesthetic impairment of drinking water quality, for
example, colour, turbidity, odour, etc. The Standard is based on recom-
mendations of the World Health Organization, and is in agreement with
similar standards of other countries. It is permanently updated, taking
into account the latest scientific results.

The Standard presents two groups of requirements for drinking water
quality: bacteriological and biological, and chemical and physical require-
ments. They are classified into permissible and rated indicators.

The permissible indicator is a limit value of a property or constituent
which must be maintained, otherwise the water is unsuitable for drinking.

The rated indicator is a limit value of property or constituent which must
be observed in a general way. However, under certain circumstances this
value can be higher, for example, if there are reasons which do not allow

185



981

Table 3.50. Primary drinking-water standards: maximum contaminant level for microbiological contaminants

Test method used

Monthly basis

Individual sample basis

Fewer than 20 More than 20
samples/mo samples/mo

Membrane filter

1/100 ml average

Number of coliform bacteria shall not exceed

tube method
10-ml standard
portions

100-ml standard
portions

More than 10%
of the portions

More than 60%
of the portions

technique density 4/100 m! in more than 4/100 ml in more than
one sample 5% of samples
Coliform bacteria shall not be present in:
Fermentation

Three or more portions Three or more portions
in more than one in more than 5% of
sample samples

Five portions in more Five portions in more
than one sample than 20% of samples




its achievement. The excess limit must be approved by responsible hygiene
authorities.

From the viewpoint of bacteriological and biological requirements the
permissible indicators involve the quantity of coliform and mesophile bac-
teria. Of course, drinking water must not contain any pathogens, micro-
scopic and macroscopic organisms which come from waste- or surface wa-
ters. The Standard limits the number of infusoria and colourless flagellata.
The rated indicators also include the amounts of psychrophile bacteria and
enterococci.

From the viewpoint of chemical and physical requirements the permis-
sible indicators involve a number of criteria; mercury, selenium, cadmium,
vanadium, chromium, arsenic, silver, lead, barium, cyanides, hydrogen sul-
phide, fluorides, phenols, oil and oil substances, COD(Mn), colour, odour,
taste and turbidity. The most stringent criterion concerns the content of
mercury, followed by selenium, cadmium, vanadium, cyanides, oil and oil
substances. Another important indicator is the content of organic matters
characterized by COD(Mn).

The rated indicators, on the other hand, include the content of dissolved
oxygen, active chlorine, ammonia and ammonia ions, iron, manganese, alu-
minium, zinc, magnesium, calcium, phosphates, nitrites, nitrates, chlorides,
sulphates, humin substances, all dissolved constituents, anions of tensides,
copper, hydrogen carbonates and pH value. This category also includes
radioactivity characterized by total volume alpha-activity, and in surface
waters also by total volume beta-activity.

Drinking water quality is governed by physical, chemical, biological and
bacteriological properties. Of the physical properties of drinking water,
its appearance is evaluated (turbidity, colour), and also taste, odour and
temperature {13-22].

The maximum permissible concentrations of the most important ele-
ments and compounds in drinking water as well as the requirements for
physical properties of drinking water are listed in Table 3.51.

From the viewpoint of biological and bacteriological properties of drinking
water there is a requirement in the Standard that drinking water must not
contain any pathogenic organisms. Permissible quantities of mesophile and
coliform germs are limited as follows:

In 1 ml of drinking water for local supply the maximum permissible count
of mesophile germs (at 37°C) is 100, that of psychrophile (at 20°C), 500.
Indicators of faecal pollution must be negative in 50 ml.
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Table 3.51. Requirements for physical and chemical properties of drinking water according to CSN 83 0611

Permissible indicators

(maximum permissible concentration)

Rated indicators

Mercury
Selenium
Cadmiun
Vanadium
Chromium
Arsenic
Silver
Lead
Copper
Barium
Cyanides
Hydrogen sulphide
Fluorides
Phenols (monovalent)
Qil and oil products
COD(Mn)
Colour
Turbidity
Radioactivity
total alpha-activity
total beta-activity

(mg1~1)
0.001
0.01
0.01
0.01
0.05
0.05
0.05
0.05
0.05
1.5
0.01
0.01
1.5
0.05
0.01
3.0
20 (Pt)
5 ZF

0.1 Bql-1
1 Bql-!

Dissolved oxygen
Active chlorine
Ammonia and NH:’
Iron — collec. res.
— individ. res.
Manganese —— collect. res.
— individ. res.
Aluminium
Zinc
Magnesium
Total calcium and magnesium

Alkalinity (Methyl Orange)
pH

Phosphates

Nitrites

Nitrates

Chlorides

Sulphates

Tensides (anionic)
Huminous matters
Extractable substances
All dissolved substances

min.
min.

max.
max.
max.
max.
max.
max.
max.
max.

min.

min.
6-8

max.
max.
max.
max.
max.
max.
max.
max.
max.

(mg1-1)
50%
0.05; max. 0.3
0.5
0.3
0.5
0.1
0.3
0.3
5
125
0.375 mmol 1-1

0.375 mmol 1-!

1.0
0.1
50
100
250
0.2
2.5
0.2
1000




The number of mesophile germs in drinking water for public consump-
tion must not be higher than 20 per ml and that of psychrophile germs,
100 per ml.

Bacteriological analysis must be carried out immediately after sampling,
or the sample of water must be suitably preserved.

3.6.2 Indicators of faecal contamination of drinking water

The most important requirement for drinking water is its health safety.
The health of man can be endangered by germs of infectious and parasitic
diseases, as well as by substances of toxic character.

The most frequent sources of germs causing infections and parasitic dis-
eases are animal wastes. Therefore, when evaluating water quality it is
important to determine if the water is contaminated by faeces. If so, it
is possible to determine various microorganisms from the gastrointestinal
tract of animals or man, as well as various organic and inorganic substances
present in faeces, or products of their biochemical transformations [23-26].

Some of these microorganisms or characteristic substances can be deter-
mined by microbiological or chemical analysis. The most convenient ones
can be used as indicators of faecal contamination.

This concerns the following determinations:

— counts of psychrophile microbes (20°C) which characterize total bacterial
water contamination,

— counts of mesophile microbes (37°C) which indicate contamination of
water by microbes from warm-blooded animals,

— microbes of the Enterobacteriaceae family, the Escherichia genus, which
are residents of the intestinal tract.

Faecal water pollution is characterized bacteriologically by the determi-
nation of coliformi microbes. It is expressed either in counts of microbes
per ml of water, or the minimum quantity of water in which the above
specified microbes are still present.

The importance of microbiological indicators varies. The most important
is the determination of microbes from the Enterobacteriaceae family and
faecal streptococci.

Chemical indicators of faecal water contamination are as follows:

— degradation products of organic substances of animal origin and their
transformation products (e.g. ammonia nitrogen, nitrites, phosphates,
hydrogen sulphide and its ionic forms),

— inorganic substances accompanying the organic substances of animal
origin (e.g. chlorides from urine),
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— specific organic substances occurring in animal wastes (e.g. steroids, uric
acid, urochromium and others).

Ammonia nitrogen is released primarily during biological degradation of
organic nitrogen substances. Its presence in groundwater indicates fresh
contamination with animal waste. Moreover, NH} ions are intensively ad-
sorbed by soil and they also undergo ion exchange. These facts even increase
the indicator value of ammonia nitrogen. However, in some cases it does
not necessarily originate from faeeal contamination. It can be generated by
decomposition of plant organisms, reduction from nitrogen substances with
a higher oxidation number of nitrogen, or its source can be the washings
from fields to which nitrogen fertilizers were applied.

Nitrites formed by nitrification from ammonia nitrogen also have a high
indicator value; they too are considerably adsorbed in soil. However, the
source of their occurrence is not limited to faecal contamination.

Nitrates as the final products of nitrification are usually not used as
indicators of faecal contamination as they are only little adsorbed by soil
and penetrate to remarkable distances.

Chlorides have a low indicator value because they are common compo-
nents of natural waters and adsorbed very little in soil, thus they easily
penetrate it, like nitrates.

Phosphates — if of organic origin — have an important indicator value
as the soil complex retains them strongly by both sorption processes and
chemical reactions. Phosphates of inorganic origin (e.g. industrial fertiliz-
ers, corrosion inhibitors), or those which were formed by plant degradation
are not significant as indicators of faecal contamination [27-32).

3.6.3 Drinking water resources

Drinking water is obtained from a number of different natural sources.
According to the origin it can be ground-, surface or precipitation water.

Groundwater with its advantageous properties and composition is the
most suitable source of drinking water. From groundwater sources it is
possible to get water with a high biological value and favourable physical
and bacteriological properties. Usually, no special treatment is required,
except that which concerns its health aspects, e.g. by disinfection with
chlorine. Only in some cases is some treatment required, for example,
removal of iron, manganese, or carbon dioxide.

According to its origin the groundwater can be categorized into porous or
crack (crast) waters. Only water filling soil pores is optimally mineralized.
In passing through the soil layers, bacteriological or chemical contaminants
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are removed and the water has a constant and convenient temperature.
The properties and composition of crack or crack water are not as good
as those of porous water. The search for and extraction of groundwater
involves lower financial costs and a shorter time period in comparison with
the construction of water reservoirs.

In areas poor in groundwater it is possible, under certain conditions,
to obtain water with similar properties to those of groundwater. For this
purpose artificial infiltration of surface water from a stream or reservoir is
used.

Surface water with its properties and composition does not reach ground-
water quality. In view of the limited sources of natural water and increasing
demands for drinking water the importance of surface waters for public sup-
ply is ever increasing under the conditions both in Europe and all over the
world.

In surface water the instability of composition, variations in temperature,
lack of biogenous elements and particularly its ever growing contamination
have negative effects, making surface water treatment a demanding and
expensive technological process. In spite of the continuing improvement
of the technology of treatment, the current functioning of water works
cannot eliminate some resistant substances from surface waters, and often
such waters reach the consumer. This concerns particularly residues of
pesticides, oil products, phenols, tensides and nitrates.

The major part of the requirements of water for public consumption is
obtained by water diversion from streams or water reservoirs. The water
diversion from reservoirs is more suitable because of more stable physical
properties and composition of such water.

At the beginning of the next millenium the average daily requirement
for drinking water is expected to exceed 500 ] per capita, underlining the
importance of surface water for public supply. Its protection against further
contamination is thus becoming ever more important [33-39].

Precipitation water is not significant for public supply of drinking water
on regional or national scales.

With regard to the immense reserves of salty water on the Earth, par-
ticularly of sea water, seas will become important worldwide sources of
drinking water in the future, and many countries already operate large-
scale desalination plants for this purpose.

Another potential source of drinking water in the long term is the water
from Arctic and Antarctic icebergs and ice fields in which the major part
of normal non-mineralized water on the Earth is accumulated.
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3.6.4 Requirements for raw water quality

The quality of drinking water depends considerably on the quality of the
raw water from the water source. Its quality is influenced by meteorological
and hydrological factors, and it varies according to the seasons, etc.

In the search for suitable sources of drinking water for public supply,
long-term observations of the water source capacity and water quality are
carried out. Water sources with permanent contamination from harmful
substances are ruled out. It is also necessary to take into consideration the
hydrological balance of the water source, as well as many other factors.

Because of the seriousness of the problems concerning the drinking water,
these matters are supervised by the World Health Organization (WHO)
with offices in Geneva. In response to WHO a proposal of requirements
for raw water quality which is suitable as the source of drinking water has
been elaborated [40-44].

The current guidelines in the authors’ country, Czechoslovakia, for as-
sessing the suitability of a surface water or groundwater for use as a pub-
lic water supply are laid down as regulations. The primary regulations,
as listed in Table 3.52, include maximum permissible levels for inorganic
and organic chemicals, turbidity, coliform bacteria, and radiological con-
stituents. The World Health Organization standards for drinking water
are similar.

As reported in Table 3.52 maximum requlations have been set for only
six anthropogenic organic compounds and total trihalomethanes. It is an-
ticipated that this list will be expanded as the health risks of other synthetic
chemicals are evaluated.

Recently, a number of volatile organic compounds have been detected in
groundwater supplies. The presence of these compounds is serious because
many of them have been found to pose a carcinogenic or mutagenic risk to
humans. The gravity of the problem is compounded by the long residence
time in groundwater aquifers.

For reasons of aesthetics and health, it is generally considered desirable
to maintain natural water systems at as high a quality level as possible.
Many factors affect stream water quality. Wastewater discharges and other
human activities often have a significant impact on this quality and such
activities may lend themselves to control by legislation.

In this particular proposal of WHO, physical, chemical and bacterio-
logical indicators of water quality are considered. In Czechoslovakia, for
example, the colour of water is to be kept below the colour corresponding
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Table 3.52. Contaminant limits set in interim primary regulations for drinking water

Contaminant Maximum
permissible level

Inorganic chemicals
Arsenic 0.05 mg 1°!
Barium 1.0
Cadmium 0.010
Chromium 0.05
Lead 0.05
Mercury 0.002
Nitrate (as N) 10
Selenium 0.01
Silver 0.05
Fluoride® 1.4-2.4
Organic chemicals
Endrin 0.0002 mg 1-!
Lindane 0.004
Methoxychlor 0.1
Toxaphene 0.005
2,4-D 0.1
2,4,5-TP silvex 0.01
Total trihalomethanes 0.1
Turbidity 1-5 NTU
Coliform bacteria 1/100 ml (mean)
Radiological
Gross alpha 15 pCi/l
Radium 226 and 228 5
Gross beta 50
Tritium . 20,000
Strontium 90 8

2Level varies with temperature.

to 300 mg 17! Pt; turbidity and the content of suspended matter are not
subject to statutory controls because of their easy separability.

From the viewpoint of chemical properties, the constituents present in
raw water are assessed as follows:

(1) The content of substances which influence the suitability of water for
public supply are limited. These include: total evaporation residue, total
iron, manganese, copper, zinc, magnesium sulphate and sodium sulphate,
sodium alkyl benzene sulphonate.

(2) Permissible concentrations of those substances which can influence
human health were determined; for nitrates in raw water, for example, the
value is 50 mg 17t
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Fluorine compounds at a concentration of up to 1 mg 1~' were found
to be efficient for the development of bones and tooth protection, particu-
larly in children. Concentrations higher than 1-1.5 mg 17! are detrimen-
tal to health. The permissible concentration of fluorides in raw water is
1.5mgl .

(3) For tozic substances maximum concentrations are set and these
should not be exceeded. To illustrate this, permissible concentrations of
some toxic substances are presented (in mg 17'): derivatives of phenol
(0.002), cadmium and selenium (0.01), arsenic, chromium and lead (0.05),
cyanides (0.20). Maximum permissible total beta-activity for radioactive
compounds is 1 Bq 177,

(4) Compounds indicating contamination but having no direct effects
on human health; however, they characterize contamination of the water
source by wastewaters. For some indicators the permissible value is given
in brackets (mg 1™'): COD(Mn) (10), BOD, (6), NH; (0.5), extractable
substances (0.5), fats (1.0).

Bacteriological criteria of raw water relate to the presence of coliform
bacteria. According to their number in 100 cm® of water, four classes exist:
I (0-50), II (50-5000), III (5000-50,000), IV (more than 50,000).

Each type of raw water requires a specific treatment. The best quality
water is merely disinfected; polluted surface water usually needs treatment
by coagulation, filtration and disinfection. Seriously contaminated water
is used only in unavoidable cases because of the difficulties involved in its
treatment.

The above specified criteria for raw water quality are of an informa-
tive character. The final assessment of the suitability of a water source is
obtained from laboratory or pilot-plant tests based on corresponding ana-
lyses. In the case of a public supply it is necessary to perform long-term
tests, particularly under extreme meteorological, hydrological and seasonal
conditions.

References

1. Drinking Water and Health. National Academy Press, Washington 1980.

2. Pitter, P.: Hydrochemistry. SNTL, Prague 1981 (in Czech).

3. Cox, C.R.: Operation and Control of Water Treatment Processes. WHO, Geneva
1964.

4. AWWA: Water Quality and Treatment. McGraw-Hill, New York 1971.

5. Rubin, A.J.: Chemistry of Water Supply. Treatment and Distribution. Ann Arbor
Science Publishers, Ann Arbor 1974.

194



13.
14.
15.
16.
17.
18.
19.
20.
21.
22
. Hawkes, H.A.: Microbial Aspects of Pollution. Academic Press, London 1971.
2

26.
27.

28.
. Camp, T.R. and Meserve, R.L.: Water and its Impurities. Dowden, Stroudsburg

30.
31.
32.
33.

34.
35.

36.

. Faust, S.D. and Aly, O.M.: Chemistry and Water Treatment. Ann Arbor Science

Publishers, Boston 1983.

. European Standards for Drinking Water. WHO, Geneva 1970.
. Health Criteria for Water Supplies. WHO, Geneva 1971.
. Fair, G.M. et al.: Elements of Water Supply and Wastewater Disposal. J. Wiley and

Sons, New York 1971.

. Tebbutt, T.H.Y.: Principles of Water Quality Control. Pergamon Press, Oxford

1977.

. Salvato, J.A., Jr.: Environmental Engineering and Sanitation. J. Wiley and Sons,

New York 1972.

. Water Quality Criteria 1972. National Academies of Sciences and Engineering, Wash-

ington 1972.

Mancy, K.H.: Instrumental Analysis for Water Pollution Control. Ann Arbor Science
Publishers, Ann Arbor 1971.

Water Quality and Treatment: A Handbook of Public Water Supplies. McGraw-Hill,
New York 1971.

Standard Methods for the Examination of Water and Wastewater. American Public
Health Association, New York 1971.

Thomann, R.V.: Systems Analysis and Water Quality. Environmental Science Ser-
vice, New York 1972.

Keith, L.H.: Identification and Analysis of Organic Pollutants in Water. Ann Arbor
Science Publishers, Ann Arbor 1976.

Ausgewihlte Methoden der Wasseruntersuchung. Band 1. VEB G. Fischer Verlag,
Jena 1976.

Standard Methods for the Examination of Water Quality. CMEA, Moscow 1977 (in
Russian).

Albaiges, J.: Analytical Techniques in Environmental Chemistry. Pergamon Press,
London 1980.

Standard Methods for the Examination of Water and Wastewater. American Public
Health Association, Washington 1980.

Baker, M.N.: The Quest and Pure Water. AWWA, Denver 1981.

Mitchell, R.: Water Pollution Microbiology. J. Wiley and Sons, New York 1972.
Hoadley, A.W. and Dutka, B.J.: Bacterial Indicators. Health Hazards Associated
with Water. American Society for Testing and Materials, Philadelphia 1977.

Brock, T.D.: Biology of Microorganisms. Prentice-Hall, Englewood Cliffs 1978.
Faust, S.D. and Hunter, J.V.: Organic Compounds in Aquatic Environments. M.
Dekker, New York 1971.

Ciaccio, L.L.: Water and Water Pollution Handbook. M. Dekker, New York 1972.

1974.

Freier, R.K.: Aqueous Solutions. Data for Inorganic Compounds. W. de Gruyter,
New York 1976.

Canter, L.W.: Environmental Impact Assessment. McGraw-Hill, New York 1977.
Liening, D.: Wasserinhaltsstoffe. Akademie-Verlag, Berlin 1979.

Todd, D.K.: The Water Encyclopedia. Water Information Center, Port Washington
1970.

Walton, W.C.: Groundwater Resource Evaluation. McGraw-Hill, New York 1970.
Durum, H.W.: Chemical, Physical and Biological Characteristics of Water Resources.
M. Dekker, New York 1972.

Van der Leeden, F.: Water Resources of the World. Selected Statistics. Water
Information Center, Port Washington 1975,

195



37. Cooper, J.W.: Chemistry in Water Reuse. Ann Arbor Science Publishers, Ann Arbor
1976.

38. Bouwer, H.: Groundwater Hydrology. McGraw-Hill, New York 1978.

39. Freeze, R.A. and Cherry, J.A.: Groundwater. Prentice-Hall, Englewood Cliffs 1979.

40. Golterman, H.L.: Methods for Chemical Analysis of Fresh Water. IBP Handbook
No. 8. Oxford 1970.

41. Analysis of Raw, Potable and Waste Water. HMSO, London 1972.

42. Knoppert, P.L. and Despoix, P.: Quality Criteria for Surface Water to be Treated
to Drinking Water. IWSA, Brighton 1974.

43. Peavy, H.S., Rowe, D.R. and Tchobanoglous, G.: Environmental Engineering.
McGraw-Hill, New York 1985.

44. Tchobanoglous, G. and Schroeder, D.E.: Water Quality. Addison-Wesley, Reading
1985.

3.7 Service and industrial waters

Service water is safe from the viewpoint of hygiene, as long as it is not used
as drinking water or for cooking. It can originate from any source providing
it meets the sanitary and technological requirements. Such water is used
for washing, bathing, and production processes where the staff is in direct
contact with it.

As for its physical properties (temperature, colour, turbidity, odour) the
criteria for service water are not so stringent as those for drinking water,
however, it must not be repulsive, it must not contain toxic substances, and
from the health aspects it must satisfy the standard for drinking water.

Industrial (technological) water is used for various processes in industry
and agriculture. It is classified according to the application into process
waters (in which water becomes part of the product), waters for cooling,
irrigation, washing, rinsing, concreting, etc.

In the manifold types of production processes in industry, waters of very
different properties are required, depending on the type of plants and on the
technological processes. For example, the foodstuff industry requires hy-
gienically safe water, production of pharmaceuticals and fine chemicals re-
quires distilled water, for other industries (metallurgical, engineering, etc.)
simply treated or even untreated surface water is sufficient. Unsuitable
quality of industrial water can cause a deterioration in the quality of pro-
ducts, reduced production capacity and equipment corrosion. Except for
some specific requirements for the quality of water for the different indus-
trial sectors, some requirements are common to the majority of operations
[1-8]:
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Water

— must be colourless, without turbidity and sedimenting substances, and
it must be fat- and oil-free,

— it should contain only a low concentration of iron, manganese, dissolved
substances and organic impurities,

— it must not be corrosive against metals and building materials,

— it must be hygienically safe.

3.7.1 Cooling water

Cooling water which removes heat from surface coolers and condensers
is the type of water most frequently required by industry. To avoid the
deterioration of heat transfer by cooling water and to ensure the adequate
service life of equipment, it should not cause

— scaling or incrustations,

— sedimentation of mechanical impurities,

— sedimentation of biological impurities,

— equipment corrosion.

The composition of sediments leading to a decrease in the heat transfer
depends on the temperature and composition of the water. Up to 40°C
only calcium carbonate is separated, and at higher temperatures calcium
sulphate also. The requirements for cooling water depend on the type of
the circulation system, of which there are only two types:

— open circuit (cooling water is cooled by direct contact with air); it can
be either through-flow or circulation type,

— closed circuit, which is always the circulation type; its cooling water is
only a medium which transmits heat to be removed to another cooling
medium (water, air).

In cooling water the content of calcium, sulphates and hydrogen car-
bonates is limited. Sulphates should be avoided because of the prob-
lems with concrete structures. Calcium sulphate can react with a com-
ponent of cement — calcium aluminate — and form with it etteringite
(CagAL[(OH),(S0,)]3.2H,0) whose crystals are more voluminous than
those of the original aluminate. Changes in the volume can cause destruc-
tion of concrete. ,

The content of hydrogen carbonates is quite low because of the intensive
ventilation of cooling water in an open circulation system and thus, the
majority of free CO, is removed, so that the following calcium carbonate
equilibrium shifts to the left:
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CaCO,(s) + H,0 + CO, = Ca’t 4+2HCO;

and calcium carbonate separates in the form of continuous solid coatings.
These coatings impede heat transfer, and reduce the inner diameter of
pipes; however, they protect them against corrosion. On the other hand,
water must contain a certain minimum concentration of hydrogen carbonate
so as to avoid corrosive effects of residual CO, [9].

3.7.2 Feed water

Difficulties which occur in the operation of steam boilers due to the com-
position of feed water vary according to the boiler construction, its capa-
city, operating pressure, purpose of the steam use and heat loading of the
heating surface. With increasing pressure in the boiler the temperature
of water rises, and porous sediments are formed on the walls of the boiler
system, which consist of colloidal suspended corrosion residues originating
from -other parts of the equipment. In these sponge-like sediments, sub-
stances from feed water are concentrated and chemical reactions take place
which cause corrosion of the walls. With increasing pressure it is unavoid-
able to reduce the content of salts in feed water, to limit alkalization by
means of sodium hydroxide, and to reduce sodium phosphate dosing. The
limitations on feed water quality are increasing with the requirements for
long-term continuous operation of heavy-duty boilers and turbines. In these
cases feed water should have a composition approaching the composition
of chemically pure water [3, 10-12).

3.7.3 Water for foodstuff and pharmaceutical industries

Water for foodstuff and the pharmaceutical industries should always satisfy
the standard for drinking water, except in the case of waters which are not
in contact with products (cooling waters, water for beet fluming, rough
washing of products, etc.).

Sugar factories form a very large sector of the foodstuff industry and
require large amounts of water (17-18 m® per 1t of sugar beet). The de-
mands for industrial water can be significantly reduced by introducing the
recycling of treated wastewaters. There are no special requirements for the
quality of diffusion fluming and wash waters. More stringent are the re-
quirements for the quality of pulp (diffusion and pulp press) waters. These
must be soft and bacteriologically safe. Hard water increases ash content
in beet juice, hindering crystallization and reducing the sugar yields.
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Dairy plants use drinking water for washing and cleaning. The contents
of magnesium must be low since it could cause a bitter taste in the butter.
The content of iron should be less than 0.1 mg 171 copper and manganese
should not be determinable by common analytical methods. The water
consumption when processing 1 1 of milk averages 5-8 1. Of that, about
40% is used for cooling.

Canning factories for fruit and vegetables require the quality of drinking
water appropriate for washing the fruits and vegetables, and the water
is also used as an additive to preserves, fruit juices, etc. The content
of calcium and magnesium should be low since these elements react with
pectin compounds in fruit and influence the taste of the product. For
processing of 1 kg of fruit 5-15 1 of water is required (depending on the
kind of fruit).

Slaughterhouses and the meat industry require water of the quality of
drinking water for cleaning the meat and cooking of meat products; more-
over, this water should be soft because the ions of the elements of alkaline
earth elements cause whitening of meat.

Starch factories need industrial water for flotation and washing of pota-
toes and for starch extraction. Water for extraction should be of drinking
water quality.

In breweries, large quantities of industrial water are used for steeping
barley in the production of malt, for beer brewing for washing the barrels,
floors, etc. and for feeding the boilers for steam heating of process vats.
All industrial waters must be safe from the viewpoint of health, but water
used for beer brewing must be of particularly high quality. This water must
be colourless, odourless, it must not contain iron, magnesium, ammonia,
or sodium chloride. Water for barley steeping should be soft. All requires
higher concentrations of Ca’* and SO:' ions, whereas the water for the
stout should contain the lowest possible concentrations of these ions. Higher
concentrations of iron and manganese negatively influence fermentation and
cause turbidity of beer. Famous breweries pay exceptional attention to
water treatment since water influences quite significantly taste, bitterness,
foamability as well as the colour of the beer.

Pharmaceutical industry requires not only health safe, but frequently
demineralized industrial water (produced by distillation or ion exchangers)
(1, 2, 4].
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3.7.4 Water for textile and paper industries

In the textile industry, water is used for processing of different raw materials
(cotton, wool, flax, hemp, natural silk and artificial fibres). The water used
must be clear, colourless and must not contain suspended constituents.
Further requirements concern a low content of calcium and magnesium,
and absence of iron and magnesium because calcium and magnesium form
greasy soaps which worsen the product appearance; iron and manganese
are easily separated in alkaline media in insoluble forms and thus, they
cause staining of the final product. In the wool industry water must be
suitable also from the bacteriological aspect, otherwise the products may
be attacked, for instance, by moulds.

In the paper industry the quality of industrial water is considered very
important since it directly influences the properties of paper. Water should
be colourless, clear and must not contain iron, manganese, humin and other
substances which could cause colouration or staining of paper. The require-
ments for the production of special papers (e.g. cigarette paper, filtration
paper, paper for packing the food, medical instruments, etc.) are even more
demanding, since this water must also be hygienically safe [1, 13].

3.7.5 Water for chemical industry

In chemical industry, which is one of the greatest consumers of water, as
much as 70% is used for cooling. This sector of industry also requires wa-
ter for dissolving of raw material, heating of apparatus and equipment, for
raw material transportation, washing of products, washing of technologi-
cal equipment, removal of waste, etc. The requirements for water quality
are very varied and depend on the particular production processes. Some-
times untreated water is sufficient, sometimes mechanically treated and
even demineralized water is required.

The requirements for the quality of water used in the production of
viscose, viscose staple and organic dyestuffs are quite high.

The requirements for the quality of water used in polymerization pro-
cesses (e.g. in the production of polyvinyl chloride, polystyrene) are par-
ticularly stringent. In this case, process water should have the quality of
distilled water [13].
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3.7.6 Water for the building industry

The requirements for water used in the building industry for preparation
of a concrete mix and mortar are not stringent. The majority of natural
waters can be used except for swampy, muddy, mineral and wastewaters.
Water used for the preparation of concrete mixes (so-called concrete or
mizing water) is added to concrete in relatively small quantities and thus
even higher amounts of certain constituents may not have negative effects.

Concrete water should be approximately neutral (the permissible pH
value ranges from 4.5 to 8.0), and it must not contain high amounts of
organic matters; high amounts of sulphates, chlorides and magnesium are
undesirable. Requirements for water used for the treatment of concrete
during its setting (so-called treatment water) and for waters which are in
contact with completed structure (so-called attack waters) are more strin-
gent because some waters can damage concrete. Aggressivity of attack
water is influenced by the type of aggressivity, concentration of aggressive
components, the mode of the contact between water and the material, its
resistance to attack, and the temperature of the water [13, 14].

Aggressive waters are divided into several groups:

Waters with a low content of salts. The most important process is leach-
ing of soluble constituents of material. As far as concrete is concerned,
particularly the release of Ca(OH), during the hydration of cement should
be borne in mind.

Acid waters. Waters of this group contain mineral or organic acids which
dissolve calcium components of concrete, which are thus removed from it.
Acids whose calcium salts are quite soluble (HCl, HNO;) corrode concrete
more quickly than those whose calcium salts are insoluble. The pH of water
should not decrease below 6.7.

Waters containing aggressive CO,. These are the most frequently oc-
curring waters. Aggressive CO, reacts with Ca(OH), generated during
the hydration of cement. Calcium constituents of concrete are transformed
into more readily soluble calcium hydrogen carbonate due to the effect of
CO,; the soluble compound is gradually removed by permeating water —
particularly if hydrostatic pressure is applied (e.g. dam reservoirs), or if wa-
ters flow around concrete. The running water removes corrosion products,
and because of the continual disturbance of the equilibrium the corrosion
process is re-established. These processes are expressed by the following
reactions:

Ca(OH), + CO, — CaCO, + H,0
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H,0 + CaCO, + CO, = Ca(HCO,),

(see also Section 3.4).

Sulphate waters. The influence of these waters, mostly groundwaters, on
concrete is the most intensive. The main reason for the destruction of con-
crete by sulphate waters is the reaction of sulphate anions with tricalcium
aluminate to form the already mentioned strongly hydrated compound.
This compound crystallizes in needles with a considerable increase in vo-
lume. Due to the considerable crystallization pressure the concrete cracks,
becomes porous and the destructive effects of aggressive water penetrate
deeper through the cracks formed.

Waters with an increased content of magnesium. If concrete is in contact
with waters of this type a reaction with Ca(OH), takes place to form low
soluble Mg(OH), and replacement of calcium by mazgnesium ions occurs in
silicates. As the Mg2+ ions are smaller than the Ca** ions the strength of
concrete decreases. ~

The specific quality characteristics of surface waters that have been
used as sources for industrial water supplies are summarized in Table 3.53
[15, 16]. Unless otherwise indicated, units are mg 1™! and values are ma-
xima. For no type of water all maximum values are shown.

3.7.7 Water for agricultural production

One of the essential preconditions for the development of agricultural pro-
duction is an availability of sufficient quantity of water of the appropriate
quality for plant and animal husbandry. An adequate supply of good quality
water is of essential importance for improvement of milk yielding capacity
of cows, beef production and also for raising the yields per hectare of crops,
vegetables and other types of products.

The quality of water for irrigation is very important as it influences not
only soil and irrigated plants, but also the service life and maintenance of
the water system (irrigation network, channels, etc.).

As regards physical properties, temperature, content of suspended con-
stituents, colour and odour are important.

As for chemical aspects, the total quantity of non-volatile dissolved sub-
stances and their composition are important. Content of chlorides, sul-
phates and boron, as well as the ratio of sodium to calcium and magnesium
are important. If water with a high concentration of soluble substances and
sodium with respect to calcium and magnesium is used for irrigation, salt-
ing of soils can occur. Salted soils are less fertile, or they can be completely
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infertile. A raised quantity of boron in irrigation water (limiting concen-
tration B ~ 1.0 mg 1'1) can result in complete defoliation of plants. In the
case of gases, oxygen must be present in water; carbon dioxide, free chlorine
and hydrogen sulphide have negative effects. Toxic substances, crude oil
and its products, and radioactive substances are not permissible, oils and
fats are undesirable {17, 18].

The suitability of the use of surface or wastewaters for irrigation is as-
sessed by hygiene, epidemiological and veterinary authorities.
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Table 3.53. Summary of specific quality characteristics of surface water&

Boiler makeup water Cooling water
Characteristics Fresh Brackish®
Industrial Utility
0 to 1500 700 to 5000 Once Makeup Once Makeug
psig psig through  recycle through recycle

Silica (SiO2) 150 150 50 150 25 25
Aluminium (Al) 3 3 3 3
Iron (Fe) 80 80 14 80 1.0 1.0
Manganese (Mn) 10 10 2.5 10 0.02 0.02
Copper (Cu)
Calcium (Ca) 500 500 1,200 1,200
Magnesium (Mg)
Sodium and potassium (Na, K)
Ammonia (NH3)
Hydrogen carbonate (HCOj3) 600 600 600 600 180 180
Sulphate (SO4) 1,400 1,000 680 680 2,700 2,700
Chloride (Cl) 19,000 19,000 600 500 22,000 22,000
Fluoride (F)
Nitrate (NO3) 30 30
Phosphate (PO4) 50 4 4 5 <
Dissolved solids 35,000 35,000 1,000 1,000 35,000 35,00¢
Suspended solids 15,000 15,000 5,000 15,000 250 250
Hardness (CaCO3) 5,000 5,000 850 850 7,000 7,000
Alkalinity (CaCO3) 500 500 500 500 150 150
Acidity (CaCO3) 1,000 1,000 0 200 0 0
pH, units 5.0-8.9 3.5-9.1 5.0-8.4 5.0-8.4
Colour, units 1,200 1,200 1,200
Organics
Methylene Blue

active substances 2d 10 1.3 1.3 1.3
Carbon tetrachloride

extract 100 100 () 100 (e) 100
Hydrogen sulphide (H2S) 4 4

® Water containing in excess of 1,000 mg/] dissolved solids.

b May be < 1,000 for mechanical pulping operations.

¢ No large particles < 3 mm diameter.
4 1 mg/1 for pressures up to 700 psig.
¢ No floating oil.
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_t have been used as sources for industrial water supplies [15, 16]

Process water

Textile Lumber Pulp and Chemical Petroleum  Prim. Food and Leather
industry industry paper industry industry metals  kindred industry
industry industry products
50 50 For the above 2 catego-
ries the quality of raw
0.3 2.6 5 15 surface supply should be
1.0 2 that prescribed by the
0.5 NTA Subcommittee on
200 220 Water Quality Require-
ments for Public Water
100 85 Supplies
230
600 480
850 570
200 500 1,600 500
1.2
v 8
® 150 1,080 2,500 3,500 1,500
1,000 (2 10,000 5,000 3,000
120 475 1,000 900 1,000
500 200
75
6.0-8.0 5-7 4.6-9.4 5.5-9.0 6.0-9.0 3-9
360 500 25
30
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3.8 The recipient and its pollution

The area into which sewage waters are discharged, i.e. waters which have
changed their quality after being used, is called the recipient. Mainly sur-
face waters — rivers, brooks, lakes, ponds or seas, and sometimes also
groundwaters serve as recipients.

The quality of water in a recipient is negatively influenced by wastewater
discharge, which becomes obvious from aesthetic defects, chemical and bac-
terial pollution, deterioration of biocenosis, retardation of self-purification
processes, sludge deposits and other negative phenorpena.

Discharged wastewaters may contain only residual pollution which is
impossible to remove by the used technological treatment employed; the
costs for total wastewater treatment would be prohibitive. The degree of
purification required is determined with regard to the recipient and the
requirements for subsequent utilization of the water [1-7).

The pollution of water in the recipient due to worsening of its quality,
limits or renders impossible subsequent utilization. Deterioration of water
quality is generally of a physical, chemical and biological nature, these
processes being combined in different ways.

Physical deterioration of water quality is evident first of all from shudge
occurrence — insoluble admixtures of inorganic or organic origin, which
are either dispersed in the water or form putrescent sediments on the bot-
tom. The water acquires an undesirable turbidity and colour. Discharge
of warmed waters unfavourably influences the water temperature in the
recipient, thus reducing the oxygen solubility [8-11].

Chemical deterioration of water quality is caused by admixtures of solid,
liquid or gaseous phases which are water-soluble. These particularly include
free acids, nitrates, chlorides, sulphates, salts of heavy metals, cyanides
and phenols, and gaseous substances. Such substances can entirely destroy
biological revival and the self-purification capability of the stream as a
consequence of exhaustion of dissolved oxygen from water [12-16].

Biological deterioration of water quality is primarily caused by toxic sub-
stances, products of putrefactive degradation, pathogens and radioactive
substances. A schematic illustration of the effect of pollutants on water
quality in the recipient is shown in Fig. 3.39.

The best classification from the aspects of the effect of wastewaters on
surface waters and biological life in them is that based on the prevailing type
of pollution. From this viewpoint also possibilities and methods of their
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Fig. 3.89. Schematic illustration of the effect of pollutants on water quality in a re-
cipient. 1 — pollutants from the atmosphere, 2 — municipal wastewaters, 3 — sewers,
4 — industrial wastewaters, 5 — surface run-off, 6 — sub-surface run-off, 7 — contri-
bution from non-inhibited areas, 8 — waste depots: 8a — municipal, 8b — communal,
8c — sludge from wastewater treatment plants, 9 — agriculture and forestry: 9a —
animal production and natural fertilizers, 9b — industrial fertilizers and pesticides

purification become evident, as well as participation of biological processes
in the mineralization of this pollution, etc.
Such a classification includes the following groups of wastewaters:
— putrefactive,
— toxic,
~— waters containing inorganic sludge,
— waters containing fats and oils,
— warmed waters,
— waters containing radioactive substances,
— waters containing pathogenic microorganisms [17-18].

3.8.1 Discharge of wastewaters into a recipient

Discharge of waters into a recipient is permitted only to such a degree that
the interests of other authorized users remain unaffected.

Discharge of wastewaters should not result in the change of natural phy-
sical, chemical and biological properties of waters, and formation of detri-
mental conditions for health must be avoided. Water must be suitable for
all purposes, i.e. it should have a quality which satisfies the needs of pub-
lic supply and the requirements for industrial and agricultural production
[19-21].

The quality of water in the recipients must not be influenced by the
discharge of wastewaters. It is necessary to avoid
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— considerable increase in the content of suspended constituents,

— production of foam on the surfac€ to an extent which would represent
20% of the total surface, or formation of a continuous oil film, or other
detrimental floating substances,

— increase or decrease of the concentration of hydrogen ions by more than
one unit of pH,

— non-permissible reduction of dissolved oxygen content,

— change of water temperature by more than +5°C in comparison with
the normal ambient temperature,

— non-permissible change in the colour of water.

Wastewaters from infectious hospital wards, research and examination
institutions from the field of human and veterinary medicine, institutes
for the production of inoculation agents, waters from slaughterhouses and
leather plants, from wool washing, and from gelatine production plants,
etc. must not be discharged into the recipient. Where necessary, additional
disinfection or sterilization processes should be carried out.

If wastewaters contain substances with immediate high oxygen consump-
tion, they must be treated before being discharged into the recipient, e.g.
by oxygenation.

The size (water capacity) of the recipient, degree of water pollution in
it and its self-purification capability are important factors. Others factors
include the number of discharged wastewaters, their quality and degree of
pollution.

A low water capacity of streams fairly frequently causes emergency sit-
uations because large volumes of discharged wastewaters are not diluted
down to the permissible degree of pollution in the required time.

When evaluating the effect of discharged wastewaters on the quality of
water in the recipient it is necessary to take into consideration the self-
purification capability of the stream, maintenance of normal life of fish,
required quality of water in the locality of the nearest user, toxic effects
of discharged substances and prospective development of the locality in
question.

Discharge of wastewaters into surface waters is connected with a very
serious type of deterioration of the quality of surface waters — eutrophiza-
tion. This is a series of natural, or artificially induced biological processes
caused by an increase in inorganic nutrients in surface waters.

Due to their content of biogenic elements, particularly of phosphorus
and nitrogen, treated wastewaters can also cause intensive reproduction
of algae, cyanobacteria and diatoma leading to the so-called lake bloom,
particularly in stagnant surface waters (lakes, water reservoirs).
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Sensory properties can deteriorate, sometimes also toxins are generated
which have unfavourable effects on aquatic organisms. Water from such
a source has an unpleasant odour, taste and colour, and its treatment for
conversion into drinking water is very difficult.

One of the possibilities to protect surface water against eutrophization is
the “tertiary” wastewater treatment following the conventional mechanical
and biological treatment. The permissible concentrations are 0.02 mg 1!
of phosphorus and 0.2 mg 17" of nitrogen [22-24].

Serious dangers for the quality of water and the life of aquatic organisms
are caused by emergency situations in the water quality. These are sudden,
unexpected and usually short-term deteriorations of the water quality in
a stream which results in lowered utility properties of the water, causing
at the same time biological, hygienic, aesthetic, technological and other
defects. The cause of such emergency situations is discharge of seriously
polluted wastewaters or other substances which are commonly not present
in wastewaters, washing of harmful substances into waters, etc.

Such emergency situations are triggered particularly by crude oil and oil
products, toxic substances, organic putrefactive substances with high oxy-
gen demand, acids and alkalies, health detrimental substances, radioactive
substances, substances changing organoleptic properties and appearance of
water, insoluble and soluble non-toxic substances and other factors.

The final quality of water in the recipient into which wastewaters were
discharged, is considerably influenced by self-purification. This involves a
series of naturally occurring physical, chemical, biological and biochemical
processes through which pollutants are removed from surface waters with-
out any activity of man. The technological and economic importance of
such self-purification processes lies in the fact that they can be conside-
red as a kind of reserve treatment for removal of residual pollution after
wastewater treatment.

The physical processes involved in self-purication include stirring and
dilution of wastewaters by river water, diffusion of gases, sedimentation,
processes induced by solar radiation, thermal stratification, etc.

As regards the relevant chemical processes, hydrolysis and oxidation of
substances are of the greatest importance; neutralization, precipitation and
oxidation-reduction reactions and photochemical degradation can also take
place.

For the removal of pollution by self-purification, the activity of microor-
ganisms, particularly of bacteria, is decisive, as well as that of plants and
animals living in water. Self-purification will therefore be discussed in a
separate chapter, the Biology of water [25-32].
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The biological state engendered by the pollution of water with biologi-
cally degradable organic compounds is called saprobity, and it is an impor-
tant factor for the water quality in the recipient.

The presence of impurities in water is demonstrated not only by a change
in their physical and chemical properties, but also by a change in their bio-
logical properties. This is apparent from extinction of many representative
species of zooplankton and phytoplankton, and by the development of other
types of organisms, including microbes. In other words, to ech stage of pol-
lution corresponds a certain biocenosis.

The determination of the species living in wastewaters of the site stu-
died enables one to evaluate the current state of the quality of water; the
presence or absence of species is assessed. Thus, saprobity is a biological
reflection of water pollution.

Wastewaters frequently contain tozic substances. Their presence is un-
favourably manifested in stopping the life processes of aquatic organisms
which can thus become extinct in extreme cases.

Toxic substances in wastewaters come either from products of man’s
activity (heavy metals, cyanides, phenols, pesticides, detergents) or from
natural anaerobic processes (formation of ammonia, hydrogen sulphide,
etc.) [33-39)].

The effects of toxic substances are shown in the reduction of numbers of
species and quantity of microorganisms. Toxic substances in wastewaters
are determined within the framework of biological analysis of water using
laboratory tests of tozicity.

Wastewaters discharged into surface and groundwaters cause serious
damage and losses for the national economy. Costs for water treatment
increase, service life of equipment is shorter, valuable raw materials and
products are lost, fish die, etc. For example, losses to the national economy
caused just by industrial wastewaters discharged into the streams, amount
to about 700 mil. Czechoslovak Crowns (35 mil. U.S.A. dollars) per year.

Polluting substances in wastewaters often represent products whose ma-
nufacture is fairly costly (for example, synthetic and cellulose fibres, phe-
nols, acids, fats, etc.). Their retention and utilization can thus increase the
production in the works itself, or can serve as a raw material for other pro-
ducts. At the same time, this reduces the negative influence of wastewater
discharge on the quality of water in the recipient.

210



3.8.2 Dissolved oxygen balance in a stream

The course of mineralization of organic pollution by aerobic processes du-
ring self-purification is decisively influenced by molecular oxygen dissolved
in water. The most important sources of oxygen in water are atmospheric
oxygen and assimilation activity of phytoplankton and green plants.

Oxygen is introduced into water through the water surface. At a con-
stant temperature the solubility of oxygen is directly proportional to the
partial pressure above the liquid (Henry’s law). Oxygen dissolved in pol-
luted water is used for mineralization of organic pollution, therefore, its
concentration usually becomes lower than the equilibrium concentration
[40-43).

Time dependence of the dissolved oxygen consumption on biochemical
degradation of organic substances (expressed in terms of BOD) is shown in
Fig. 3.40.

BOD L

TIME (t)

Fig. 3.40. Dependence of biochemical oxygen demand on time. L — total BOD,
y — BOD value in time ¢t

Oxygen conditions in the stream decisively influence two simultaneously

proceeding processes:

— re-aeration (transfer of oxygen through the water surface), and

— deoxygenation (consumption of dissolved oxygen for biological degrada-
tion of organic substances).

The time dependence of these two processes is evident from curves 1
and 2 in Fig. 3.41. Their resultant is the ozygen sag curve (curve 3) ex-
pressing the time dependence of the concentration of dissolved oxygen in
water.
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Fig. 3.41. Oxygen curves. 1 — deoxygenation, 2 — re-aeration, 3 — oxygen sag curve,
Do — initial deficiency, D¢ — critical deficiency, Dy — deficiency in the time ¢, ¢ —
concentration of dissolved oxygen in the time ¢, K — critical point, F — inflexion point

From the moment when substances capable of undergoing biochemical
aerobic degradation enter the surface water, the concentration of oxygen in
water begins to decrease from the initial value (oxygen deficiency increases).
However, with increasing deficiency, the quantity of oxygen introduced into
water through the water surface increases.

At the so-called critical point K the rate of oxygen consumption and
the rate of oxygen transfer through the surface achieve equilibrium. The
coordinates of this point give the critical time t_, at which the concentration
of dissolved oxygen ¢, is maximum (critical) in the surface water (oxygen
deficiency is maximum).

The critical concentration of oxygen should not be lower than 4 g m™°
so that the conditions for the life of aquatic organisms, especially fish, are
not impaired.

Beyond the critical point, re-aeration predominates over deoxygenation.
The concentration of oxygen dissolved in water increases, and after a certain
period of time it approaches the value of equilibrium concentration.

The coordinates of the critical point (critical time and critical concen-
tration of oxygen) determining the position of the minimum on the oxygen
sag curve are important parameters for a given stream. They can be de-
termined by calculation from the oxygen sag curve. At a known mean flow
rate of the stream the oxygen sag curve also represents the course of the
oxygen concentration in water along the stream.

212



References

[~

= O W

12.
13.
14.

15.

16.

17.
18.

19.

20.
21.

22.
23.
24.
25.
26.
27.

28.
29.

30.
31.

. Klein, L.: Aspects of River Pollution. Butterworths, London 1953.
. Bostrom, K.: Equilibrium Concepts in Natural Water Systems. American Chemical

Society, Washington 1962.

. Hawks, H.A.: The Ecology of Waste Treatment. Pergamon Press, London 1963.

. Jones, J.R.G.: Fish and River Pollution. Butterworths, London 1964.

. Ciaccio, L.L.: Water and Water Pollution Handbook. M. Dekker, New York 1972.

. Yakovlev, S.V. and Laskov, Yu. M.: Severage. Stroiizdat, Moscow 1978 (in Russian).
. Welch, E.B.: Ecological Effects of Waste Water. Cambridge University Press, Cam-

bridge 1980.

. Krenkel, P.A. and Parker, F.L.: Biological Aspects of Thermal Pollution. Vanderbilt

University Press, Nashville 1969.

. Gibbs, R.J.: Suspended Solids in Water. Plenum Press, New York 1974.
10.
11.

Nemerov, N.L.: Scientific Stream Pollution Analysis. McGraw-Hill, New York 1974.
Lerman, A.: Geochemical Processes in Water and Sediment Environments. J. Wiley
and Sons, New York 1979. ’
Klein, L.: Aspects of Water Pollution. Academic Press, New York 1957.

Camp, T.R.: Water and its Impurities. Van Nostrand Reinhold, New York 1963.
Buzzell, J.C., Thompson, C.H. and Ryckman, D.W.: Behavior of Organic Chemi-
cals in the Aquatic Environment. Manufacturing Chemists Association, Washington
1968.

Wasserschadstoffkatalog. Institut fir Wasserwirtschaft, Berlin 1975.

Higgins, 1.J. and Burns, R.G.: The Chemistry and Microbiology of Pollution. Aca-
demic Press, London 1975.

Detergenten und Ole im Wasser und Abwasser. Miinch. Beitr., Miinchen 1967.
Gehm, H.W. and Bregman, J.I.: Handbook of Water Resources and Pollution Con-
trol. Van Nostrand Reinhold, New York 1976.

Berg, G.: Transimission of Viruses by the Water Route. J. Wiley and Sons, New
York 1969.

Mitchell, R.: Water Pollution Microbiology. J. Wiley and Sons, New York 1972.
Quality Criteria for Water. U.S. Environmental Protection Agency, Washington
1976.

Eutrofication — Causes, Consequences, Corrections. National Academy of Sciences,
Washington 1970.

Faust, S.D. and Hunter, J.V.: Organic Compounds in Aquatic Environments. M.
Dekker, New York 1971.

Coulson, F. and Korte, F.: Toxicology and Technology as Applied to the Environ-
ment. Academic Press, New York 1973.

Macan, T.T.: Freshwater Ecology. Longman, London 1964.

Brock, T.D.: Microbial Ecology. Prentice-Hall, Englewood Cliffs 1966.

Hynes, H.B.: The Ecology of Running Waters. Liverpool University Press, Liverpool
1970.

Hawkes, H.A.: Microbial Aspects of Pollution. Academic Press, London 1971.
Higgins, I.J. and Burns, R.G.: The Chemistry and Microbiology of Pollution. Aca-
demic Press, London 1975.

Shuval, H.I.: Water Renovation and Reuse. Academic Press, New York 1977.
Thibodeaux, L.J.: Chemodynamics: Environmental Movement of Chemicals in Air,
Water and Soil. J. Wiley and Sons, New York 1979.

213



32. Dinges, R.: Natural Systems for Pollution Control. Van Nostrand Reinhold, New
York 1982.

33. Browning, E.: Toxicity of Industrial Metals. Butterworths, London 1961.

34. Plunkett, E.R.: Handbook of Industrial Toxicology. Chemical Publishing Co., Bronx
1966.

35. Gould, R.F.: Organic Pesticides in the Environment. American Chemical Society,
Washington 1966.

36. Kothny, E.L.: Trace Elements in the Environment. American Chemical Society,
Washington 1973.

37. Singer, P.C.: Trace Metals and Metal-Organic Interactions in Natural Waters. Ann
Arbor Science Publishers, Ann Arbor 1973.

38. Rubin, A.J.: Aqueous Environmental Chemistry of Metals. Ann Arbor Science
Publisher, Ann Arbor 1974.

39. Krenkel, P.A.: Heavy Metals in the Aquatic Environment. Pergamon Press, Oxford
1975.

40. Peavy, H.S., Rowe, D.R. and Tchobanoglous, G.: Environmental Engineering.
McGraw-Hill, New York 1985.

41. Tchobanoglous, G. and Schroeder, E.D.: Water Quality. Addison-Wesley, Reading
1985.

42. Ward, H.B. and Whipple, G.C.: Fresh Water Biology. J. Wiley and Sons, New York
1959.

43. Pitter, P.: Hydrochemistry. SNTL, Prague 1981 (in Czech).

3.9 Wastewaters

Wastewater is the general term used to describe any water whose quality
has been changed after its use in human habitations, industry, health care
institutions, agricultural installations, and other complexes or facilities, as
well as other waters flowing off from such places and threatening the quality
of surface or groundwaters. They also include contaminated atmospheric
waters in rainfall periods, which carry away accumulated pollution from
streets and other public areas [1-3].

Wastewaters are most frequently discharged into surface waters, rarely
into groundwaters, or they are stored in special reservoirs (e.g. radioactive
wastewaters). According to particular qualities, wastewaters are classified
as follows:

— fresh,

— putrefactive,

— infectious,

— radioactive, and
— toxic.

The total quantity of wastewaters (including cooling waters) is ever in-
creasing, as the sources of the production of wastewaters are increasing
which is evident from their ever more varying qualitative composition.
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Fig. 8.42. A record of measurement of the quantity and quality of wastewaters

The quantity and quality of wastewaters are determined by direct mea-
surements, calculation, or modelling. Figure 3.42 lists the changes in the
quality and quantity of wastewaters expressed by two indicators.

Wastewaters are divided into the following two classes:

— sewage, and
— industrial wastewaters.

Agricultural wastewaters, due to their character and the methods of
disposal, are a special group of wastewaters (see Section 3.9.4).

Sewage waters are wastewaters from households and sanitary facilities
of industrial and agricultural plants. The total amount in Czechoslovakia,
for example, has been estimated at 7 x 10® m® per year, which corresponds
to a flow rate of about 22 m® s™.

A significant feature of sewage waters is the high proportion of organic
substances able to degrade microbiologically to form bad-smelling gases
and matters which lend these substances a non-attractive appearance.

An important constituent of sewage waters from the health viewpoint
are the germs of infectious and parasitic diseases which, particularly in the
case of mass occurrence pose a serious threat to further utilization of both
surface and groundwaters.

Although the composition of sewage waters can vary slightly, it is ge-
nerally fairly constant, thus allowing mainly the same methods for their
treatment [4-5].

The loading of municipal wastewater treatment plants is higly dependent
on the content of organic, easily degradable substances, usually expressed
in the terms of BOD, per capita per day. This loading generally ranges
from 54 to 70 g BOD; per capita per day.
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Industrial wastewaters are liquid waste formed during extraction of in-
organic and organic raw materials and in the course of their industrial
processing. Composition and quantity of polluting substances in industrial
wastewaters obviously depend on the production in question, and are typi-
cal for each sector of industry. Wastewaters running off from the particular
product lines are called process waters.

The higher the industrialization of a national economy and the greater
the introduction of new technological processes, the higher is the quantity
of wastewaters produced; as regards qualitative aspects, the amounts of
biologically difficult-to-degrade compounds as well as of toxic substances
are increasing [6-8]. A

Depending on the particular technological processes in which the water
was used, industrial wastewaters differ in their character of pollution, che-
mical composition and physical properties. In some cases the contents of
substances is so high (e.g in sulphite waste liquors, mother liquors from
crystallization) that it is difficult to talk about water as such.

Currently, agricultural large-scale production represents a very serious
source of pollution and threat to the quality of surface and groundwa-
ters because of the application of large amounts of industrial fertilizers
and plant protection chemical agents, concentration of animal husbandry
in large-capacity breeding units and increasingly intensive employment of
mechanization [9-12]. -

Municipal wastewaters are a mixture of sewage and industrial waste-
waters flowing through the municipal sewerage system. They also contain
contaminated atmospheric waters and waters used for cleaning roads and
public areas.

The proportion of sewage and industrial waters in municipal waters de-
pends on the balance between the size of settlement and the size and cha-
racter of industrial production in the locality in question. Application of a
particular treatment depends on the type of industrial wastewaters, or on
the use of unified or separated sewerage system [13-14).

3.9.1 Sewage wastewaters

Sewage wastewaters contain contaminating substances from sanitary faci-
lities, kitchens, bathrooms and laundries.

The quantity of sewage waters in a household connected to the public
sewerage system is governed by the demand of water per capita. This
quantity varies during the day, the week and the year. The overall flow
rate variations depend on the size of the town or settlement, the lowest per
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capita rates being in large towns, with a maximum at midday or evening
hours. -

The daily water demand per capita depends on the equipment installed
in flats and settlements. Under Czechoslovak conditions, a demand, for
example of about 280 1 per capita per day, is taken into consideration
in flats with bathrooms, central heating and hot water distribution. The
average demand of water is 150-200 | per capita per day.

The main proportion of contaminatig substances occurring in sewage
wastewaters is ascribed to faeces and urine. They provide between 45 and
80% of organic substances in sewage. Supposing that the average water
demand is 200 1 Per capita per day the sewage wastewater will contain
about 225 mg 1" of organic substances from faeces and 175 mg 1™" of
organic substances, and 125 mg 17! of inorganic compounds originating
from urine.

In the case of faeces, particularly lipids, proteins, polysaccharides and
products of their decomposition (e.g. aliphatic acids, amino acids, amines,
etc.) are concerned in the case of urine the highest amount of organic
compounds is due to nitrogen substances, particularly urea; to a lesser
extent amino acids, ammonia nitrogen, uric acid, etc. are present. Urine
contains a considerably lower amount of nitrogen-free organic matters (e.g.
oxalic acid, glycides, phenols, etc.).

As urea undergoes fast biological degradation in sewage waters, the frac-
tion of ammonia nitrogen promptly increases to the detriment of other ni-
trogen compounds. An amount of about 16 g of nitrogen per capita per day
is approximately standard, nitrogen being present in the form of nitrogen
organic compounds. '

Inorganic compounds originating from urine provide particularly sodium,
chlorides, potassium, sulphates and phosphates in sewage wastewaters.

Faeces and urine excreted by man per day represent about 110 g of dry
matter of which organic substances contribute about 72% and the remaining
quantity is ascribed to inorganic substances. Of the organic substances
urea is the most prominent compound, as regards quantitative aspects;
chlorides predominate among the inorganic substances. Considering the
water demand to be 200 1 per capita per day, the concentration of urea
in sewage water should be 150 mg 17, that of chlorides 45 mg 17%, total
nitrogen 86 mg 1" and total phosphorus 6 mg 171,

Other sources of contamination in sewage waters which increase the con-
tent of soluble and insoluble substances of both inorganic and organic origin
are the constituents of washing agents and detergents from laundries and
bathrooms, soaps, tensides, phosphates, carbonates, silicates, and the like,
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as well as the constituents of sweat. Furthermore, there are residues of ani-
mal and plant food, fats, and constituents of washing and cleaning agents
from kitchens [15, 16].

3.9.1.1 Properties and composition of sewage waters

The substances of inorganic and particularly of organic origin introduced
into water undergo immediate changes mainly in the degree of dispersion
of insoluble substances. In the early stages of sewerage processes non-
dissoluble substances are crumbled and dispersed and subsequent sedimen-
tation takes place. Soft components such as faeces are disintegrated to a
colloidal form by pumps. At the same time also other components are dis-
solved. Because of increase of the surface area of insoluble constituents,
sorption, chemical and biological processes can be applied more efficiently.
As regards physico-chemical processes, for example, changes in conductivity
and pH of water should be mentioned.

Due to a higher concentration of tensides, dispersion and emulsifying
processes can occur, but in some cases coagulation of colloid substances
can take place.

However, the most remarkable changes are those due to biological effects.
As long as there is sufficient oxygen in water, aerobic processes take place
by which oxygen is quickly consumed. In the case of oxygen deficiency
the initial oxidation processes are changed into reduction ones and anae-
robic processes predominate. During aerobic processes oxygen compounds
are produced and the final products are carbon dioxide, water, sulphates,
nitrates, etc.

Anaerobic processes are undesirable in a sewerage system since bad
smelling products are produced, some products can disturb the processes
in the biological section of the wastewater treatment plant due to their to-
xicity, and finally, some substances can increase the corrosive effects of
sewage. Of the organic substances present in sewage, saccharides and
polysaccharides (sugars, starches, cellulose) which are suitable food for
bacteria are degraded first. Urea is degraded by bacteria to ammonium
carbonate.

During the decomposition of proteins into simpler substances sulphur
compounds are released which are reduced to hydrogen sulphide, and nitro-
gen compounds are reduced to ammonia. Colloid proteins are transformed
into solutions via degradation into peptones, amino acids and finally into
ammonia and carbon dioxide.
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Inorganic salts are also reduced, for example, sulphates are transformed
into hydrogen sulphide or sulphides, nitrates into nitrites, ammonia and
nitrogen.

In addition to bacteria which degrade organic substances by hydroly-
sis and oxidation-reduction processes, wastewater also contains different
ferments and enzymes (formed by cells), which also take part in the de-
composition of organic substances.

The colour of sewage waters is usually grey, sometimes even yellow-
brown. They are intensely turbid. Under anaerobic conditions generated
hydrogen sulphide reacts with the compounds of iron to produce FeS, and
causes darkening of water.

The odour of fresh sewage waters is not too intensive. Only after the ex-
haustion of dissolved oxygen (after several hours) when anaerobic reduction
processes start to take place, does the water begin to smell intensively.

The temperature of sewage waters ranges in winter from 8 to 12°C and
does not drop below 4-6°C, its temperature in summer is as high as 20°C.
Higher temperatures can be caused for example, by discharge of warmed
waters into the sewerage system. Variations in the temperature during the
course of a day are small, particularly in winter. The temperature of water
significantly affects the rate of decomposition processes.

Sewage waters are weakly alkaline, the pH value is usually not higher
than 7.5.

From the physical viewpoint the substances present in sewage waters are
divided into suspended and dissolved solids. Insoluble substances are sub-
divided into sedimentable and non-sedimentable ones. Floating substances
form a special group.

Suspended solids include colloidal and coarse disperse systems, as well
as living organisms.

The relative proportion of particles of a certain size in the case of sus-
pended solids is influenced by dispersing effects of tensides and condensed
phosphates. Because of their increasing quantity in sewage waters, a higher
quantity of non-sedimentable substances has been recently reported.

Of the total quantity of all substances present in sewage waters about
half are inorganic substances and the other half are organic ones (expressed
in per cent by weight). One third are suspended and two thirds are dis-
solved solids. Suspended solids are mostly organic, the dissolved solids are
mostly of inorganic origin. This classification does not express exactly the
relative representation of inorganic and organic compounds, it represents
only a rough estimation. The residue of dry matter after heating comprises
inorganic substances, and organic compounds are those lost during heating.
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Table 3.54. Average composition of sewage waters

Inorganic Organic Total BODs
Matters -1
(mg17%)

Insoluble, of this 75 200 275 150
sedimentable 50 150 200 100
non-sedimentable 25 50 75 50

Soluble 375 250 625 150

Total matter 450 450 900 300

The data on average composition of sewage waters for a water demand
of 200 1 per capita per day are presented in Table 3.54.

Of the total amount of dissolved solids about 60% are inorganic and
40% organic matters. This ratio is reversed in the case of suspended solids,
being approximately 3:7.

These data indicate that it is generally true to say that suspended solids
are mostly of an organic character and dissolved solids of an inorganic
character.

The ratio of organic and inorganic substances in sewage waters pro-
duced by man is constant, in general, under a given set of living conditions.
Changes in the composition and quantity of these two main groups of sub-
stances, organic and inorganic, can also be due to the development and
use of new preparations in households and sanitary facilities (for example,
cleaning and washing agents).

The quantity of waste substances per capita per day expressed in terms
of BOD; ranges from 54 to 70 g (see Table 3.55).

Table 3.55. Specific production of pollution

Inorganic Organic Total BODs

Matters (g per capita per day)

Insoluble, of this 30 60 90 31
sedimentable 20 40 60 19
non-sedimentable 10 20 30 12

Soluble 50 50 100 23

Total matter 80 110 190 54

3.9.1.2 Inorganic and organic substances in sewage waters

Inorganic substances present in sewage waters are essential constituents of
drinking and service water, and they are also substances originating from
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faeces, urine, waste from households, washing, cleaning and laundry agents,
and from soiled streets. The most important species are chlorides, sodium,
potassium, phosphates and inorganic forms of nitrogen. Evaluation of the
content of inorganic substances in sewage waters is important particularly
in the case of their application for irrigation in agriculture, where a high
content of dissolved mineral substances in water is harmful. The standard
limits particularly the content of dissolved solids — chlorides and sulphates.

Chlorides usually originate from urine. Seven to nine grams of chlorides
are produced per capita per day. Higher content of chlorides can be caused
by wastes from neutralization stations, recovery plants for water treatment
by ion exchangers, or washings from streets after the use of sodium chloride
in winter. Concentra.tlon of chlorides in sewage waters is usually expressed
in tens of mg 17}

Phosphorus compounds in sewage waters, assuming that they are not
already present in drinking and service waters, come from urine, faeces and
synthetic detergents.

Man produces daily, mostly in urine, about 1.6 g of phosphorus which is
in agreement with the content of phosphorus in sewage waters before the
development of the production of detergents, which adds about 6 mg 1!
From the production and application of synthetic detergents conta.mmg
phosphates as activating additives, the content of phosphorus in sewage
waters in developed countries has increased significantly. From this increase
in phosphates (mostly in the form of condensed phospha.tes) a value of as
much as 5 g of phosphorus per capita per day is reached, and the total
concentration of phosphorus in sewage waters can amount to 10 mg 17!

The most important nitrogen compounds in sewage waters are ammo-
nium nitrogen, urea and amino acids which can be either free or bonded in
proteins and their degradation products. Urine with its prevailing amount
of urea is the main source of nitrogen compounds in sewage waters. The
urea is degraded by biological hydrolysis into ammonia nitrogen, therefore,
the highest quantity of urea is present in fresh sewage waters.

Other forms of organically bounded nitrogen also readily undergo mi-
neralization, therefore, the quantitative representation of individual forms
depends to a considerable degree upon the time factor.

Saccharides and organic acids in sewage waters are among the most nu-
merous compounds. Because of their solubility they are present mostly in
the liquid phase of sewage waters. However, high molecular weight polysac-
charides (cellulose, starch and products of their partial hydrolysis) are pre-
sent mostly in the solid phase. In the liquid phase of sewage waters as much
as half of organic carbon can be present in the form of saccharides. Of the
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simple saccharides, glucose, saccharose and lactose are predominant. Sac-
charides easily undergo biological decomposition to form aliphatic organic
acids, therefore, the relative proportion of saccharides and organic acids
varies and depends on several factors.

As regards organic nitrogen-free acids which volatilize with water vapour,
acetic acid in particular occurs in sewage waters, followed by propionic,
butyric, valeric, formic and caproic acids. Non-volatile acids are lactic,
citric, glutaric, oxylic and other acids. These acids occur in concentrations
of tenths or even units of mg1™" (expressed in the terms of carbon).

Lipids include fats, waxes, steroids, phospholipids, and also hydrocar-
bons and free higher fatty acids and their salts — soaps belong in this
category. By standard analysis lipids are determined as eztractable sub-
stances; the quantity produced by man is about 15 g per day which cor-
responds to an average concentration in sewage waters ranging from 50 to
100 mg 17!, Other sources of extractable substances in sewage waters are
by-products of the foodstuff industry, laundries, etc. which is evident from
the considerable increase in the quantity of these substances.

In sewage waters, the substances of the lipid group are present either
free, emulsified or adsorbed on suspended solids. Because they are present
in sewage water mostly in the insoluble form, their biological degradation
is slower than the degradation of dissolved organic substances, such as
saccharides or amino acids. Free lipids are floating substances which impede
the rate of oxygen penetration through the water surface.

A considerable part of lipids in sewage waters is formed by fats (30-80%),
higher fatty acids (particularly unsaturated ones) and hydrocarbons. The
fact that the major fraction is present in unsedimentable emulsified form
should be taken into consideration when proposing their separation.

At present, tensides have become permanent components of sewage wa-
ters. A sharp increase in the consumption of detergents dates from 1950
and this growth is ever increasing.

The early biologically difficult-to-degrade anion tensides with branched
structures were gradually replaced by linear alkylbenzene sulphonates which
degrade more easily, and since 1970 the consumption of non-ionic tensides
has also increased.

The content of the anion tensides in sewage waters under conditions
in eastern Europe is measured in units of mg 17!; in some countries with
a high consumption of tensides their concentration may reach more than
10 mg 171, Due to their sorption capacity tensides occur in both the liquid
and solid phase of sewage waters. Of the original concentration as much
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as 50% of tensides can be adsorbed on suspended solids, and these can be
employed for their removal in the treatment process.

On the other hand, tensides can increase the share of non-sedimentable
substances in sewage waters due to their dispersing and emulsifying effects.
In the biological section of a wastewater treatment plant, particularly non-
ionic tensides can cause other difficulties (excessive foaming in the activa-
tion reservoirs, foam stabilization, etc.).

Recently, increasing amounts of crude oil and oil products, as well as
other products with an unfavourable influence on the processes of biological
treatment in municipal wastewater treatment plants, are being introduced
into sewage or municipal wastewaters. Therefore, for the discharge of was-
tewaters into the public sewerage system special rules must be observed
exactly specifying what can be or must not be discharged into the public
sewerage system, and at what concentrations [17-20].

3.9.1.3 Evaluation of organic pollution

Since sewage waters contain mostly easily-degradable organic substances it
is possible to use the BOD value, determination of COD or total organic
carbon for evaluation of their total organic pollution.

At the demand of 200 | of water per capita per day, an average BOD,
value of about 300 mg 1™" can be expected. About half of the BOD; value
is ascribed to dissolved solids and a half to the total quantity of suspended
solids. About 65% of total BOD; is attributed to BOD; of the dissolved
and non-sedimentable solids which means that by sedimentation alone the
BOD; of sewage water can be reduced by one third.

The specific quantity of BOD;, i.e. 60 g per capita per day can be derived
from the given BOD; values and water demand.

In countries with a higher daily demand of water per capita (e.g. in USA,
Switzerland, Sweden) sewage waters are more diluted and thus they show
lower BOD; values (lower than 100 mg 171). Also, the value of the specific
quantity of BODy is higher (70 BOD; per capita per day).

For the determination of COD of sewage waters, potassium dichromate in
50% sulphuric acid can be used, by which the majority of organic substances
is chemically well oxidized. The determination of COD with potassium
permanganate is not suitable. The COD value of raw sewage water is
approximately twice the BOD; value. For raw sedimented or filtered sewage
water the ratio BOD;:COD ranges from about 0.44 to 0.55.

Total contents of organic substances present in sewage waters can also
be determined by measuring the organically bonded carbon.
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The indirect method is based on oxidation of the organic substances
present by a wet or dry technique and subsequent determination of CO,.

Of the direct methods, the method based on the sorption of organic sub-
stances from water on activated carbon, subsequent desorption by organic
solvent and gravimetric determination has been widely used.

The ratio of COD and organically bonded carbon depends on the content
of oxygen in the organic substances present and ranges from about 2.5
to 3.0. The ratio of BOD; to organically bonded carbon is about 1.5 in the
case of raw sewage waters [21-26].

3.9.2 Industrial wastewaters

The quantity and composition of industrial wastewaters depend on the type
of technological process in which the water was used. Thus, the produc-
tion technology, raw materials used, auxiliary substances and additives,
and many other factors determine these parameters. It is clear that each
industrial sector has its typical wastewaters.

The quantity of industrial wastewaters is expressed in different ways,
usually as a specific amount referred to a specific unit of raw material or
products.

In comparison with sewage waters industrial waters are noted for a higher
concentration of substances, greater heterogeneity of contaminating sub-
stances and more substantial variations in the composition depending on
the type of production [27-29].

In the individual production sections so-called technological wastewaters
are produced which have certain typical properties and composition. In ad-
dition to these, normal sewage waters occur in the works, and in the rainfall
periods the contribution of the rainfall waters must be omitted. Therefore,
wastewaters from industrial operations are a mixture of different types of
wastewaters. Industrial wastewater treatment is therefore much more com-
plicated and difficult than the treatment of sewage waters. Also, the effect
of such water when discharged into a recipient is different and in most of
cases also more harmful because the quantity and quality of wastewaters
in industry is noted for high variability, and maxima and minima are not
necessarily in agreement with the extremes in the changes of municipal
wastewaters.

Industrial wastewaters from sites incorporated into settlements are usu-
ally discharged together with sewage waters into one sewerage system and
fed into a common municipal wastewater treatment plant.
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For orientation, a comparison of the scope of pollution of industrial was-
tewaters with sewage waters (e.g. for the calculation of loading the treat-
ment units in the common wastewater treatment plant) involving the so-
called population equivalent, or equivalent number of inhabitants has been
used. Its calculation is based on the value of pollution in BOD; per capita
per day (54 or 60 g). In the case of mdustrlal wastewaters the average value
of the total pollution BOD; (g m™ %) and water demand Q (m® d71) per
production unit or initial material (t, m3, pc, etc.) are taken as the basis.

The population equivalent is then calculated as follows:

BOD; - Q@

54, or 60’
_ daily production of pollution
~ specific quantity of pollution

E= or in general

Thus, the population equivalent is the quantity of pollution expressed in
the corresponding units of the given type of pollution which is the same as
the pollution of this type produced daily by one person.

In addition to BOD; other criteria can also be used for the calculation
of population equivalents, for example, COD or the content of suspended
solids, which can be more important for some industrial wastewaters. The
population equivalent usually refers to the specific unit of raw material or
product.

For wastewaters polluted mainly by undissolved inorganic substances
(e.g. from metallurgical and mining operations) the population equivalents
can be calculated in such a way that the value of specific production of
undissolved substances per capita per day (90 g) is substituted into the
above formula.

The population equivalent is a conventional unit which does not express
all the properties of industrial wastewaters. Moreover, their values vary at
each change in the production technology which has an impact on the com-
position of wastewaters (e.g. changes such as saving of water, introduction
of recirculation, etc.). The quoted values of population equivalents differ,
therefore, quite considerably in the literature.

Since higher values of the specific quantity of pollution than 54 g per
capita per day are used at present, it is recommended to quote the value
which was chosen for the calculation of the equivalent number of inhabi-
tants. '
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Table 8.56. Equivalent number of inhabitants of some areas of
production calculated by means of BODg (54 g per capita per day)

Production Specific unit of raw Equivalent number
area material or product of inhabitants per
(1000 kg) specific unit

Diaries and

cheese plants 1000 1 of milk 50-256
Slaughter-houses of live weight 144-460
Sugar production of sugar beet 50-78
Malt houses of cereals 11-111
Breweries 1000 1 of beer 167-390
Distilleries 1000 1 of cereals 1500-3900
Yeast plants of yeast 5600-7800
Starch factories of maize 560-1000
Tanneries of skin 1100-3900
Wool scouring mills of wool 2300-5000
Dye works of material 2300-3400
Sulphite pulp mills " of pulp - 3900-6100
Paper mills of paper 230-1000

For illustration and to compare pollution of some industrial wastewa-
ters, Table 3.56 presents the values of equivalent number of inhabitants for
certain areas of production.

In addition to the population equivalent, the term coefficient of pollution
has also been introduced, which is a measure of pollution and harmfulness of
industrial wastewaters and expresses how many times are the wastewaters
in question more polluted and harmful than sewage waters.

For the common treatment of municipal and industrial wastewaters, the
so-called pollution coefficient, Pc, is used in some countries (e.g. FRG),
given by equation

Pe = Fk

where E is the equivalent number of inhabitants referred to the specific
unit of product, raw material or worker (assuming an 8-hour working day),
k — difficulty coefficient of treatment after mixing municipal and industrial
wastewaters. The values of the pollution coefficient for some industrial
branches are listed in Table 3.57.

The pollution coefficient is in fact the equivalent number of inhabitants
modified to fit the treatment process.
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Table 3.57. Pollution coefficient Pc for some production branches

Specific unit of raw Pollution coefficient

Production branch material or product (Pc) per specific unit
Meat plants with

slaughter A big piece 200
Diary and cheese

plants 100 kg of cheese 100
Fish utilization

plants 100 kg of fish 50
Vegetable and fruit

utilization plants 100 kg of products 50
Edible fat plants 100 kg of product 50
Sugar factories 100 kg of sugar beet 70
Breweries without

malt plants 100 1 of beer 100
Malt plants 100 kg of cereals 10
Distilleries 100 kg of cereals 200
Distilleries 100 kg of potatoes 150
Yeast plants,

distilleries 100 1 of molasses 600
Starch factories 100 kg of cereals 50
Tanneries 100 kg of skin 500
Wool scouring mills 100 kg of wool 300
Sulphite cellulose

production 100 kg of pulp 500
Paper making 100 kg of goods 20
Coal washers ton of coal 100
Production of rayon 100 kg of goods 70
Production of soap 100 kg of soap 100

3.9.2.1 Classification of industrial wastewaters

Industrial wastewaters can be classified from different viewpoints, e.g. ac-
cording to the origin, composition, suitability of biological or other type of
treatment, potential for causing damage, etc.
According to their quality, the wastewaters from industrial works can be
divided as follows:
— sewage and rainfall,
— cooling, and
— technological waters.
Technological waters can be further subdivided according to their quality
into
— exceptionally harmful, which must be preliminary treated or specially
disposed of,
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— polluted mostly by biologically easily degradable organic substances with
the possibility of biological treatment,

— polluted mostly with inorganic or organic substances which are resistant
to biological decomposition, with possibility of chemical treatment,

— relatively safe.

From the viewpoint of the prevailing group of pollutants industrial was-
tewaters are usually subdivided as follows:

— prevailing inorganic pollution (mine waters, waters from coal and ore
processing),

— prevailing organic pollution (wastewaters from foodstuff industry),

— combined types (wastewaters from the production of sulphite pulp, syn-
thetic resins, wastewaters from refineries of mineral oils, leather works)
[30-31].

The most frequently occurring wastewaters in practice are combined
types and pollution by both organic and inorganic matters is equally im-
portant. Apart from these two predominating groups of substances it is
also necessary to evaluate the presence of different harmful agents (e.g.
toxic substances, tensides, oils) which can influence the overall character
of wastewater by their effect, or can have negative effects on the treatment
processes.

In wastewaters with predominating inorganic pollution the contaminat-
ing substances can be either in dissolved or suspended forms. The dissolved
solids can be non-tozic with the most frequent occurrence of sodium, potas-
sium, calcium, chloride, sulphate ions, etc.; or tozic, for example, ions of
heavy metals, cyanides, radioactive substances, etc. {32-35].

Due to the development of new industrial branches producing great
amounts of different organic substances, and due to the genral “chemiza-
tion” of industrial and agricultural production and the modern way of life,
many new kinds of substances are introduced into wastewaters, and quite
often their properties are unknown, particularly with regard to their bio-
logical degradability and behaviour in the biochemical processes of their
mineralization.

Such compounds which do not undergo biological degradation in either
aerobic or anaerobic conditions, and toxic substances particularly disturb
the natural recycling. From the viewpoint of a water system they deterio-
rate the quality of polluted water resources and affect their use as drinking
and service waters. Even after treatment of such polluted waters, these
compounds may be introduced in their original or partially chemically or
biochemically changed form into drinking water and can have serious im-
pacts on health. Based on the determination of biological degradability
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and toxicity of new chemical compounds it is possible to predict their be-
haviour in both the natural environment and biological wastewater treat-
ment plants, in self-purification processes either in water or in soil.

The partial degradation of organic compounds is not sufficient. To gua-
rantee that the natural environment will not be exposed to the residues
of these substances and that the biological balance will be maintained in
nature requires thorough biological degradation of these new organic com-
pounds [36-37].

In wastewaters with prevailing organic pollutants, these compounds can
be subdivided from the viewpoint of biological degradability and tozicity as
follows:

(1) Non-tozic and biologically degradable substances, for example, sac-
charides, amino acids, aliphatic acids, proteins, etc., which are all non-
detrimental compounds. These substances are present most frequently in
wastewaters from the foodstuff industry (sugar production, starch factories,
dairies, etc.).

(2) Tozic substances but biologically degradable, for example, phenols,
organophosphorous pesticides, linear sulphophenylalkanes, etc. This group
includes phenolic wastewaters, and wastewaters from the production of
synthetic resins, etc. Following the decrease in the concentration of these
otherwise toxic substances below the limit value their biological degradation
takes place and thus they are eliminated from the environment (and from
recipients).

(3) Non-tozic substances, but biologically difficult-to-degrade, for exam-
ple, lignin sulphonanes, polyethylene glycols, etc. Wastewaters with sub-
stances of this character are formed, for example, in the production of
sodium cyclamate. The compounds of this group are not toxic, but due to
their slow biological degradation they are accumulated in the environment.
Their long-term effects at higher concentrations can represent a serious
danger for living organisms.

(4) Tozic substances and biologically difficult-to-degrade substances, for
example, chlorinated hydrocarbons, nitroanilines, some tensides, and oth-
ers. These substances are present in wastewaters from the production plants
of chlorinated pesticides and other chlorinated hydrocarbons. Because they
are the most dangerous substances they should in no event be introduced
into the environment. Their production and use should be limited as far
as is possible, better still they should be completely avoided.

The quality of wastewaters is given by the character of substances pre-
sent in them, the degree of their pollution is given by the concentration of
particular substances occurring in them. The substances in industrial was-
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tewaters can be subdivided into the following groups from the viewpoint of

their physical form:

— suspended solids which include solid particles of different size (e.g. sand,
clay, parts of animal bodies, fibres, etc.),

— colloids,

— dissolved solids providing true solutions with water,

— substances which form a continuous layer on the water surface (e.g. fats,
oils, crude oil and related substances).

Industrial wastewaters are often mineralized to a high degree due to
the high concentration of chlorides, sulphates and other salts — sodium,
potassium or calcium ones, the concentration of which can be as much
as tens of g 17!. Concentrations of ions (e.g. Na*, CI7, SOE') higher
than 10 g 17! can negatively influence biological treatment processes of
these waters. Such salts are introduced into wastewaters particularly from
neutralization and salting out of different products, or from neutralization
of acid or alkaline wastewaters.

The content of the most important ions in these wastewaters conside-
rably differs from those of natural waters. The most frequently occurring
cation is Na‘ rather than Ca’* which occurs in high amounts in natural
waters, and of anions it is Cl™ followed by SOi_, instead of HCO, . Al
kalinity of these waters is caused by OH™ or CO3~ ions; the HCO; ion is
absent in more concentrated acid or alkaline waters.

An important property of industrial wastewaters is their acidity or al-
kalinity expressed in terms of pH value. In addition to the determination
of pH or neutralization capacities (acid and alkaline, respectively), it is
necessary to determine whether the resulting pH is caused by organic or
inorganic compounds. Only then is it possible to decide if preliminary
neutralization should be included prior to biological treatment.

Biologically-easily-degradable organic acids or alkalies are eliminated du-
ring biological treatment and their acidity or alkalinity therefore have no
effect when such waters are discharged into the recipient.

From the viewpoint of their effects of organic pollution in wastewaters
and total impact on the recipient the amounts of nitrogen and phosphorus
are important, as their presence is essential for biological treatment, and
moreover they must be present in such forms which are utilizable by mi-
croorganisms for the production of new biomass. If they are lacking, it is
necessary to add them prior to the biological treatment.

Recently, the determination of nitrogen and especially of phosphorus has
become particularly important because of their ever increasing amounts in
natural waters. An excessive content of these important biogenous elements

230



particularly in stagnant surface waters (lakes, reservoirs) results in a serious
problem — eutrophization of waters [38, 39).

3.9.2.2 Assessment of organic pollution

Similarly to sewage waters, also in industrial wastewaters the determina-
tion of COD by means of potassium dichromate in sulphuric acid is used
for the evaluation of total organic pollution. With regard to the high con-
tent of chlorides in industrial wastewaters, it is necessary to pay attention
to the correctness of its determination and appropriate methods for its
elimination.

The determination of biochemical oxygen demand (BOD,) together with
other determinations, e.g. COD, is used for the assessment of the contri-
bution of biologically degradable organic compounds to the overall organic
pollution. It is necessary to take into consideration the high content of
organic pollutants in wastewaters which must therefore be diluted, as well
as the fact that the quality of harmful or toxic substances may influence
the adaptation and quantity of microorganisms and thus also correctness
of the determination.

The BOD; value and other parameters characterizing wastewaters are
important also for assessment of the possibilities of biological wastewater
treatment. Wastewaters from inorganic based industry (e.g. from the pro-
duction plants of industrial fertilizers, production of soda, from glass and
ceramic industries) whose BOD; values are lower than 50 mg 1™~ cannot
be biologically treated [40-42].

Biological treatment is not recommended for wastewaters with BOD,
ranging from 50 to 100 mg 17! because insufficient quantity of biomass is
formed from the organic substances present. However, these wastewaters
can be treated when mixed with wastewaters from urban units.

Concentrated wastewaters with high BOD; values (of the order of units
of g l"l, e.g. from the production of synthetic resins, extraction of capro-
lactam, sulphite waste liquors) must be sufficiently diluted before biological
treatment.

If BODy is properly determined, data on the relative proportions of bi-
ologically degradable substances can be obtained from the ratio of BOD,:
COD. If this ratio is higher than 0.5 then the wastewater in question con-
tains mostly biologically degradable organic substances. These are, for
example, wastewaters from starch factories (0.57), yeast plants (0.64) and
sugar factories (0.70).
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If an industrial wastewater has a constant composition it is possible to
assess the BOD; value from COD and vice versa.

Wastewaters containing organic substances which undergo fast biologi-
cal degradation are called digested waters. They are entirely mineralized
within quite a short time interval when properly diluted and under aerobic
conditions.

In the case of excessive pollution oxygen is often completely consumed
due to its rapid uptake and aerobic processes are changed into anaerobic
ones with all the resulting negative phenomena. In anaerobic processes
hydrogen sulphide with its typical odour is formed from proteins. In the
presence of iron, iron monosulphide is produced causing a dark to black
colour of wastewater and sludge, especially a digested one.

On the curve of biochemical oxygen demand often the so-called lag-phase
occurs which is related to the time interval required for adaptation and
reproduction of microorganisms able to decompose certain specific pollution
species present in these waters. If these wastewaters are discharged into the-
recipient the self-purification process can be slowed-down, just on account
of this property [43, 44].

As organic pollution predominates in the total pollution of many indus-
trial waters, the BOD, value is also essential parameter in the technology of
industrial wastewater treatment; on this value the calculation of treatment
technology is based.

3.9.3 Rain wastewaters

Until recently atmospheric precipitation which runs off via the sewage sys-
tem was considered quite clean and only its positive function of dilution of
other wastewaters in the sewer system was evaluated.

However, in localities with intensive industrial and agricultural produc-
tion rain waters are contaminated when falling through the polluted atmo-
sphere, and by washing away surface matters and by whirling of sediments
in sewers they are enriched by other impurities.

These processes can result in the removal of a quantity of pollution
through the common sewer system from housing estates via discharge cham-
bers into the recipient (expressed in the terms of BOD;) which equals the
residual pollution in the run-off from a mechanical-biological wastewater
treatment plant. Because the character of precipitation is discontinuous
and varies with time, the immediate effect on the recipient is less favourable.
In the case of more intensive rainfalls, within a short-time interval the load-
ing of the recipient can be 50 to 100 times higher than that in dry periods.
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Therefore, rain waters introduced into the sewer system should be conside-
red as wastewaters.

The quantity of rain wastewaters leaving via the common sewer system
which is used most frequently in most western countries, is the result of hy-
drological, meteorological, geographic, landscape and other circumstances
of the locality in question, as well as other factors (e.g. character of surface,
methods of cleaning of public areas, character and gradient of sewers, etc.),
and also the ratio of dilution in discharge chambers.

Since it is a mixture of precipitation and municipal wastewaters, the qua-
lity of rain wastewaters considerably varies and depends on many factors.
For example, the duration of a rain-free period during which pollution is ac-
cumulated on the surface of a gathering ground, as well as sedimentation of
suspended solids in sewers with insufficient gradient are important factors.
If has been suggested that for removal of pollution from a gathering ground
and washing of sewers, a rainfall with minimum capacity of 3-101s~" ha™!
is required.

Rain wastewaters are contaminated primarily by microorganisms, sus-
pended solids, components of municipal wastewaters and whirled sediments
of sewers. Recently, pollution by crude oil substances, heavy metals and
other toxic substances has increased as a consequence of increasing pollu-
tion of the natural environment [45, 46).

The quality of rain wastewaters is usually expressed by means of the
curve of pollution (Fig. 3.43) which illustrates the time course of a given
pollutant in given studied sewer system profile.
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Fig. 8.48. Curves of rain wastewater pollution. 1 — insoluble matters, 2 — BODj

When evaluating the effect of rain wastewaters on the recipient the curve
of loading by pollutants (Fig. 3.44) is recommended, which expresses the
time dependence of the mass flow rate of the pollutant, where the mass
flow rate is a product of the pollutant concentration and wastewater flow
rate.
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3.9.4 Agricultural wastewaters

It has been assessed that agriculture contributes 40-60% to the total water
pollution and this contribution is ever increasing. Wastewaters in agricul-
ture are in fact less important from the viewpoint of the pollution produced.
More important are organic wastes from industry which are introduced into
surface and groundwaters by washing or uncontrollable leaks [47, 48]. The
main sources of agricultural pollution threatening water quality can be
classified according to their origin into the following groups:
(1) Sources from plant production
— washings from fields due to water erosion,
— industrial fertilizers in their application to soil and handling,
— biocidal substances in their application to soil and washing of the equip-
ment for their application,
— drainage waters and extracts during excessive doses of irrigation water,
— wastes from plant products.
(2) Sources from animal husbandry
— leakage of liquid manure from large-scale breeding of cattle and pigs,
— leakage from natural fertilizers and composts in their application and
handling,
— silage liquids,
— washings from runs and pastures,
— aquatic fowl breeds, '
— wastes from large-scale fowl breeding.
(3) Other sources
— leakages of fuel, lubricating and heating oil substances,
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— wastewaters from agricultural production complexes,
— water polluted during washing of agricultural machines.

Animal husbandry is the main source of organic wastes in agriculture.
It covers particularly excrements of farm animals which are, partly uncon-
trollably introduced into waters directly at the site of origin, and partly
after their application to the fields in the form of fertilizers used for plant
production. It is supposed that about 10% of this organic waste is intro-
duced into streams. In Czechoslovakia, for example, the total quantity of
wastes from livestock is higher than the amount produced by humans.

Another source of pollution of animal origin is silage liquids produced
during preservation of green fodder by silaging. About 5% of the produced
quantity of silage liquids is introduced into the streams.

The expected increase in the total pollution of waters produced by ani-
mal husbandry is presented in Table 3.58.

Table 8.58. Expected increase of water pollution by wastes from animal production

Waste components in thousands tons per year
Year Number of LCU®
(thousands) Dry matter BODsg N P

1970 2885 4259 1766 183.7 40.8
1985 min. 3120 6753 2797 291.0 63.9

max. 3500 7579 3155 331.5 73.2
2000 min. 3340 9563 3955 407.4 90.6

max. 4010 11,567 4816 499.1 111.7

& Large cattle unit (LCU) = 500 kg of live weight.

An important source of pollution in the field of plant production is pollu-
tion resulting from chemization of agriculture. In the case of unfavourable
meteorological conditions (e.g. excessive precipitation) after application of
chemical agents to agricultural land, this pollution can even cause emer-
gency situations for water resources in the given locality [49-51].

The quantities of nutrients eluted annually from soil to which 325 kg of
pure NPK nutrients per hectare were applied are listed in Table 3.59.

Table 3.59. Average quantity of naturally washed-out nutrients (kg ha~?!)

Elements Quantity Elements Quantity
Calcium 26.4 Nitrogen NO5 /NH{ 8.0/0.3
Potassium 4.0 Sulphur 1.5
Magnesium 3.2 Phosphorus 0.02
Sodium 2.2 Chlorine 20.2
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3.9.4.1 Composition and properties of animal excrements

Excrements in the form of urine and faeces are unavoidable components
of animal husbandry. In the past the sources of this type of pollution
were dispersed and did not seriously threaten the quality of surface or
groundwaters.

Intensification of animal husbandry has resulted in construction and de-
velopment of large-scale breeding units particularly of black cattle, pigs
and poultry, producing amounts of wastes that often represent very seri-
ous problems without a foreseeable solution. The danger caused by these
waters also results from changed technology in large-scale breeding.

The daily production of excrements (faeces and urine) in the breeding of
black cattle and pigs, per 1000 kg of live weight, is presented in Table 3.60.

Table 3.60. Daily production of wastes in black cattle and
pig breeding farms (calculated per 1000 kg of live weight)

Index Unit Black cattle Pigs
Waste kg 75 65
Dry matter kg 7.5 8.5
BODs kg 1.8 2.5
Nitrogen gN 380 530
Phosphorus gP 67 170
Potassium gK 400 200

It has been reported in the literature that pollution from 1 pig equals
pollution from 3.8 humans, and that from 1 black cattle corresponds to 32.5
humans, from a calf it corresponds to 4.2 humans [52, 53].

By chemical analysis of excrements, specific constituents are determined.
Primarily nitrogen and mineral substances are determined, which are im-
portant from the viewpoint of metabolism and nutrition of livestock, as
well as from the viewpoint of the content of nutrients important for the use
of excrements as fertilizer.

A survey of three groups of substances present in excrements are shown
in Table 3.61.

Urine is an aqueous solution of inorganic and organic compounds in-
cluding mineral substances, nitrogen compounds from protein metabolism,
as well as of non-protein nitrogen compounds, vitamins, hormones and en-
zymes.

236



Table 3.61. Participation of water, organic and inorganic
substances in the excrements of domestic animals (%)

Species Water content Organic substances Inorganic
substances
Black cattle 80-88 10-16 4
Pigs 65-85 10-20 10
Sheep, goat 65-75 20-30 10
Hen 75-80 10-15 10

The quantity and composition of urine depends on stabling, nutrition,
intake of water (in the form of drinking water and water for fodder) and
other factors.

The BOD; value for undiluted unne from black cattle is 15-18 g1™* and
that for faeces is about 186 g 171, These values for urine from pigs range
from 6 to 1l g 17!, The BOD, va.lue decreases during storage.

In comparison with sewage water, the BOD; of urine is 50 times higher.
Therefore, even small amounts of this waste cause serious changes in the
oxygen balance of a stream, or considerably influences the course of the
waste treatment processes.

Urine typically has a particularly high content of ammonia nitrogen
which is present in weakly alkaline media in the form of non-dissociated
hydrate of ammonia with very toxic effects on fish.

The content of nutrients in faeces and urine of black cattle (dairy cows)
and pigs is listed in Table 3.62.

Table 3.62. Content of nutrients in faeces and urine of black cattle and pigs (%)

Dairy cow Pig

Elements

Faeces Urine Faeces Urine
N 0.35 0.61 0.54 1.16
P 0.12 0.00 0.59 0.08
K 0.06 1.08 —_ —
Ca 0.50 0.50 0.82 0.01
Mg 0.09 0.09 0.13 0.01

The table shows that the amounts of nutrients in the faeces of corn-fed
pigs is sometimes much higher than that in the faeces of black cattle. This
concerns particularly calcium, phosphorus and nitrogen.

The change to the litterless housing of livestock has resulted particularly
in the fact that instead of the traditional production of two types of wastes
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— manure and urine — only one product is produced in large-scale animal
husbandry — liquid manure. This change is reflected in the composition of
natural manure which called for a change in the mode and organization of
fertilization.

Liquid manure of black cattle and pigs is a mixture of solid faeces and
urine with a certain unavoidable portion of technological water. The con-
tribution of technological water, which should not be higher than 20% of
the total quantity of liquid manure has the greatest effect on the quality,
physical and chemical properties of the liquid manure.

The higher the quantity of technological water, the higher the volume
of liquid manure, and hence its fluidity; concentrations of nutrients and or-
ganic substances decrease and the tendency for the separation of liquid ma-
nure into three layers increases. These changes have unfavourable impacts
on higher investment costs for storage reservoirs, and operational expenses
are increasing due to the decrease of the total efficiency of fertilization.

Quantities and composition of liquid manure in the large-scale breeding
farms of black cattle and pigs are presented in Tables 3.63 and 3.64.

Table 3.63. Quantity and composition of liquid manuring
in large-scale breeding farms of black cattle (500 pc)

Dung-water quantity Nutrients quantity
Type of (kg yr~1)
(1d~'pc!) (miyr-1) N P K Total
Young cattle 22 4,015 18,469 6,022 10,439 34,930
Fattening
cattle 65 11,863 54,569 17,794 30,843 103,208
Dairy cows 55 10,038 46,174 15,057 26,098 87,331
Table 3.64. Quantity and composition of
liquid manuring pig large-scale breeding farms
Capacity of Dung-water quantity ) Nutrients quantity
farm (kg yr—1)
(1d-'pc!) (miyr1) N P K total
5,000 pc 7.5 13,688 54,490 6,844 20,532 84,866
10,000 pc 7.5 27,375 114,975 13,688 41,063 169,725
25,555 pc 7.5 68,438 287,440 34,219 102,657 424,316

Liquid manure of black cattle and pigs contains nutrients that are readily
taken up by plants. This concerns all of the most important nutrients —
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nitrogen, phosphorus and potassium. Also the contents of magnesium,
sodium and trace elements (B, Cu, Zn, Mn, Mo, Co) are significant. The
pH value (7.0-7.7) is also favourable and thus, no acidification of soil during
fertilization takes place [54).

However, the easy availability of nutrients for plants can cause conside-
rable losses, particularly in the case of improper application, and in the case
of limited storage capacities, also when applied under unsuitable climatic
conditions.

Based on long-term observations it has been found that from an average
annual dose of nitrogen — 1000 kg ha™! — applied in the form of liquid
manure to sandy soil, 150 kg of N were utilized by plants, 50 kg of N
enriched the soil, 100 kg of N were removed by water and 700 kg of N
escaped into the air.

In this way particularly nirogen, phosphorus and microbial pollution are
introduced into waters with all the consequent negative impacts on the
water quality limiting its further use.

3.9.4.2 Silage liquids

If silage liquids leak into surface and groundwaters they are considered to be
an aggressive and toxic agricultural waste produced during preservation of
green fodder by fermentation — particularly by anaerobic lactic fermenta-
tion (silaging). The substances formed protect the preserved fodder against
undesirable putrefaction.

Processing, utilization or disposal have not yet been satisfactorily solved.
With regard to the increasing amounts of this waste, silage liquids have
become a serious problem not only for agriculturists, but also in the domain
of water management and hygiene, as their leakage into streams causes
serious damage, including fish mortality.

Silage liquids are dark brown to black in colour, intensively turbid and
bad smelling. The organic substances include mainly aliphatic acids (bu-
tyric, acetic and lactic), as well as different saccharides (glucose, galactose,
fructose, etc.). In the case of inorganic compounds, iron, manganese and
ammonia nitrogen are important since they significantly participate in the
total harmfulness of this type of agricultural waste [20, 48].

The amount of silage liquids occurring during the process of silaging
varies and depends on many factors. The higher the dry matter content
in the preserved green mass of plants, the lower the production of silage
liquids, and vice versa. Green fodders contain about 75-90% of water.
Within a correctly applied technology of silaging, the silage liquids remain
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in silage pits and are fed together with the silage fodder. From leaking silage
pits, however, the silage liquids can penetrate the surface and groundwaters,
thus seriously threatening their quality.

In the case of wet silages (e.g. beet crowns) the amount of silage liquids
is as much as 40% of the total silaged weight; in most of cases of silaging
other types of fodders this quantity amounts to 15-20%, in haylage the
silage liquids are practically negligible.

Chemical analysis shows that the dry residue of silage liquids ranges
from 3 to 9%. Organic matter in the dry residue ranges from 85 to 90%,
the ash content makes 10-15% of dry residue.

Silage liquids, except the liquids from clover silage, contain rather a low
amount of nitrogen (0.03-0.28%) and about half of this is in the ammonia
form. From the aspects of nutrients the potassium content is also significant
(0.10-0.37%) whereas the quantities of other nutrients (P, Ca, Mg) are
very low. Silage liquids, however, have unfavourable effects particularly on
stagnant surface waters (eutrophization).

Silage liquids are noted for quite high acidity, the pH value ranging
from 4.2 to 4.9. The concentration of organic acids which degrade in
streams and wastewater treatment plants quite quickly, ranges from 7 to
12 g 17!, Therefore it is necessary to apply lime to soil when these acids
are used as fertilizers.

In comparison with sewage waters the silage liquids have a very high
concentration of mostly easily-degradable organic substances and therefore
high oxygen demand is recorded in their aerobic microbial degradation. One
liter of leaking silage liquid corresponds to about 2501 of sewage wastewater
as concerns the degree of pollution.

Biochemical oxygen demand (BODj) of silage liquids ranges from 50 to
80 g 1" and chemical oxygen demand (COD) is 30-110 g 1™". From these
BOD; values, the pollution with silage liquids produced during silaging of
1 ton of beet crowns corresponds to 15-24 kg BOD; or a value of 280-445
of population equivalents. In the case of uneven run-off of this waste the
corresponding values are higher.

The characteristic properties of silage liquid produced during silaging of
beet leaves are presented in Table 3.65.

3.9.4.3 Sources of water pollution from plant production

This group of pollution sources includes — in addition to washings from
fields due to water erosion and drainage waters — particularly those which
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Table 3.85. Characteristic properties of silage liquid from silage of beet leaves

Properties, composition Unit Value
Sedimenting substances mg1-! 0

Total suspended substances mg 1~} 165-416
pH -—_ 3.6-4.60
Electrolytic conductivity mS m-! 16,500-17,300
Chlorides C1~ mg 11 3,400-7,000
Sulphates SOZ' mg 1~} 590
COD(Mn) mg 1-! 61,800-109,800
BODjs mg 1-! 49,000-73,800
Organic acids mg I~} 10,000
Total nitrogen (N-total) mg 1-! 1770-2130
Total phosphorus (P-total) mg 1~} 14401500
Potassium K mg 1~} 3652-3880

are related to chemism of agricultural production — industrial fertilizers
and chemical plant protection agents.

From the viewpoint of water management the application of high doses of
industrial fertilizers as one of the important intensifying factors in plant pro-
duction for the increase of acreage yields is unfavourably manifested in the
increasing rate of surface and groundwater pollution. Non-industrial pol-
lution of water resources in developed countries amounts already to about
60% and the contribution of industrial fertilizers is significant.

When using water resources for a public supply of drinking water, the
greatest danger lies in an emergency ezcess of nitrates. In many basins
the content of nitrates has doubled within the last 20-25 years. If this
development of pollution with nitrates continues there is a possibility of
deterioration of all sources of drinking waters within several decades.

A similar development of pollution has also been observed in the case
of other biogenous elements. Phosphorus in surface waters which originate
from the run-off from agricultural lands to which phosphorus fertilizers have
been applied stimulates considerably the eutrophization of waters, contri-
buting thus to secondary, even more serious deterioration of the drinking
water sources.

The problem of losses of potassium or magnesium is largely an economic
problem and together with other elements it does not pose a serious threat
to the water quality in water resources from the hygienic viewpoint. The
values presented in Table 3.59 yield information on the contribution of
biogenous elements to water contamination which can be expected due to
the infiltration of nutrients from industrial fertilizers.
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The application of chemical plant protection agents has enabled an ex-
ceptional increase in the productivity of agriculture and yields in plant
production by 15-20%, on the other hand, it has distrubed the biologi-
cal equilibrium; it has unfavourable effects on the soil edaphon and the
hydrosphere.

Particularly the substances with low biodegradability, due to which they
accumulate in the environment, represent a serious danger and thus an
increasing threat for man and animals. Therefore, application of some
substances of this character has been forbidden in many countries (e.g.
DDT). Figure 3.45 presents the time dependence of residual concentration
of such pesticides.
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Fig. 8.45. Time dependence of residual concentration of some pesticides. 1 — DDT,
2 — dieldrin, 3 — endrin, 4 — lindane, 5 — chlordane, 6 — heptachlorine, 7 — aldrin

From the viewpoint of water management the use of pesticides is a se-
rious danger particularly when these substances are introduced into pre-
cipitation, surface, ground-, drainage or wastewaters. The cases of water
contamination are often due to the neglect of essential safety measures du-
ring their application, purification and decontamination of machines used
for their application and transport, and aerial application, particularly in
unsuitable periods.

Currently, there are no equivalent agents available to replace the used
types of pesticides, i.e. agents with lower health risks. The solution of this
serious problem could consist in the development of more biodegradable
types of chemical protection agents, and particularly in the careful obser-
vation of all safety measures for the handling, application and removal of
this source of pollution [55, 56].
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3.10 Physical, physico-chemical and chemical methods
of treatment and purification

Processes and methods used in water technology can be divided into 2 basic
groups.

The first group involves processes employed for water treatment as dis-
tinct from wastewater treatment. The term “water treatment” includes
technological, mechanical, chemical and biological processes and procedures
by means of which unsatisfactory physical, chemical and bacteriological
properties of water are improved.

In the case of water treatment, this concerns particularly the processes
of surface or groundwater treatment into drinking, service or industrial
waters. ‘

The selection of particular processes or their combinations depend on
many factors, especially on the requirements for the quality of treated wa-
ter and the original composition of the raw water, particularly from the
viewpoint of this pollution [1-5].

For the treatment of raw water into drinking water the following pro-
cesses are used: mechanical pre-treatment, sedimentation, filtration, cla-
rification, removal of carbon dioxide, iron and manganese, adsorption on
activated carbon and processes ensuring its suitability from the aspects of
hygiene [6, 7).

In some types of groundwaters, the content of Ca and Mg must be re-
duced to the set value, and this is mostly performed by decarbonization
(water softening). On the other hand, some surface waters require increased
amounts of calcium and magnesium salts (water hardening).

When treating sea water or strongly mineralized groundwaters to pro-
duce drinking water, electrodialysis, reverse osmosis, evaporation or freez-
ing out can be used.

When treating industrial waters, particularly feed waters for steam boi-
lers, or cooling waters, especially the majority of dissolved inorganic sub-
stances, primarily calcium and magnesium salts should be removed by
deionization or demineralization of the water.

The second group involves processes of wastewater treatment. Some pro-
cesses of water treatment can also be employed for wastewater treatment,
others are specific only for the technology of wastewater treatment [8-10].

Currently, wastewater treatment is the most important way of the surface
water quality improvement. The main products resulting from wastewater
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treatment are purified wastewaters with certain residual pollution given by
the efficiency of the treatment technology, together with sludge and gas.
The technological treatment process is carried out in wastewater treatment
plants, and it results in the disposal or utilization of the products formed.

Depending on the type of wastewaters, treatment plants for municipal,
industrial, agricultural and other wastewaters are recognized. In a waste-
water treatment plant two technological systems usually operate: a system
for wastewater disposal and a system for sludge disposal.

Several processes take place in the given technological system, each of
them having a certain technological purpose. These processes generally run
in separate units; but several processes can occur in a particular unit.

The technological system of wastewater disposal (purification of waste-
waters themselves) includes equipment for mechanical, biological, chemical
and physico-chemical treatment [11-13]. The sludge technology involves
equipment and'systems appropriate for sludge disposal (see Section 3.11)
[14-18].

The structure of technological wastewater treatment plants depends on
both the quality and the quantity of wastewaters, as well as on the require-
ments for the after-treatment water quality.

Municipal wastewater treatment plants and the treatment plants for
wastewater from some branches of the foodstuff industry have a fairy stan-
dardized structure.

However, on account of the wide range of industrial and agricultural
wastewaters it is impossible to design universal technological lines for these
types of wastewaters.

Currently, mechanical and biological wastewater treatment with anaero-
bic stabilization of sludge is used most frequently, with various modifica-
tions of the last stages of sludge disposal.

After-treatment of biologically treated waters is required when further
treatment processes have to be used in cases where the mechanical and bio-
logical treatment is insufficiently effective. If these further treatment pro-
cesses follow mechanical and biological treatment, one refers to the “third
stage” of treatment [19-22].

Industrial wastewaters are noted for a considerable time variability in
both quality and quantity. Therefore, standardization of the quantity and
the quality is the essential precondition of optimization of the whole treat-
ment process, and this must include coping with emergency situations and
must provide a constant treatment effect. Because of this, equalization
basins with a sufficient time interval of dwell are situated at the beginning
of the technological line.
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A technological line of wastewater treatment plants involves some of
the following processes or their combinations: quantity and quality equa-
lization, straining, sedimentation, flotation, physico-chemical and chemi-
cal treatment, natural biological treatment, activation, biofiltration, after-
treatment of biologically treated wastewaters and disinfection [23-27].

The aim of selection of appropriate processes is to achieve the required
water quality by employing a technically, economically and operationally
simple technological line involving the minimum introduction of other sub-
stances into the treated water.

During a treatment process pollutants of either organic or inorganic ori-
gin are to be removed, or both together.

The process for removal of organic pollutants depends on the biologi-
cal degradability of the organic matters — i.e. on whether they are easily
degradable, or not. To remove biologically difficult-to-degrade organic mat-
ters or toxic substances, chemical or physico-chemical methods need to be
used because the biological processes are not efficient. In the chemical
processes, oxidation and incineration are the most important; in the case
of physico-chemical processes, adsorption precipitation, adsorption, extrac-
tion, flotation and degasification need to be considered [28-31].

For removal of toxic inorganic substances precipitation, oxidation, re-
duction, ion exchange, adsorption and other procedures are used [32, 33].

If excessive amounts of dissolved inorganic substances are to be removed,
electrodialysis, reverse osmosis, freezing out and ion exchange are the re-
commended procedures.

To remove biologically easily degradable substances, aerobic biological
processes in particular are used (biological filters and activation). In the
first stage, anaerobic methods are used for removal of organic pollutants pre-
sent in wastewaters at very high concentrations. These processes are also
applied in mineralization (stabilization) of sludge from wastewater treat-
ment plants. The biological methods of wastewater treatment plants will
be discussed in more detail in a separate section [34-39).

3.10.1 Physical and physico-chemical processes
3.10.1.1 Equalizing of quantity and quality
In spite of the fact that quantity and quality equalizing is not a treatment

process, the equalizing tanks frequently constitute an important part of the
technological process.
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For the quantity equalization of wastewaters, tanks with constant dis-
charge are available; the quality equalization takes place in so-called level-
ling tanks which may be either stirred (pneumatically or mechanically), or
through-flow (Fig. 3.46).
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Fig. 8.46. Through-flow levelling tank

Equalization of physical and chemical properties of surface waters (e.g.
temperature, content of suspended solids, chemical composition) before
the main treatment is carried out on chemical composition is performed in
retention resevoirs [40, 41].

3.10.1.2 Straining and microstraining

Straining is the simplest separation procedure for suspended substances,
these being trapped by rakes or screens with smaller mesh dimensions than
those of the separated material. This process is usually used for removal of
the large-size floating impurities.

Straining as the only stage is used in such cases where the requirements
for water quality are not too high (industrial water, water for irrigation in
agriculture, etc.). However, most frequently it is the first stage preceding
subsequent stages of both treatment and purification of wastewater.

Floating impurities trapped by rakes or screens are generally strained
mechanically. They are disposed of by composting, dumping, incineration,
pressing, etc. Mechanically wipped-off rakes are shown in Fig. 3.47.

Microstraining is a type of mechanical separation in the course of which
suspended matter is trappped on the surface and inside a thin netting with
smaller meshes than the trapped particles (10-20 pm).

The system operates as a rotary drum screen with continuous washing
to prevent clogging of the meshes (Fig. 3.48). Such systems are part of a
technological line as a substitute for sedimentation; in the case of waste-
water purification they can replace flotation equipment. The efficiency of
separation carried out in this way is about 60%.

248



B -

Fig. 3.47. Mechanically wipped-off rakes. 1 — rakes, 2 — wipping equipment, 3 —
separator of scraped material, 4 — gears, 5 — control room, 6 — sensors for measuring
the level height, 7 — reservoir for scraped material

ON

Fig. 3.48. A microfilter scheme. 1 — inlet space, 2 — space of filtered water, 3 —
steel vessel, 4 — revolving drum, 5 — a sieve of stainless steel, 6 — space for nozzles
with pressure water, 7 — motor

3.10.1.3 Sedimentation

Sedimentation is one of the most wide-spread separation procedure in both
water treatment technology and the wastewater treatment. Separation of
suspended particles is based on gravity.

Depending on the character of particles, separation of either grained or
floccular suspensions is to be considered. In the case of suspension concen-
tration simple sedimentation, discontinuous sedimentation or concentration
should be distinguished.

The structures for separation of substances by sedimentation — gravel
and sand traps, sedimentation and slot tanks — are simple to construct
and undemanding in their operation.
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The gravel and sand traps are used especially in wastewater treatment
plants for trapping the mineral proportion of suspended particles with a
higher specific weight. They protect other parts of the technological line
(such as pumps) against mechanical damage and secure its trouble-free
operation. They are not used so frequently for water treatment, except
when treating water from surface flows — rivers and brooks.

According to the flow direction, horizontal and vertical sand traps are
used, as well as sand traps with transversal circulation. The simplest type
is a chamber sand trap (Fig. 3.49).

Fig. 8.49. Chamber sand trap

Depending on the quality of suspended material and on their location in
the technological line, settlers can be classified into primary and secondary
types.

The primary settlers are installed at the beginning of the technological
line, usually after the rough pre-treatment, or after coagulation.

The secondary settlers are situated after the biological treatment and
serve for sludge separation, particularly after activation. In the case of
after-treatment of biologically treated waters further settlers can be used.
The primary and secondary settlers have the same structure.

The most frequently used settlers are classified according to the flow
direction into horizontal, radial and vertical types. In the treatment and
purification wastewater plants with a higher capacity, only continuous ope-
ration settlers are used. Figure 3.50 illustrates a vertical sedimentation
tank with a sludge scraper.

When treating drinking water with chemical substances, highly efficient
microfilters are used in the functioning of the primary settlers.

However, settlers are also used for separation of floccules formed during
coagulation in the process of clarification. The most convenient method is
to arrange a fast mixer, flocculation and settling tanks into one unit with
a horizontal through-flow of water (Fig. 3.51) [42, 43, 46].
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Fig. 3.50. Vertical sedimentation tank with a sludge scraper. 1 — supply of raw water,
2 — space for settling, 3 — water discharge, 4 — sludge scraper, 5§ — sludge removal

Fig. 3.51. Horizontal sedimentation tank for separation of sludge after water clarifica-

tion. 1 — supply of raw water, 2 — dosing of chemicals, 3 — quick mixing, 4 — floc-

culation tank, 5 — sedimentation tank, 6 — clarified water system, 7 — sludge scraper,
8 — sludge removal

3.10.1.4 Filtration

Filtration is a process of separation of suspended particulate matters from
water on the grain surface and in the pores between grains by the flow of
water through a filtration layer. The filtration layer is porous, formed by
granular material, or a filtration netting. Filtration is classified into volume
(depth) and flat (cake) filtration.

Filtration is one of the most important stages for water treatment since,
being frequently the last link in the technological process, it decides the
quality of the treated water.

Filtration in wastewater treatment is used for removal of suspended or-
ganic matter (e.g. floccules of activated sludge) in biologically treated was-
tewaters, thus improving considerably the quality of the treated water.
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From the hydraulic and technological viewpoints, filters are divided into
slow- ( English) and high-rate filters; the latter are subdivided into pressure
or open filters.

For filtration, mostly quartz sand is used. In the case of high-rate filters,
impurities are trapped in the gaps among the grains and the filtration layer
gradually becomes clogged from the surface to the depth of the layer. When
the filter capacity is exhausted it is necessary to stop the filtration and
remove the sludge from the filtration layer by back-washing. Alternation of
filtration and washing is a characteristic feature of the separation process.
The separation processes in the case of slow filters are not equally efficient
within the whole sand filtration layer; the most important part takes place
in the surface layer, the so-called biological membrane. The mechanical
effect of porosity is minimal. Therefore, regeneration of these filters is
carried out merely by raking the top 3-5 cm sand layer, which is usually
washed.

The finest suspended particles (e.g. sludge forming particles) and mi-
croorganisms are removed with high efficiency by precoat filters (e.g. candle-
type).

In slow-rate filtration biological, physical and chemical purification pro-
cesses take place in the sandy filtration layer and thus, top quality water
with preserved biological values is obtained. Therefore, this process is used
for the treatment of drinking water.

The main purifying factor is a 1.5-2 cm thick biological membrane
formed on the surface of the filtration layer after a certain time of ope-
ration. Thus, the resulting purification effect in slow-rate filtration is a
sum of the mechanical effect of the porosity of the filter beds and the ac-
tivity of microorganisms. A cross-section of a slow-rate filter is shown in
Fig. 3.52.

23456

Fig. 3.52. A cross-section of a slow filter. 1 — supply of raw water, 2 — biological mem-
brane, 3 — quartz sand, 4 — gravel, 5 — drain, 6 — run-off of filtered water

Currently, high-rate filtration is the most frequently used method for the
surface water treatment. As opposed to the slow-rate filtration the layer of
a filter bed consists of larger sand grains (diameter 0.5-2 mm) which allows
a considerable increase in the rate of filtration.
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When water flows through a high-rate filter, suspended particles are
trapped in its entire volume. The high-rate filter is regenerated via expan-
sion of the filter layer using a stream of wash water or a mixture of wash
water and air.

Open high-rate filters are used particularly in drinking water treatment
plants because of their high reliability. In water treatment practice, two
types of filters are used most frequently — American and European. They
differ particularly in grain size and height of the filter packing, as well as
in the mode of regeneration.

In the industrial water treatment plants mostly pressurized high-rate
filters are used since they are more economical. They are more efficient as
they permit operation at a higher inlet pressure, and thus at high filtration
rates. The use of pressurized high-rate filters in water plants depends on
the general approach to water treatment technology, water source level,
as well as the height of the treatment plant and consumer’s site, energy
availability and the treatment plant capacity. A cross-section of a typical
closed high-rate filter is shown in Fig. 3.53 [44-46, 48].
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Fig. 3.53. A cross-section of a closed high-rate filter. 1 — inlet of filtered water, 2 —
run-off of clean water, 3 — supply of washing water, 4 — supply of air, 5 — discharge of

washing water, 6 — deaerator, 7 — filtration nozzles, 8 — support layer, 9 — filtration
material

3.10.1.5 Flotation

Flotation is the physico-chemical process of separation of substances from
water in which the substances accumulate on the water surface and thus
they can be removed. In water technology, flotation is frequently connected
with other processes, for example, oxidation, coagulation, and therefore, the
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substances appearing on the surface differ in their composition from those
observed at the beginning of flotation.

In water technology, various modifications of classical flotation are used
depending on the water quality, quantity and type of substances present in
these waters, and the size and shape of particles, etc. Apart from the sepa-
ration of suspended particles, flotation is more and more used for the con-
densation of activated sludge, particularly in wastewater treatment prac-
tice.

From the viewpoint of the process principles, flotation is classified into
natural, bubbling (either with mechanical dispersion of air or with release
of gases from the solution), biological, chemical, electro and ion flotation
systems.

Natural flotation is applied in the primary settlers, oil and grease traps,
various separators and other vessels through which wastewater with sus-
pended material less dense than water flows at a slow rate.

Bubbling flotation is used particularly for the separation of oils and fats
from wastewaters (Fig. 3.54).
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Fig. 3.54. Scheme of a longitudinal floating system for the separation of oils and fats.
1 — supply of wastewater, 2, 3 — run-off of clean water, 4 — supply of water with air,
5 — floated substances, 6 — scraper of floated foam

Pressure flotation is used especially for the treatment of industrial was-
tewaters from petrochemistry, pulp and paper mills, production plants of
fibreboards, canning factories and other plants producing wastewaters with
a high amount of substances whose density approaches the density of water.
It is also used for sludge concentration [46].

3.10.1.8 Clarification

Clarification is a physico-chemical process used for removal of fine sus-
pended particles and colloid substances causing especially turbidity and
calouring the water.
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Clarification is one of the most important physico-chemical processes
in water technology. It is used for both water treatment and industrial
wastewater treatment in the case where they contain toxic, biologically
difficult-to-degrade substances, or substances which cannot be separated
because of their size. In recent times it is also used for after-treatment of
biologically treated wastewaters.

Chemical agents cause coagulation — agglomeration of dispersed par-
ticles into bigger units, when pollutants are incorporated into the formed
floccules of ferric or aluminium hydroxide. The floccules are separated from
water by mechanical methods, for example, sedimentation or filtration.

Coagulation takes place in two stages. In the first stage, so-called perik:-
netic coagulation, a coagulant is mixed with the water and is evenly dis-
persed in the whole volume of water. There are different types of high-rate
mixers used for this purpose. The resulting chemical reactions are very fast
and lead to the formation of microfloccules.

The next stage is the so-called orthokinetic coagulation taking place du-
ring slow mixing. This stage is essential for the formation of readily separa-
ble floccules having a size of 0.5-0.6 mm. The process of formation of large
floccules from microfloccules is called flocculation. This process appears in
a slight water turbulence which can be achieved in slow-rate mixers.

The most important chemicals for clarification are the primary coagu-
lants able to induce coagulation. These are particularly iron trichloride
(FeCl,.6H,0), aluminium sulphate (Al,(SO,);.18H,0) and iron sulphate
(FeSO,.7H,0). In water, these chemicals form corresponding flocculant
hydroxides by gradual hydrolysis.

The effect of the primary coagulant can be increased by addition of
so-called auziliary coagulation agents. These substances are based on or-
ganic polymers (polyelectrolytes), activators of flocculation, mineral acids
and alkalies adjusting pH to a value required for the hydrolysis leading to
coagulation. The optimum dose of coagulation agents is determined expe-
rimentally by a coagulation test.

Depending on the pH at which clarification is carried out, acid, neutral
and alkaline clarification processes are known.

For water clarification, systems with sludge sedimentation are used, as
well as coagulation filtration and separation of suspended particles in a
cloud of floccules.

Clarification with sludge sedimentation is used particularly in drinking
water treatment plants. The water flow is horizontal; after rapid and slow
mixing the solid phase is separated in the sedimentation tanks.
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Fig. 8.55. A typical clarifier — precipitator type. 1 — indicator, 2 — sampler, 3 —

automated sludge discharge, 4 — sludge tank, 5 — overflow, 6 — discharge valve, 7 —

flocculation area, 8 — rectifying partitions, 9 — pressure water for bearing lubrication,

10 — sludge thickener, 11 — fiake cloud, 12 — inlet openings, 13 — discharge of

clean water, 14 — circumferential trough, 15 — water level, 16 — supply of raw water,
17 — dosing of chemicals

Coagulation filtration is recommended for the treatment of raw water
with a relatively low content of suspended particulate matter. The coagu-
lant supply is connected to the piping in front of the filter water inlet. The
perikinetic stage of coagulation takes place in the piping and in the upper
part of the filter; the orthokinetic stages take place in the filtration bed
where floccules of hydroxide are trapped.

In clarifiers based on separation of suspended particulates by the cloud
of floccules, the combined effect of sedimentation and filtration through
a fluid layer formed by hydroxide floccules is utilized. Suspended solids
are removed from such water in the form of sludge, either from the space
occupied by the cloud of floccules, or from the clarifier bottom. The water
flow in such a clarifier is vertical. Several processes take place in the clarifier
at the same time: formation of suspensions by coagulation, trapping of
suspension in the cloud of floccules, separation of floccules from clarified
water, condensation and removal of the excess of floccules. Figure 3.55
illustrates a scheme of a clarifier with imperfect flotation. Flotation of the
cloud of floccules is mechanical.

In the case of clarifiers with intensive sludge circulation an accelerator
is most widely used (Fig. 3.56) [47, 48, 59].
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Fig. 3.86. A scheme of a clarifier with intensive sludge circulation. 1 — inlet of raw wa-
ter, 2 — dosing of chemicals, 3 — first reaction space, 4 — second reaction space, 5 — dis-
charge of cleared water, 6 — discharge of sludge, 7 — sampling, 8 — outlet hole

3.10.1.7 Ion exchange

Ion exchange in water technology is based on the capability of certain sub-
stances — ion exchangers — to exchange ions from their own molecules
for the ions from solution. Different required effects for removal of unde-
sirable components from water are achieved by particular cation or anion
exchangers, or by their combination.

At present, ion exchangers are used mostly for special cases of water
treatment, particularly of feed water for high pressure boilers in power
plants. In treating wastewaters, ion exchangers are mostly used to separate
toxic and radioactive substances. ‘

In the majority of cases, the ion exchange is carried out in such a way
that the solution (treated or wastewater) flows through a column packed
with a granular jon exchanger (Fig. 3.57). A working cycle consists of
four phases: (a) In the sorption phase, the proper exchange of ions takes
places. (b) Ion exchanger washing, before regeneration, serves to loosen
the ion exchanger layer and to wash out the trapped particles. (c) In the
course of regeneration, elution of the trapped ions takes place and the ion
exchanger is transformed into its original working form by recovering its
exchangeability. (d) Washing out of the column with water removes the
regeneration agent [49, 50].

For water deionization, a combination of an ion exchanger filter with a
packing of a weak alkaline anion exchanger following the filter, with a cation
exchanger in its H form in the system and equipped with a ventilation tower
for CO, removal is recommended.
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Fig. 3.57. A scheme of an ion exchanger filter. 1 — water supply, 2 — water distribution
system, 3 — ionex packing, 4 — support layer, 5 — filtration bottom, 6 — discharge
of treated water, 7 — handling hole
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Fig. 3.58. Arrangement of jonex filters for water demineralization. 1 — ionex filter with
cation exchanger, 2 — venting tower, 3 — ionex filter with a packing of a weakly alkaline
anion exchanger, 4 — ion exchanger filter with a packing of a strongly alkaline anion
exchanger

For the preparation of demineralized water with a quality approach-
ing chemically pure water, an ion exchange system is used, as shown in
Fig. 3.58.

For water treatment with the maximum requirements for water quality,
5-6 member demineralization plants are employed, the cation exchanger
members being doubled and the last member being a combined ion ex-
changer. Ion exchange filters can be in either linear or circular arrange-
ments.

To remove fine suspensions from water, and substances of colloidal cha-
racter and oily substances which can suppress necessary diffusion processes
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by clogging the packing water should be usually pretreated by acid or al-
kaline clarification, by addition of lime or by a combination of clarification
and chlorination.

Ton exchangers can be used for removal of Fe’* and Mn?* ions from
water, as well as for removal of fluorides, ammonia and oxygen. For water
disinfection, silver-impregnated anion exchangers with sterilizing effects can
be used. For water dechlorination, resistant cation exchangers in the NH,
form are recommended. Trials of ion exchangers for removal of phenols
from water have also been carried out.

3.10.1.8 Adsorption

If an aqueous solution is in contact with a solid substance with a large
surface area, concentrations of substances on the surface of the solids auto-
matically increase and the concentration in the solution is thereby reduced.

Adsorption is used in many ways as a separation process in water techno-
logy. Granulated activated carbon is the preferred adsorbent, but new types
of adsorbents with selective adsorption effects are based on polymers [56].

In water technology activated coal is used for removal of odour and a bad
taste of drinking water. In wastewater treatment, sorption is a convenient
technological process used instead of the biological stage in connection with
chemical treatment, or so-called biosorption not only for after-treatment at
the third stage of the treatment, but also for wastewater treatment itself.

Adsorption helps to achieve a more efficient removal of organic sub-
stances particularly from wastewaters containing biologically difficult-to-
degrade and resistant substances produced by the petrochemical industry,
refineries, and factories for the production of basic organic substances and
plastics.

For water treatment by clarification, powder activated coal is used, which
is fed together with the coagulation agent and separated by sedimentation
along with the floccule-like sludge. Otherwise, adsorbers with granular acti-
vated coal are used, these being after the filtration stage in the technological
line.

Sorption on activated coal during treatment and after-treatment of was-
tewaters is performed mostly by means of granular activated coal (grain
size 1.5-4 mm) which is used for the filling of pressure filter columns. A
layer of activated coal can be as much as 2.5 m thick (Fig. 3.59).

Downflow columns with a constant height of the layer are convenient for
waters with a low content of pollutants. Conversely, for waters with a high
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Fig. 3.59. A scheme of a pressure filter with activated coal. 1 — supply of raw washing

water and its discharge, 2 — supply of washing water, 3 — sand, 4 — gravel, 5 — dis-
charge of treated water, 6 — activated coal pack, 7 — emptying hole

content of suspended matters, columns containing an expanded layer with
upward flow are used.
For regeneration of exhausted activated coal mostly thermal regeneration

is used; other processes include, for example, biological regeneration [43,
47, 51-54).

3.10.1.9 Extraction

Extraction is a diffusion process in which the water, from which a certain
component is to be separated, is brought into contact with an extraction
agent in which the separated component is more soluble than other com-
ponents of the treated or purified wastewater.

In the case of wastewater purification, extraction is used either for eli-
mination of some toxic and radioactive substances, or in cases where some
important raw material can be recovered in this way. Extraction can be
exemplified by the purification of phenolic wastewaters by extraction with
benzene. The most convenient units are continuous extraction systems with
counter-flow operation. Extraction is an expensive and complex process,
therefore, it is used only when the costs are balanced by the value of the
products obtained [55, 56].
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3.10.1.10 Membrane separation processes

Separation of components from a solution by membrane separation pro-
cesses is based on selective membrane permeability.

Of the various membrane processes, electrodialysis, reverse osmosis and
ultrafiltration are applied in water technology. They are used particularly
for reduction of the salt concentration in waters with a high mineralization
of natural (sea water, some kinds of groundwaters) or anthropogenic origin
(wastewaters with a high inorganic pollution).

All membrane processes require through pre-treatment of the inlet wa-
ter. Water must be free from colloids and suspended particulate matters
which could cause mechanical clogging of the membranes and production of
precipitates. Pre-treatment is a common process, such as, for example, ad-
justment of pH by addition of proper agents, filtration, and ore clarification
(55, 57].

3.10.1.11 Degassing

The presence of some water-soluble gases in water, for example, CO,, O,,
H,S is undesirable since they cause corrosion of metallic and concrete com-
ponents of the systems used in water technology and industry. Thus, water
degassing is one of the most efficient anticorrosion measures. This process
is also necessary for feed waters used in boilers. For water degassing both
thermal and chemical procedures are required.

Thermal degassing is brought about by the disturbance of the equilib-
rium state on water heating, when spontaneous degassing takes place before
boiling point is reached. Water in the form of droplets comes into contact
with heating steam which results in removal of dissolved gases. Removal of
gases from the system (reduction of partial pressure of gases in the gaseous
state) stimulates the process of degassing.

Depending on the pressure in the system, pressure or vacuum thermal
degassing processes are distinguished.

Chemical degassing is based on addition of appropriate chemicals, and
is used for oxygen removal only. The reduction of oxygen content in the
feed waters for high pressure boilers is a stringent requirement.

In plants where the pressure in boilers is up to 6 MPa, sulphites are
used for degassing of feed waters; hydrazine is more convenient for higher
pressures [3, 4, 58].
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3.10.1.12 Distillation

Distillation is a process for the separation of homogeneous liquid mixtures,
based on different boiling points of the individual components. Thus, dis-
tillation can be used for separation of such liquid pollutants from wastewa-
ters which have different vapours pressures (different volatility) at the given
temperature. Distillation is recommended for some kinds of wastewaters,
particularly for those from chemical production plants. ’

Simple distillation is used for demineralization (desalting) of water by
its evaporation at the boiling point and subsequent condensation, but it is
a very energy-intensive process.

For wastewater purification, distillation with water vapours is used, as
well as distillation in the flow of gases (entrainment) and azeotropic distil-
lation. Distillation with water vapours is used for removal of, for example,
phenols.

Distillation by entrainment of gases is used for removal of some un-
desirable components from wastewaters from chemical and petrochemical
industries, e.g. of hydrogen sulphide, ammonia, phenols, etc. [48].

3.10.1.13 Electrochemical processes

Some electrochemical processes can be also used in water technology, par-
ticularly for the treatment of seriously polluted, toxic and oily wastewaters
from, for example, pulp and paper production, the wood-working industry,
some foodstuff industry operations.

Ifiron or aluminium electrodes are used for the treatment of wastewaters,
the ions of iron or aluminium generated at the anode after connecting to a
d.c. source act as a coagulant. Fine and colloidal impurities coagulate in
the form of well-sedimenting floccules.

The electroflotation method employs fine oxygen and hydrogen bubbles
formed during electrolysis of purified water suspensions.

The electrochemical processes also include electrodialysis [48].

3.10.1.14 Radiation-chemical processes

The practical utilization of radiation-chemical processes in water technology
is based on the destructive and bionegative effects of a high-energy radiation
on aqueous systems.

As the sources of radiation both gamma radiation (60C0, 137Cs) and
electron accelerators can be used. The effect of high-energy radiation on
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aqueous solutions (wastewaters) is mostly indirect. Polluting components
are reduced or oxidized by means of the products of water radiolysis — ra-
dicals and molecular products. Radiation technology can also be employed
to remove resistant and biologically non-degradable pollutants present in
wastewaters (for example, chlorinated hydrocarbons, pesticides, etc.).

Living organisms, such as viruses and bacteria are highly sensitive to the
effects of the high energy radiation. These bionegative effects can be used
for securing hygienically safe drinking water, and disinfection of wastewa-
ters and sludges.

3.10.2 Chemical processes
3.10.2.1 Neutralization

Neutralization is applied to many processes in water technology. In water
treatment it concerns particularly removal of aggressive CO, from water
which consists in addition of alkaline agents to water (e.g. Ca(OH),, NaOH,
Na,COj,) or in filtration through various materials removing carbon dioxide
(marble, dolomite, fermago, etc.).

In many industrial plants, acid or alkaline wastewaters are produced.
They can be neutralized by mutual mixing, by filtration of acid wastewaters
through a filter bed consisting of limestone or dolomite, or by discharge of
acid wastewaters into a recipient where hydrogen carbonates are used for
neutralization of acids. And finally, it is via the addition of chemicals (for
example, lime, limestone, HC], H,SO,, CO,) that the pH of wastewater is
adjusted to the required value. Neutralization is a very sensitive process
requiring accurate dosing of chemicals [4, 59, 60].

3.10.2.2 Precipitation

Precipitation is a process in which dissolved compounds are separated from
the reaction medium in the form of low soluble compounds in their solid
states, which can then be separated by sedimentation, filtration, centrifu-
gation, flotation, etc. Precipitation is carried out either by a chemical
change of dissolved substance, or by a change of the reaction medium. As
precipitants, mostly acid, base or salt solutions are used.

If the substances removed enter the crystalline lattice of the precipitating
solid phase, one refers to primary effect precipitation reactions. During the
precipitation reactions with a secondary effect, pollutants enter the particles
of the precipitate via sorption or mutual coagulation.
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The process of coagulation (water clarification) by ferric or aluminium
salts belongs mainly to the second group of precipitation reactions (see
Section 3.10.1.6).

The transition category between these two groups of reactions is rep-
resented by the process of alkaline clarification, during which suspended
colloid substances are removed by coagulation, and calcium, magnesium,
iron and manganese by precipitation.

Precipitation reactions are used in water treatment for the removal of Cu
and Mg by decarbonization (addition of lime), employing the low solubility
of CaCO; and Mg(OH),.

Calcium and magnesium can be removed from water by precipitation
with lime, sodium hydroxide and phosphates, or by a suitable combination
of these precipitation agents (Fig. 3.60).

Fig. 8.60. Equipment for water treatment by a double-stage precipitation with lime,

soda and phosphates. 1 — raw water supply, 2 — reactor for the precipitation with lime

and soda, 3, 5 — sludge discharge, 4 — reactor for the phosphate precipitation, 6 — high-
' rate filter, 7 — discharge of treated water

For the removal of iron and manganese from water, the low solubility of
hydroxides of the higher oxidation states of these metals is employed.

Silicates and SiO, are removed by making use of their low solubility in
saturated lime water.

The magnetic water treatment has similar effects as a removal of Ca and
Mg from water.

In wastewater treatment the precipitation reactions are an excellent
practical solution for the removal of very serious pollutants of a toxic charac-
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ter — heavy metals and cyanides. Ions of heavy metals are mostly removed
in the form of hydroxides, carbonates or sulphides [4, 43, 47, 48, 59, 60].

3.10.2.3 Oxidation and reduction

Ozidation processes are applied in many techniques used for drinking and
service water treatment, as well as for the wastewater treatment.

In the case of drinking water it is necessary to remove microorganisms
threatening human health. For the disinfection of water, oxidation pro-
cesses based on the effects of the following oxidizing agents are frequently
used: chlorine and its compounds (hypochlorides, chloramines, chlorine di-
oxide), ozone, hydrogen peroxide, potassium permanganate and others.

The technique for the removal of iron and manganese during water treat-
ment employs the oxidation of bivalent well-soluble forms to multivalent
low-soluble hydrated oxides, which can be removed from water either by
sedimentation or filtration. Oxidizing agents in this case are atmospheric
oxygen, chlorine, potassium permanganate, ozone and chlorine dioxide.

For chemical degassing of water where removal of dissolved oxygen is
required, sulphites and hydrazine are used as oxidizing agents (see Sec-
tion 3.10.1.11).

In the technology of wastewater treatment the oxidizing techniques are
used particularly for elimination of organic pollution. Cyanide wastewaters
can be treated by oxidation with chlorine; here, cyanides are oxidized up
to elementary nitrogen and carbon dioxide.

The oxidizing effects of ozone can be used for oxidation of phenols and oil
hydrocarbons present in wastewaters. Ozone seems to be a very promising
oxidizing agent also for the after-treatment of biologically treated wastewa-
ters, reducing total amount of organic substances. Due to the high energy
demands for the preparation of ozone, its application to wastewater treat-
ment is rather limited. '

For disinfection of purified wastewaters (e.g. infectious wastewaters)
mainly chlorine, chlorine dioxide, or ozone are preferred.

Reduction processes are important for the treatment of wastewaters from
the plants for the surface finishing of metals, containing salts of hexavalent
chromium. Reducing agents, such as FeSO,, SO,, Na,SO3, NaHSO, reduce
hexavalent chromium in acid media (pH 3-5) to the trivalent form, and this
is precipitated in the form of chromium trihydroxide.

Reduction processes are also used for the elimination of organic nitro
compounds by forming amino compounds, which are sometimes less harm-
ful and biologically more readily degradable [47, 59, 61-64].
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3.10.2.4 Incineration

This process is used for elimination of particularly harmful liquid wastes and
sludges, such as black liquors from pulp production, and acid condensates
from oil processing factories. It is carried out in a dry or wet mode.

In the (incineration) reactor, used for the dry process, water evapora-
tion is followed by pyrolysis of organic matter to form pyrolysis gas and
carbonized residue.

In the case of wet incineration at higher temperatures (up to 350°C) and
a high pressure (5-15 MPa), organic pollutants are degraded into carbon
dioxide and water, or lower fatty acids (Fig. 3.61). The disadvantage of
this process lies in the high investment and operating costs.

r

Fig. 3.61. A scheme of wet incineration. 1 — supply of concentrated sludge, 2 — tank,

3 — pump, 4 — heat exchanger, 5 — compressor, 6 — reactor, T — separator, 8 — dis-
charge of combustion products
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3.11 Sludges, their disposal and utilization

In the chemistry and technology of water, sludge is defined as a suspension
of solid substances (dry matter of sludge) produced during water treatment
and purification. Sludges in general do not have given and time-constant
properties. They can be either solid or semisolid; after dewatering they are
converted into solid waste. Sludges also include sediments on the bottoms
of rivers, dams and lakes.

Sludge is thus a two-phase system consisting of a solid and liquid phase
(sludge water). The percentage water ratio in sludge is called wateriness
(pw)- Hence, the sludge dry residue p, (% by weight) can be calculated
from the following simple relationship: p, = 100 — p,,.

Processing, utilization or disposal of sludges (sludge technology) is an
independent technological field. The sludge obtained often represents a con-
siderable quantity from the total amount of processed wastewaters. There
are cases where such a large quantity of sludge is produced that its disposal
is more difficult than the wastewater treatment process itself [1-3].

3.11.1 Sludge classification

Two types of sludges are produced in water treatment plants:
— from settlers (primary sludge),
— from after-sedimentation settlers (secondary sludge).

The secondary sludge is usually pumped from the after-sedimentation
into the primary settlers, and processed together with the primary sludge
as a mized sludge. Here, the primary sludge is the prevalent material.

Both the primary and mixed sludges are called raw sludge.

Fresh primary sludge from municipal wastewater treatment plants is
yellow-brown, brown or even grey, and it usually has a granular structure
and consists of insoluble substances wich have passed through a catch-pit
and rakes. It also contains a remarkable quantity of colloidal substances
with the ability to bind water and to retain it — therefore, dewatering in
this case is rather difficult.

Secondary (activated) sludge has a flaky structure, it contains at least
98% water. During sedimentation the particles of sludge present are ag-
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glomerated, and thus their weight increases. The character of secondary
sludge is influenced by the treatment system used.
The secondary sludge is brown to brown-red, with an earth-like smell.
In the putrefactive sludges, organic substances easily undergoing bio-
logical degradation predominate, whereas in the non-putrefactive sludges
(mineral ones) inorganic substances prevail.

3.11.2 Sludge stabilization

Organic substances present in putrefactive sludges are biologically degraded
during storage, which results in hygienic defects. Therefore, they need to
be stabilized.

Sludge stabilization is a process of destruction of the microbial, easily
available organic component. In practice it takes place most frequently via
the sludge fermentation under aerobic or anaerobic conditions.

In the case of aerobic sludge stabilization some organic compounds are
degraded to CO, and H,0, however, a certain portion remains unchanged.
Organic nitrogen is released during fermentation by hydrolytic processes,
first in the form of ammonia which is then oxidized through nitrites to
nitrates.

By anaerobic sludge stabilization more complicated organic substances
(proteins, lipids, glycides) are degraded due to the activity of a complex
bacterial microflora into simpler compounds (fatty acids volatilizing in wa-
ter vapours). They become the substrate for strictly anaerobic methane
bacteria mineralizing these compounds at the second stage to the simplest
substances of a mineral character (CH,, H,0), partly released into the
sludge gas (biogas). At the same time a considerable proportion of the
organic nitrogen is released in the form of ammonia. Sulphates are reduced
to H,S which is also a product of protein degradation. Sludge stabilized
by methane digestion (so-called anaerobically stabilized digested sludge) is
a black amorphous substance of granular character. It has a slight tar-like
smell and is well dehydrated.

The ratio of organic substances to inorganic ones is usually ~ 1 : 1 in
the digested sludge, whereas in the raw sludge it is 2:1. It is considered
that in the course of anaerobic stabilization the organic sludge dry weight
decreases by about 45-65%. The liquid phase which is separated from the
sludge (so-called sludge water) is very seriously polluted (BOD; is even as
high as 2000 mg 1_1). Under normal conditions it is possible to consider
11 of sludge water per capita per day.
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3.11.3 Chemical composition of sludges

The chemical composition of the primary, anaerobically stabilized and ac-
tivated sludge is presented in Table 3.66. Dry weight of the primary sludge
varies within the range 4-8% (in mixed sludge 3-5%), that of the digested
sludge within 7-13% and that of the activated sludge up to 2% [1, 4-8].

Table 3.66. Composition of primary, anaerobically
stabilized and activated sludges in per cent of dry mass

Sludge
Compound primary anaerobically activated
stabilized
Lipids 5.7-44.0 2.0-17.0 5.0-12.0
(mean 33) (mean 7.0)
Proteins 19.0-28.0 10.0-21.0 32.0-41.0
Cellulose 3.8-10.8 0.56-9.8 7.0
Hemicellulose 3.2-4.6 1.0-1.6 —
Lignin 5.8-8.5 5.1-8.4 —
Humic acids 4.0 8.6 —
Pentozans 1.0 1.6 2.1
Total nitrogen (N) 2.0-4.5 1.0-4.0 6.2
Total phosphorus (P) 0.53-1.1 0.66-1.2 1.1
Total phosphorus (P205) 1.2-2.6 1.5-2.7 2.5
SiO9 13.8-25.8 27.6 8.5
Fes O3 3.2 6.0 7.2
Al; O3 2.1 4.3 3.2
Ca0O 2.7-5.6 5.7-12.4 1.7
MgO — 0.47-2.8 —
K20 0.2-0.4 0.3-0.6 —
NayO — 0.1—0.55 —

Some of the undesirable components found in sewage sludge are shown
in Table 3.67. This table refers to sludge from a primary settler, although
many of the same components are found in secondary settler sludges [9].

Important, frequently dominant compounds in sludges are usually pro-
teins. The majority of proteins are present in activated sludge. The quan-
tity of proteins is a reliable indicator of the age of sludges, since they
are gradually degraded via proteolytic processes into simpler components
(polypeptides, peptides and amino acids) which undergo deamination pro-
cesses to release ammonia. Similarly, the content of proteins is also an
indirect measure for assessment of the degree of technological sludge pro-
cessing necessary under both aerobic and anaerobic conditions, because
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Table 8.67. Undesirable components commonly found
in sewage sludge from a primary settler [9]

Component Level, ppm by dry weight unless otherwise stated
Organics

PCB 0-105

DDT 0-1 (found much less frequently now)

DDD 0-0.5 (found much less frequently now)

Dieldrin 0-2

Aldrin 0-16

Phenol Sometimes encountered

Heavy metals

Cadmium 0-100
Lead Up to 400
Mercury 3-15
Chromium Up to 700
Copper 80-1000
Nickel 25-400
Zinc 300—2000

Pathogenic microorganisms

Human viruses Generally present
Salmonella (in raw sludge) 500 viable cells/100 m!
Salmonella (in digested sludge) 30 viable cells/100 ml
Faecal coliforms (raw sludge) 1 x 107 viable cells/1060 ml
Faecal coliforms (digested sludge) 4 % 10% viable cells/100 ml

proteins are degraded to lower organic and/or mineral compounds in a
similar way. At present, efforts to employ all possible sources of waste
material containing proteins for feeding purpose are ever more intensive.

A considerable proportion of the sludge dry matter is that ascribed to
lipids (ether and petroleum-ether extractable substances), consisting of free
fatty acids, their esters and substances incapable of undergoing saponifi-
cation. The content of fatty acids in sludge is a value which is useful for
characterizing the biochemical conditions in the anaerobic process of sludge
stabilization.

Other important components of sludges are polysaccharides (celluloses,
hemicelluloses, starch).

Among other organic components lignin, humus acids, surfactants, tan-
nins, pectins, etc. are present at lower concentrations.

The knowledge of the content of total nitrogen and phosphorus in sludge
offers only approximate and quick assessment of their fertilizing value from
the viewpoint of these important components in plant nutrition.
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The prevailing inorganic compound in sludge is SiO,.

Alkalinity of sludge from municipal wastewaters is usually proportional
to the concentration of calcium and magnesium bicarbonates. The presence
of strongly alkaline components from industrial sources (hydroxides, carbo-
nates, phosphates, silicates, sulphides, etc.) can increase the pH above 8.3.
Sludge from industrial sources may alternatively contain even higher quan-
tities of hydrolysable mineral salts and thus pH can decrease below 4.5.

The odour of sludge is the result of its chemical composition or changes
in its composition taking place under the effect of physical, chemical, bio-
chemical or biological processes. Although this parameter is a matter of
subjective observation, it is important for the assessment of the origin of
sludge and the appropriate means of sludge processing.

3.11.4 Sludge gas (biogas)

During anaerobic microbial processes, gaseous products are released from
the degraded organic substances of sludges in the form of sludge gas (bio-
gas). Its main components are methane and carbon dioxide. It regularly
contains low amounts of nitrogen. It originates from atmospheric air which
enters the fermentation tank together with sludge even during very careful
operation. Molecular nitrogen is usually quantitatively consumed in the
anaerobic environment, and thus the sludge gas contains only traces of it.
If nitrogen is found in the sludge gas, it always is an indicator of air leak-
age into the fermentation area. The quantitative composition of sludge gas
defined by the ratio CH,:CO, depends on the composition of the substrate
and conditions of fermentation. Therefore, it is also a sensitive indicator of
the course of methane fermentation in digestion tanks.

If the substrate contains high amounts of glycides a considerable quantity
of hydrogen is also generated, particularly at the initial stages of fermen-
tation.

The quantity of sludge gas generated from 1 kg of total or organic solids
of sludge is usually the main indicator of the digesting properties of sludge.
Sludge of domestic origin produces about 4301 of gas per kg of total solids,
or 600 1 of sludge gas from 1 kg of organic solids [10).

3.11.5 Types of water in sludges
From the technological viewpoint, content of water in sludge is its most
important property. Sludges from municipal and industrial wastewaters

can contain as much as 99.5% of water. It is impossible to dispose or
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utilize them in this form. Therefore, it is necessary to reduce the content
of water (increase the solids) in the treated raw sludge, and to reduce its
volume so that transportation and further eventual sludge treatment is as
economical as possible.

When removing water, the state of the sludge is changed in addition

to the change of the volume, which influences its properties, as shown in
Table 3.68.

Table 3.68. Physical properties of sludge in dependence on the amount of water [11]

Content of water (%) Properties of sludge
85-100 Liquid, usually readily pumped
75-85 Viscous, cannot be pumped
70-75 Pasty-plastic, viscous
40-70 Friable, frequently solid
10-40 Loose, very hard
10 Powdered

From the aspects of the occurrence of water in sludge and the possibility
of its separation, the types of waters are as follows:
— gravitational (free, filling, interspatial),

— colloidally bonded,
— bonded by capillary forces,
— bonded in cell material.

Gravitational free water, which is in the cavities between sludge particles,
is present in the highest amounts. This water can be removed very easily
(for example, by several hours of sedimentation in so-called thickeners).

Colloidally bonded water occurs particularly in activated sludge. This
water is bonded by surface forces on the interface of the individual sludge
particles. The larger the sludge surface area (the finer the sludge particles),
the higher is the content of colloidally bonded water. This water can be
easily removed because the electric charge of colloid particles can be readily
manipulated. To release colloidally bonded water, the electric charge of
the particles must be neutralized (by intensive mixing, agitation, filtration
employing special coagulation of sludges).

When solid particles of sludge agglomerate, capillaries are formed be-
tween the sludge particles, and water present in them is bonded by capillary
forces. To remove this water, it would be necessary to exert a force on the
water—sludge mixture equal to the force binding this water.
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To release water bonded in cell material, it is necessary to biologically
degrade the cell membrane (anaerobically or aerobically) by heating up to
180°C, or by freezing.

When considering dewatering capabilities sludges are classified as fol-

lows:
— easily dewatered (e.g. sludge from inorganic wastewater treatment

plants),
— medium dewatering capability (e.g. municipal sludges without marked

industrial contents),
— poor dewatering capability (e.g. sludges from chemical and biological

treatment).
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Fig. 3.62, Technically and economically optimum separation of water from readily de-

hydratable sludge with initial water content of 90%. A — predominantly interspace

water separated by concentration, B — predominantly adhesive and capillary water se-

parable by dehydration, C -— predominantly internal and adsorbed water, separable only
by thermal energy [11]

Figure 3.62 illustrates technologically and economically optimum sepa-
ration of water in sludge with good dewatering capabilities, and Fig. 3.63
shows sludge with poor dewatering capabilities. Sludge, from which water
is easily removed, can be concentrated up to 75% of water content, and
then by pressure filtration up to about 25~30% of water. Sludges with
poor dewatering capabilities can be concentrated only up to 97-99% of wa-
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by thermal energy [11)

ter content; if pressure filtration is applied they can be concentrated only
to 70% [11].

3.11.6 Reduction of water content in sludge

Any waste-sludge handling requires separation of the maximum content of
sludge water. It is necessary to differentiate the terms “thickening” and
“dewatering”.

Sludge thickening denotes removal of water by gravitation (in settlers).

Dewatering is usually performed by means of mechanical systems (cen-
trifuges, filter presses, filters, etc.), or by natural dewatering.

By thickening, the water content is reduced to 80-85%, by dewatering
to 60%. During drying or incineration the water content is reduced to 40%
or less.

The simplest technological procedures is thickening by settling employing
the sedimentation properties of suspensions. Thickeners are designed for
either discontinuous or continuous operation.
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The most frequently used technique up to the present for sludge dewa-
tering has involved the use of sludge fields, which are also used for drying,
in the second stage of dewatering.

The sludge fields are flat earth or concrete basins whose bottom is formed
by dewatered filtration gravel sand. The cycle of a sludge field operation
has the following stages:

— filling,

— dewatering and drying,

— removal of dried sludge, and

— treatment of the drainage layer. Sludge on these fields can be dewatered
and dried to 25-45%.

Sludge lagoons are either natural (abandoned mines, disused river
branches), or artificial. Artificial lagoons are constructed behind earth
dams with a sludge height of 1-1.2 m. From the operational viewpoint it is
recommended that the lagoons should be modified to provide, for example,
drainage or overflow for sludge water.

Currently, dewatering in sludge beds and lagoons is considered to be too
long and difficult to control. Therefore, instead of these beds, mechanical
dewatering technology is employed. In this case the following systems are
used:

— filter presses, representing the classical equipment for sludge dewater-
ing. Their advantage consists in providing relatively the highest degree
of dewatering (about 50% and more), but their disadvantage is their
discontinuous (cyclic) operation,

— vacuum filter,

— horizontal (decanting) centrifuges,

— band filter presses, and similar equipment [3, 12-14].

For satisfactory sludge dewatering with any equipment it is necessary
to pre-treat the sludge, i.e. to disturb its colloidal structure, in order to
release water from the soild phase.

This can be achieved by
— chemical treatment, using inorganic coagulants or organic flocculants

(polyelectrolytes),

— thermal treatment — at a temperature of about 180°C and with appro-
ximately 45 min dwell.
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3.11.7 Utilization of sludge and sludge gas

The possibilities for sludge utilization depend on the technology of produc-
tion plants which produce particular types of wastewaters. Some types of
sludges can be used as fertilizers or feed additives.

The sludge from municipal wastewater treatment plants can be used in
agriculture for fertilization. It is performed by transportation and applica-
tion either of liquid, digested sludge or dewatered sludge. Dewatered sludge
is not an ideal fertilizer since it contains nitrogen in excess, whereas the
contents of phosphorus and potassium are low. Therefore, digested sludge
is mixed with peat or soil; missing nutrients can be added.

The dried sludge residue contains proteins, fats, saccharides, vitamins
(thiamine, riboflavin, niacin, pyridoxine, nicotinamide, biotin, etc.) and
mineral salts. It therefore represents a potentionally suitable feed additive.
Particularly in the case of plant fodders, it can increase their biological
value, digestibility and degree of utilization.

Sludge gas (biogas) can be used particularly on the site of its origin.
Its high heating value enables its direct utilization in a treatment plant.
Sludge gas is used for heating digesting tanks or for degradation of the
floating sludge layer. A mixture of sludge gas and air (at ratio of 1:5 to
1:15) is explosive. Compressed sludge gas could be used as a fuel for cars.
H,S is removed on iron ore filters, CO, in elution towers [10].
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3.12 Chemical analysis of water

The chemical analysis of waters is essential for checking their purity and
their degree of pollution. Water must be analysed and also frequently
checked to determine its quality, or deviations from a set standard quality.

The procedure of chemical water analysis can be divided into the follow-
ing stages:

— sampling, preservation and preparation for the analysis;

— treatment of the species studied into the state in which their presence,
quality or quantity can be determined;

— performance of the analysis itself, or determination and measurement,

— processing of the results obtained and their evaluation.

The scope of the date derived from chemical analyses depends particu-
larly on the purpose of the water quality investigation, the type of analysed
water and the capabilities of the analytical laboratory performing the ana-
lysis.

Hydrochemical practice makes use of complete, short and specific che-
mical analyses of water. In the latter case only some species or properties
of water are determined (hygienic assessment, routine check, evaluation of
aggressive properties, etc.).

Scheme 3.1 shows characteristics of the analyses of drinking, surface and
wastewaters.

3.12.1 Sampling

One of the essential prerequisites for obtaining exact and reliable results
of an analysis is that the sample of water to be analysed should represent
the average composition of the whole quantity of the water being studied
all components being present at the same weight or volume ratio as in the
source in question.

3.12.1.1 Modes of sampling and types of samples

Sampling is either single or repeated (series), and samples are either point
(single, simple) or mized (pooled) [1].
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Temperature, pH, alkalinity, acidity, total hardness, colour, turbidity, odour, taste,
total dissolved and suspended solids, oxidizability, aggressive CO,, Cl,, Cl0,, O,, CO,

Anions: OH, CI', F, T, Noz,No,,sozf‘,s",co_i‘,uco;, PO;~, SiO3~
Cations: Na*, K", NH4, H', Ca™*, Mg™*, Fe, Al, Mn

e.g., Hg, Pb, Cd, CN", phenols, tensides, etc.

Determinations of e.g. temperature, colour, tunbxdnty, odour, suspended solids, pH, alkalzlm-
ty, total hardness, Cl;, NO, , NO;, CI', SO., , H,S, PO. , F, oxidizability, NH4 Ca ,
Mg , Fe, Mn, toxic and risk substances according to expected pollution

Temperature, odour, colour, turbidity, conductivity, total dissolved and non-dissolved solids,
oxygen, oxidizability, BOD, pH, acidity, alkalinity, hardness

Hco1 .CO:™, OH, CI", $, S0, PO} ™, 8i0} ™, NO;, NO3, H',Na’, K", NH;,
) Mg , Fe, Al, Mn, organic nitrogen, humin substances

e.g., Hg, Pb, Cu, CN', phenols, tensides, sulphite waste liquors, waste products
from chemical industry

The analysis can consist of determinations such as e.g.: temperature, colour, total and dissol-
ved solids, oxygen, oxidizability. For other purposes of surface water evaluation a range of
analyses according to the watershed pollution and possible effects of this pollution is chosen

e.g., pH, acidity, alkalinity, total, dissolved and non-dissolved solids, then determinations
of mineral composition of these waters according to the characters of pollution

e.g., temperature, odour, colour, total, d:ssolved and non-dissolved substances, oxidizability,
BOD, relative stability, pH, alkalinity, C1” SO4 2 total sulphides and H,S, total sulphur,
NH{, NO;, NO;, organic nitrogen, Na®, K ca®* Mg2 fatty acids, fats, oils, tensides,
phenols, etc.

Determination of toxic and risk pollution

Scheme 3.1
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Single (non-repeated) sampling provides a picture of the immediate state.
The sample is taken only once (using only one sampling device, etc.) and
is evaluated individually.

Repeated (series) sampling is used for the determination of variability of
samples in time or space, or both. A number of other samples is always
taken and thus a set with a certain number of members is obtained. The
results of analyses can be processed and assessed by statistical methods;
in the case of a large number in the series, a computer can be used for
the processing. Zonal sampling (samples are taken from various depths
on the vertical axis of the water column from a determined point on the
surface) and time sampling (samples are taken at certain time intervals
several times) are cases of repeated sampling,.

The samples may be either point or mixed. A point sample is usually ob-
tained by single sampling; a mixed sample is obtained by mixing of several
point samples taken over a period of time from one place of the investigated
source. An average sample is a type of mixed sample which characterizes
the average composition of water in space, time or both.

3.12.1.2 Sample container and sampler

Samples are stored in a transportable container (bottle, carboy, canister).
Sample containers are made of glass or plastics (particularly polyethylene).
Samplers are instruments and devices enabling single or repeated sam-
ples to be taken either from a position which is not readily accessible (deep
samplers) or without the attending personnel (automated samplers). Sam-
plers and their components are made from corrosion-proof steels, usually
chrome-nickel with addition of non-magnetic tungsten and molybdenum.
Depending on the principle of their operation the deep samplers are

divided into three groups [1]:

(1) Flushing samplers — tubes with flap or flat closures at both ends;
they are applied down the vertical to the point of sampling without
disturbing the homogeneity of water layers. The Friedinger sampler
(Fig. 3.64) is an example. In this device, the vertically tilting lids are
closed by a weight on the wire. The bottom lid is provided with a valve
for emptying the sample container. A sampler with a more complicated
closing mechanism (hermetic and pressure types) must be washed in
situ by, for instance, multiple rapid dropping down and slow pulling
out over an amplitude of the length of the device (1-3 m) [2, 3].

(2) Non-flushing samplers employ a suction effect for sampling. This is
caused by a pressure difference between the device chamber and water
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Fig. 3.64. Friedinger’s rinse sampler. 1 — sample chamber, 2, 3, — upper and bot-
tom closure, 4 — manipulation mechanism, 5 — manipulation weight, 6 — outflow
' valve

5
6

4

—_—

1

Fig. 3.65. Mayer’s immersion bottle. 1 — metal weight, 2 — sampler, 3 — nylon net,
4 — rubber plug, 5 — hanging string, 6 — securing string

at the point of sampling. They differ from the former type particularly
in the fact that the volume of sample in them equals the volume taken
at the sampling point. The suction effect is achieved in different ways
— by the sampler evacuation, by the discharge of air or another inert
liquid, by mechanical expansion of the chamber or bellows (or of a
polyethylene bag), by a mechanically or otherwise controlled piston,
etc. [4-6]. The most common are the bottle samplers, such as the so-
called Mayer’s immersion bottle (Fig. 3.65), which is the oldest type of
deep sampler [1-3]. It is a glass sampler with a weight; from the neck
a short cord leads to the plug to which the end of the dropping cord is
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fixed. A slightly plugged bottle is immersed to the required depth, the
plug is released by a sharp pull and the bottle is filled.

(3) Combined samplers; these include, for example, all bottle-type samplers
whose sample containers are placed in another sealed container (in a
device chamber) so that it is filled with a defined volume of water.

Automated samplers function without the need for an operator, giving
the possibility of selection of a sampling regime arranged in dependence
on time or flow-through quantity. One of these is the sampler shown in

Fig. 3.66 [7]. The system has a simple battery-driven peristaltic pump,

which can take samples heavily polluted with suspensions of solid material

using a suction basket immersed in water. The pump feeds the sample into

a 51 bottle at the required times determined by the timing unit.
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Fig. 3.66. Automatic sampler. 1 — sampler, 2 — overflow tube, 3 — water inlet,
4 — filling tube, 5 — peristaltic pump, 6 — manipulation and signalization chamber,
7 — battery

Recently, automated systems with the possibility of continuous mea-
surement or direct recording of selected components of the analysis and
properties liable to change have come into use. This transforms the auto-
mated sampling device into a simple automated analyser (monitor). The
NAIADA system (CSFR) continuously records the electric conductivity,
pH, redox potential, dissolved oxygen content, temperature, quantity of
dissolved organic matters (as absorbance in the UV region of the spec-
trum), water turbidity, and water level. The water sample is fed via a
submersible pump into a levelling bottle with a regulating overflow, from
where a constant quantity flows under hydrostatic pressure into the par-
ticular measuring vessels. The Hungarian system AQUADAT functions on
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a similar principle, as well as AQUAMER of Poland, PHILLIPS from the
Netherlands, etc. [1].

3.12.1.3 Sampling of precipitation water

Horizontal precipitations (dew, frozen mist, ice accretion, condensed fog)
are usually not analysed. The quantity of vertical precipitation is mea-
sured in practice by a dense network of hydrometrological stations using
the standard method of the World Meteorological Organization.

Rainfall water and falling snow samples are collected into a sample con-
tainer through a funnel, or into a deep and wide dish. An average sample
is taken from ice, it is placed in a wide-neck sample container and allowed
to melt at room temperature.

Automatic systems for precipitation sampling are usually designed so
that it is possible to take dust-free samples. The automatic mechanism
of commercially produced systems is focused on opening of the sample
containers during rain and closing in the periods without rain. The lid of
the system is controlled by a switch sensitive to the very first rain drops
or snow flakes. Usually, the conductivity of rain water is utilized which
connects two insulated points with opposite electric charges on an inclined
and slightly heated plate.

3.12.1.4 Sampling of running water

The sampling place should represent the whole through-flow profile, or the
whole through-flow water quantity.

The sample is taken from running water, if possible, from the streamline.
If the stream has several branches, the sample is taken from the branch with
the highest flow rate. In shallow streams, the sample is taken approximately
in the upper third or at a depth of about 20-30 cm from the surface; in the
case of deeper streams the depth for sampling depends on the purpose of
the analysis. In some cases, zonal sampling is performed across the whole
transversal profile with several vertical samplings.

For technological and economic reasons, sampling from big rivers is usu-
ally limited to the sampling points in longitudinal direction regardless of
the cross-profile. The control profile is generally on the right or left bank
depending on the current (position of the streamline); only exceptionally is
the middle part of the flow used for sampling, e.g. from bridges or boats.

The depth of small streams (brooks, artificial channels, water mill drives)
ranges over tens of cm, the width over several meters. Sampling is sim-
ple since the channel usually forms a streamline. However, water quality
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sensitively and markedly reacts to each pollution and flow-rate change.
Therefore, more attention should be paid to the number of samplings when
following the changes in the water quality.

In emergency situations samples are immediately taken above and below
the source of pollution so that a sudden change in water composition can
be detected.

3.12.1.5 Sampling from larger bodies of water

Samples from reservoirs, ponds and lakes are taken from various localities
and various depths, usually by means of deep sampling devices. It is not
recommended to take an average (pooled) sample since substantial diffe-
rences in the water quality in different positions of the point samples may
cause chemical reactions and mispresent the final results.

Sampling in valley dams over 10 m high is carried out at several prede-
termined points (profiles) from a boat. Marking of the sampling points by
anchored buoys simplifies position fixing. Zonal sampling should be per-
formed to follow the stratification and motion of in-flow water in reservoirs.

Ponds and small reservoirs with a dam lower than 10 m are sampled
from boats, employing series and zonal sampling for various analyses. In
some cases, the point samples for a given purpose can be obtained from
fixed systems of the dam.-

Sampling of the sea and ocean waters requires well-equipped oceano-
graphic ships. It also includes the collection of plankton and sampling of
the sea sediments and upper layers of the sea bottom.

The emergency situations caused by shipping accidents on the seas as
well as by forbidden activities (emptying and washing of tanks in the open
sea, deposition of wastes in the sea, etc.) are usually so extensive and
damaging that the limitation of consequences and protection against further
spreading, e.g. of oil stains on the surface takes a higher priority than
immediate special procedures of sampling. Sampling is usually carried out
only later in the course of the operations to determine the areal and spatial
reach of the pollution, its impacts on aquatic fauna and flora, or the whole
ecosystem, including the coastline.

3.12.1.6 Sampling of groundwaters

Reliable groundwater sampling usually requires a permanent in-flow or
through-flow of water. Only exceptionally, samples from places which do
not satisfy this requirement are necessary in order to identify processes of
conditioned stagnation.
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Samples from springs are taken beneath the surface, directly into a sam-
ple container, or from the outlet pipe. Sometimes, it is necessary to clean
the spring, one day before sampling. Its bottom is deepened so that the
sample container or other container can be easily immersed in it.

It is recommended to take samples from a spring when pumping expe-
riments take place, and after rain so that constant water quality can be
determined, or pollution by surface water.

When taking samples from wells, water is first pumped. If the well was
not frequently used, pumping should last 20 minutes, or even more, until
the pumped water has a constant temperature. It is necessary to take care
that the pumped water is discharged away from the well so that it cannot
flow back in or be soaked in. Only then is the sample container filled. To
prevent the escape of dissolved gases a funnel should be used into which
the neck of the outlet pipe of the pump is immersed. The funnel is filled by
pumping, water is allowed to flow through for a while and then the funnel
stem is introduced to the bottom of the sample container. After filling it,
water is again allowed to flow for a while. If the well has not been used for
a long time, water is pumped out, the well is allowed to be fill again and
only then is a sample taken.

Useful information can be obtained by taking a sample from a well du-
ring summer droughts when the consumption and exchange of water are
maximum.

Samples from drills (probes) are taken by a narrow deep sampling device
or a pump. The samples from drills in which water has been present for a
long time or whose outlet was not well closed are not reliable.

Drainage water is sampled into a sample container directly from the
drainage outlet.

3.12.1.7 Sampling in water treatment plants and from water taps

In water treatment plants, sampling water taps with a closing valve are
installed. Sampling is performed via rubber hoses fitted to the sampling or
water taps; the other end of the hose is introduced into the bottom of the
sample container and water is allowed to run until a constant temperature
is reached. If toxic substances from the pipe are to be determined (Cu, Pb,
etc.), the sample is taken immediately from the first water fraction. Water
must be allowed to stand for at least 10 hours before sampling.
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3.12.1.8 Wastewater sampling

Wastewater samples require special procedures of sampling because of the
wide variation in their quality. Either average, mixed samples (per 24 hours,
per shift, per hour) or series samplings are performed, or time correlated
samples (samples from different places of the wastewater flows taken with
regard to the delay period between the individual sampling places). The
representative sample is taken, if possible, in the places of the most intensive
flow. Sampling of wastewater reservoirs is identical with that of stagnant
waters; sampling cocks are sometimes installed in the pipelines.

Special care is needed in taking samples for the determination of dis-
solved oxygen content in water. These samples are taken into so-called
“oxygen containers” (special calibrated sample containers with a ground-in
bevelled stopper). During sampling, the sample must not be in contact
with the atmosphere since this would affect the analysis, O, must be im-
mediately fixed and precipitated. The sample container should be plugged
so that no air bubble remains under the plug.

3.12.1.9 Sampling record

A record of details of each sampling should be kept, noting the following
points:

— type and purpose of required analyses,

— type of sample (surface, ground-, wastewater, etc.),

— marking of the sampling site,

— sampling date (day and time),

— marking of the sample containers with sample references,

— air temperature, barometric pressure, weather before and after sampling,
— method of sampling and sampling conditions,

— results of determinations during sampling, preservation method,

— quantity of the sample,

— name and signature of the operator taking the sample.

3.12.2 Analysis of samples in situ and their preservation

Some indicators or components of water should be determined directly at
the sampling point so that the errors due to sampling and transport of the
samples to analytical laboratory are eliminated. Commercial instruments
exist which enable one to determine an increasing number of indicators in
situ. The first indicator values analysed are odour (sometimes also taste),
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as well as water temperature, pH, neutralization capacity, electric conduc-
tivity, or the content of free CO,.

If some of unstable components of water are to be determined, and if
it is impossible to perform this analysis immediately on the spot or at the
latest 12 hours after sampling, it is necessary to preserve the sample, in
order to keep the components and their properties as they were at the time
of sampling. However, preserved samples should be analysed at the latest
on the third day after their sampling. The changes which appear due to
the biochemical processes, can be partly eliminated or reduced by cooling
the samples to 3-4°C.

Preservatives and preservation methods used with water samples to mi-
nimize sample deterioration are summarized in Table 3.69 [8].

Table 3.89. Preservatives and preservation methods used with water samples

Preservative or Effect on sample Type of samples for which the method
technique used is employed

Nitric acid Keeps metals in solution Metal-containing samples

Sulphuric acid Bactericide Biodegradable samples containing or-

ganic carbon, COD, oil, or grease

Formation of sulphates Samples containing amines or ammo-
with volatile bases nia :

Sodium hydroxide Formation of sodium Samples containing volatile organic
salts with volatile acids acids or cyanides

Mercuric chloride  Bactericide Samples containing various forms of ni-
trogen or phosphorus, or some biode-
gradable organics

Cooling (4°C) Inhibition of bacteria, Samples containing microorganisms,
retention of volatile ma- acidity, alkalinity, BOD, organic, C, P,
terial and N, colour, odour

Chemical reaction Fixes a particular Samples to be analysed for dissolved
constituent oxygen using the Winkler method

Preservation of wastewaters is difficult, especially when insoluble solids
are present in the sample, as the preservative may have undesirable effects.
Preservation of wastewaters by chemical agents is used in those cases when
such agents do not influence another determination, and when it is not
possible to perform the determination immediately after sampling.

Ideally the samples should be immediately transported into a laboratory,
ensuring that they are not heated and exposed to vibrations while en route.
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3.12.3 Determination of micropollutants in waters

It has been shown in the last few decades that the conventional methods
for the determination of the water quality characteristics are insufficient
for the description of all properties of water which are relevant to its us-
ability. Intensive development of industry and chemization of agriculture
have introduced new polluting agents which — although not changing the
essential parameters of water (such as BOD,, OD, pH, total dissolved and
non-dissolved solids, neutralization capacity, concentration of carbon dio-
xide, oxygen concentration) usually characterizing its quality — make im-
possible to use it in the form of drinking or service water. These “new”
polluting agents are called micropollutants (trace pollutants) to imply that
their concentration is considerably lower than the concentration of classi-
cal components. Generally these substances are undesirable, or are needed
only in very low concentrations (in contrast to the classic components).
It is generally known that distilled water has a very limited application
possibilities.

The concentration range of the micropollutants is very broad (mg 1!
down to ng l_l). Table 3.70 presents the potentially important micropol-
lutants of waters.

Table 3.70. Potentially important micropollutants of waters

Micropollutants

Organic Inorganic
(sensory, toxic, surface active substances)

Phenols Metals: As, Cd, Cr, Cu

Solvents (n-alkanes, chlorinated Fe, Hg, Mn, Pb,
n-alkanes, etc.) Zn, etc.

Oils Anions: CN—, §2—, etc.

Polycyclic aromatic hydrocarbons

Pesticides (fungicides, insecticides, herbicides, ro-
denticides, acaricides, nematicides):
chlorinated ‘hydrocarbons, organic com-
pounds of phosphorus, triazines, carba-
mates, etc.

Tensides

Heteroaromatic compounds

Polyhalogenated biphenyls

Metabolic products

The identification and determination of micropollutants is one of the
most important fields of modern analytical chemistry. The analytical me-
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thods used should be (in the order of importance)
— selective and specific,

— sensitive, and

— rapid.

The precision of the method is of a secondary importance, an accuracy
of + 20% is often satisfactory.

When classifying the methods for the determination of micropollutants
it is necessary to distinguish between routine analysis, series analysis and
an analysis aimed at the solution of research problems.

The preparation of analysed samples for the determination of micropol-
lutants has three targets:

1 — separation of interfering components,

2 — concentration, i.e. enrichment of the sample by the component to be
determined,

3 — creation of an optimum chemical environment.

The separation methods are important in cases where there is no selec-
tive method for the determination of the given component, and when the
analytic method itself does not ensure proper selectivity.

Concentration is also a very important process. There are very few ana-
lytical methods which can be used for the determination of micropollutants
in their original concentration. In the course of the sample preparation it
is relatively easy to increase the concentration of the component to be de-
termined by 2-3 orders (exceptionally by 5-6 orders).

The prerequisite of a successful instrumental analysis is a suitable che-
mical environment. For example, it is often necessary to replace water by
an organic solvent. Here, also those chemical operations are included in
which the derivatives of the component to be determined are formed. The
aim may consist in increasing the stability, selectivity, sensitivity, etc.

For the sample preparation the following methods are usually employed:
— liquid extraction (particularly for separation and concentration of or-

ganic components),

— adsorption on activated charcoal or other adsorbents (separation of or-
ganic components),

— ion exchange (concentration of inorganic ions and ionogenic organic sub-
stances),

— freezing out (particularly concentration of organic substances),

— distillation (separation and concentration of organic matters),

— evaporation (separation and concentration of metals),

— electrolysis (separation of cations),

— osmotic separation (separation and concentration of ions).
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A more recent development is the use of formed plastics, especially open-
cell type resilient polyurethanes, for the separation and/or preconcentration
of trace species from water samples. The main advantages of these materials
are: a quasimembrane structure which allows rapid solid/liquid or solid/gas
contact in column operation and the ability to immobilize a variety of
reagents as collectors and so act as a highly versatile solid phase support.
The resilience of these foams permit their use in special modes such as
automated batch pressure or pulsating column operation [10].

The above presented methods are frequently combined. In the case of
the determination of organic pollutants in waters, an important prepara-
tory stage is their trapping on activated charcoal in combination with liquid
extraction and removal of interfering pollutants by column chromatogra-

phy [9].
3.12.4 Determination of physical and chemical water characteristics

Most of our impressions of water quality are based on physical rather than
chemical or biological characteristics. We encounter water that is cloudy;
it is often coloured by tannins and other organic materials picked up from
decaying plants; and backwaters, sloughs and swamps are noted for their
characteristic odours. Common analyses used to assess the physical impu-
rities in water and wastewater are shown in Table 3.71 [11].

The main chemical parameters commonly determined in water are sum-
marized in Table 3.72 [12]. In addition to these, a number of other solutes,
in particular specific organic pollutants, may be determined in connection
with specific health hazards or pollution incidents [35].

3.12.4.1 Temperature

Water temperature is measured during water sampling by a precision mer-
cury thermometer with scale divisions 0.1-0.5°C, or an electric thermome-
ter with a resistance or thermistor sensor. For the temperature measure-
ment at different water depths, special submersible thermometers are used
(13, 14].

3.12.4.2 Taste

Taste is determined in drinking waters only by sensory methods and is ex-
pressed by description only (salty, fresh, bitter, acid, or also the taste is

292



Table 3.71. Common analyses used to assess the
physical impurities in water and wastewater [11]

Test Use

Temperature To design and carry out biological and treatment
processes; to determine the saturation concentra-
tions of various gases

Odour To determine if odours will be a problem

Colour To assess the presence of natural and synthetic
colouring agents in water

Turbidity To assess the clarity of water

Solids

Total solids TS (total residue dried To assess the reuse potential of a wastewater and

at 105°C) to determine the most suitable type of process for

its treatment; TDS tests assess suitability of wa-
ter sources for public, industrial, and agricultural
uses

Suspended solids SS (total non-fil-

trable residue dried at 105°C)

Total dissolved solids TDS (= TS
— SS) (total filtrable residue dried
at 105°C)

Total volatile solids TVS (residue
after igniting the TS at 600°C)

Volatile suspended solids (residue
after igniting the SS at 600° C)

Settleable solids To determine those solids that will settle by gra-
vity in a specific time period; test data used for
design of sedimentation facilities

given, e.g. metallic, soapy, hard, earthy). Only a sample which is bacte-
riologically safe and which does not contain any toxic substances and is at
room temperature is tasted (i.e. at 20-23°C) [13, 14].

3.12.4.3 Odour

The odour of drinking water is determined by sensation at temperature of
20 and 60°C. It is classified descriptively (e.g. putrefactive, musty, phenolic,
chlorine, cucumber, etc.), in terms of a six-point scale and a qualitative
description of the odour (Table 3.73).

The level of odour can be determined by the threshold odour number,
P (dilution of the sample to a concentration at which odour is “just de-
tectable”), or by calculation. The level of odour is usually calculated when
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Table 8.72. Chemical parameters commonly

determined in natural waters and water supplies

Chemical species

Significance in water

Methods of analyses
commonly used

Acidic neutralizing
capacity

Alkali neutralizing
capacity

Aluminium
Ammonia
Arsenic
Barium
Beryllium
Boron

Bromide

Cadmium

Calcium
Carbon dioxide
Chloride
Chlorine

Chromium
Copper

Cyanide
Fluoride

Iodide

Iron
Lead

Lithium
Magnesium
Manganese
Mercury
Methane
Nitrate

Water treatment, buffering, algal
productivity

Indicative of industrial pollution
or acid mine drainage

Water treatment, buffering
Algal productivity, pollutant
Toxic pollutant

Toxic pollutant

Toxic pollutant

Toxic to plants

Sea water intrusion, industrial
waste

Toxic pollutant

Hardness, productivity, treatment

Bacterial action, corrosion
Saline water contamination
Water treatment

Toxic pollutant
hexavalent Cr

Plant growth

Toxic pollutant

Water treatment, toxic at high
levels

Water treatment, toxic at high
levels

Water quality, water treatment
Toxic pollutant

May indicate some pollution
Hardness

Water quality (staining)
Toxic pollutant

Anaerobic bacterial action
Algal productivity, toxicity

Titration
Titration

Photometry, gravimetry, AAS
Photometry

Photometry, AAS

Flame photometry, AAS
AAS, fluorimetry
Photometry, plasma emission
Photometry, potentiometry

Photometry, AAS,
polarography

Titration, gravimetry, AAS
Titration, calculation
Titration, potentiometry
Photometry, filtration

AAS, photometry, titration,
polarography

AAS, photometry,
polarography

Photometry, potentiometry
Photometry, potentiometry

Photometry, potentiometry

Photometry, AAS, gravime-
try, polarography

Photometry, AAS,
polarography

AAS, flame photometry
AAS, titration

Photometry, AAS
Flameless AAS, photometry
Combustible-gas indicator

Photometry, potentiometry,
polarography
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Table 8.72 (continued)

Chemical species

Significance in water

Methods of analyses
commonly used

Nitrite

Nitrogen
(albuminoid)

Nitrogen (organic)
Oil and grease
Organic carbon

Organic contami-
nants

Oxygen

Oxygen demand
(biochemical)

Oxygen demand
(chemical)

Ozone
Pesticides
pH
Phenols
Phosphate

Phosphorus
(hydrolysable)

Potassium
Selenium

Silica
Silver
Sodium
Sulphate
Sulphide

Sulphite
Surfactants
Tannin and lignin
Vanadium

Zinc

Toxic pollutant
Proteinaceous material

Organic pollution indicator
Industrial pollution

Organic pollution indicator
Organic pollution indicator

Water quality
Water quality and pollution

Water quality and pollution

Water treatment
Water pollution

Water quality and pollution
Water pollution
Productivity, pollution
Water quality and pollution

Productivity, pollution
Toxic pollutant

Water quality
Water pollution

Water quality, salt water intrusion

Water quality, water pollution
Water quality, water pollution

Water pollution, oxygen scavenger

Water pollution

Water quality, water pollution
Water quality, water pollution
Water quality, water pollution

Photometry
Photometry

Photometry

Gravimetry

Oxidation-CO2 measurement
Activated carbon adsorption

Titration, electrochemical
Microbiological titration

Chemical oxidation, titration

Titration
Gas chromatography

Potentiometry
Distillation, photometry
Photometry, gravimetry
Photometry

AAS, flame photometry

Photometry, neutron
activation analysis

Photometry, plasma emission
AAS, photometry

AAS, flame photometry
Gravimetry, turbidimetry

Photometry, potentiometry,
titration

Titration

Photometry

Photometry

Photometry, catalytic effect
AAS, photometry
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Table 3.73. Assessment of the intensity of drinking water odours

Intensity Verbal characteristics Smell sensation
None Non-detectable
1 Very slight Odour is not detected by the

consumer, however, it can be
detected by a specialist

2 Weak Observed by the consumer if
his attention is drawn to it

3 Noticeable Odour is evident and may
cause aversion to water

4 Distinct Odour evokes attention and
thus aversion to water

5 Very intense Odour is so intense that it is
impossible to use water for
drinking

water contains one odiferous substance and if the concentration of this

substance in water is known (c¢;) and its threshold concentration (¢,) in
-1

mgl :

p=-21 (3.120)

For example, the threshold concentration of toluene is 0.5 mg 17", that
of pyridine 2.5 mg 1™*, benzene 8 mg 1™, phenol 18 mg 17" (14, 15].

3.12.4.4 Colour

The colour of water is determined by a visual comparative method. It
is compared with the colour of a solution of dipotassium hexachloroplati-
nate(IV) and cobalt dichloride, or with a solution of potassium dichromate
and cobaltous sulphate. Results are given in terms of mg of platinum per
11 of water. Colour (or its intensity) usually depends on the pH value of
water, and therefore, it should be referred to this value.

The colour of industrial wastewaters is characterized by measuring the
absorption spectrum over the whole range of visible radiation [13, 14, 16, 17].

3.12.4.5 Turbidity

Turbidity is determined by comparison with a standard of formazine us-
ing turbidimetry [14], or by nephelometry if mainly colloids are measured
[13, 14]. The results are expressed by the formazine unit of turbidity (FT).
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The formazine turbidity unit is defined as the concentration of a standard
suspension of formazine. Formazine is a polymeric reaction product of
hydrazine sulphate and hexamethylenetetramine. The suspension formed
by a reaction of 1.25 mg 17! of hydrazine sulphate and 12.5 mg 17! of
hexamethylenetetramine has a turbidity of one formazine unit. Calibration
by nephelometric or turbidimetric measurement is carried out so that the
relation 1 FT = 1 mg 17" Si0, is valid.

3.12.4.6 Total, dissolved and suspended solids

The total quantity of all substances (the sum of all dissolved and suspended
solids) present in water is determined by evaporation of a water sample, dry-
ing of the evaporation residue at 105°C to a constant weight and weighing
of the dry residue. Dissolved and suspended solids are separated (mostly by
filtration) and the guantity of dissolved solids is then determined according
to the amount of dry residue of the filtrate.

Suspended solids can be indirectly determined from the difference be-
tween the total quantity of solids and dissolved solids, or directly after
their separation from a sample of water and after drying.

The residue after annealing of all dissolved or suspended solids is de-
termined by heating at 600°C to constant weight. The loss on annealing
is the difference in the weight of all dissolved or suspended solids and the
weight of corresponding residues after heating.

In drinking waters, the total quantity of substances is determined, in
exceptional cases also that of dissolved and suspended solids. In surface
waters all dissolved and suspended solids are determined. In wastewaters all
suspended and dissolved solids are determined, depending on the character
of the sample [13, 14].

Recently, the term “total mineralization” (or just mineralization) is in-
creasingly used in the analyses of water to express the concentrations of
all dissolved inorganic substances [14]). It is given by the sum of weight
concentrations of all basic anions and cations including the weight concen-
trations of inorganic non-ionic dissolved solids (particularly silicon, and in
the case of mineral waters, of boron too). It is calculated from the results
of chemical water analysis. This value of total mineralization does not ex-
perimentally correspond to the determined value of the content of dissolved
solids. The quantitative relationship between the calculated value of total
mineralization and the value of dry weight of inorganic substances depends
on the qualitative composition of water and on the relative amounts of the
individual components in water. '
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3.12.4.7 Neutralization capacity

Neutralization capacity was explained in detail in Section 3.4.1.29. In the
analytical chemistry of natural, drinking and service waters the following
values of neutralization capacity are usually determined:

— basic capacity up to pH 4.5 — BNC, ; (formerly “apparent acidity”),
— basic capacity up to pH 8.3 — BNC; 5 (formerly “total acidity”),

— acid capacity up to pH 8.3 — ANGCg 5 (formerly “apparent alkalinity”),
— acid capacity up to pH 4.5 — ANC, ; (formerly “total alkalinity”).

The BNC, ; value is determined by tltratlon of a water sample using a
titrant of NaOH of concentration 0.1 mol 1™} with Methyl Orange as an
indicator, or with a mixed indicator, or by potentiometric titration. The
BNC; 4 value is determmed by titration of a water sample against NaOH
of concentration 0.1 mol 17! or 0.01 mol 17* using phenolphthalein as an
indicator, or by potentiometric titration.

The ANC8 3 value is determined by txtratxon of a water sample against
HCl having a concentration of 0.1 mol 1! using phenolphthalein as an
indicator, or by potentiometric titration.

The ANC, ; value is determined by tltratxon of a sample of water against
HCl having a concentration of 0.1 mol 1-! with Methyl Orange as an indi-
cator or a mixed indicator, or by potentiometric titration.

In the operational control of the processes of water treatment the term,
p-value is used for ANCy 5 in mmol 17 ! (according to the used phenol-
phthalein), and ANC, ; value is designated m-value (Methyl Orange). From
these values the concentrations of the various forms of CO,, occurrence in
water can be calculated (free CO,, HCO; and C03 )-

The mlmmum value of ANC, ; for drinking water is cy+ = m = 0.8
mmol 17, This m-value corresponds to about 50 mg 1~ of HCO; .

Determmatlon of ANC;, or BNC, , is important for the analysis of
industrial wastewaters (14, 16, 18].

3.12.4.8 Chemical oxygen demand

In waters, and especially in wastewaters, a wide spectrum of various or-
ganic substances is present, usually at very low concentrations. Since it is
practically impossible to determine each of them separately, it was neces-
sary to find a method determining them as groups and expressing thus the
total content of these substances and the level of total water pollution.
Indirect methods were sought which would be based on the oxidizability
of organic substances. The quantity of oxygen required for oxidation, or
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oxidizability of water is a measure of the total amount of substances ca-
pable of being oxidized, and is one of the important criteria of pollution.
For the chemical oxidation of organic substances we refer to “chemical oxy-
gen demand”. Chemical ozygen demand (COD), is that quantity of ozygen
which is required for ozidation of organic substances, with the use of oxi-
dizing agents. There are several such agents which are used in practice, for
example, potassium permanganate and potassium dichromate.

For drinking waters and clean surface waters, Kubel’s method is used.
In this case, the substances capable of oxidation are oxidized with boiling

. . . T+

potassium permanganate in the presence of dilute H,SO,, Mn'" being
reduced to Mn**

MnO; +5¢” + 8HY — Mn** +4H,0

The consumption of KMnO, is determined by back titration of the excess
KMnO, with oxalic acid:

2MnO; +5(C,0,)*” + 16HY — 2Mn’* 4 10CO, + 8H,0

The results are given in terms of mg 1™" of oxygen, and are presented
as COD by Kubel’s method, COD with permanganate, COD(Mn). The
method can be used for the determination of COD(Mn) up to 10 mg 1=’
without dilution and COD(Mn) up to 100 mg 17! with dilution.

For all types of waters (drinking, surface, waste) ozidation with dichro-
mate in a strongly acid environment of H,SO, is used (2 hours boiling) the
dichromate method. The following reaction takes place:

Cr,0%" +6e” + 4H* — 2C** +7H,0

The excess of K,Cr,0; is determined by back titration with a ferrous
salt with a redox indicator, ferroin:

Cr,03" 4+ 6Fe’t + 14HY — 20" + 6F*t + 7H,0

The reaction is catalysed by Ag" ions.

The use of two concentrations (0.04166 mol 1~ and 0.004166 mol l—l) of
the K,Cr,0, titrant enables determination of COD(Cr) with an accuracy
of 2 or 10 mg within the range of COD(Cr) > 50 mg 1~! and COD(Cr)
5-50 mg 17!, respectively. If the sample is undiluted the method can be
used for waters with a maximum COD(Cr) of 500 mg 1.
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The results are again expressed in mg ™! of oxygen and are presented
as COD with dichromate, COD(Cr).

A disadvantage of the dichromate method for the determination of
COD(Cr) in very clean waters, i.e. in drinking and unpolluted natural
waters is the low reproducibility of the determinations. Therefore, the less
efficient permanganate Kubel’s method is still used for these waters (15,
16, 19]. However, in the USA only dichromate method has been recom-
mended for these waters since 1955 [13]. For the determination of COD of
wastewaters only the dichromate method COD(Cr) is used throughout the
world [13, 14].

3.12.4.9 Total organic carbon

The measurement of total organic carbon (TOC) is the best means of as-
sessing the organic content of a water sample [20]. Organic carbon is oxi-
dized to carbon dioxide (CO,) by heat and oxygen, ultraviolet irradiation,
chemical oxidants, or by various combinations of these. The CO, may be
measured directly by a non-dispersive infrared analyser or it may be re-
duced to methane and measured by a flame ionization detector in a gas
chromatograph or in a TOC analyser thus equipped. The CO, may also
be titrated chemically.

Some of commercially available TOC instruments are listed in Table 3.74
[14]). Older TOC instruments used a pyrolysis technique to oxidize organics.
A newer approach uses a dissolved oxidizing agent promoted by ultraviolet
light. Potassium peroxydisulphate (K,S5,05) is usually chosen as an oxi-
dizing agent. Phosphoric acid is also added to the sample, which is flushed
with air or nitrogen to drive off CO, formed from HCO; and COZ™ in
solution. After flushing, the sample is pumped to a chamber containing a
UV lamp (UV radiation of 184.9 nm). This radiation produces reactive free
radical species which bring about the rapid oxidation of dissolved organic
compounds

. . Ka5204
organics + HO

CO,(g) + H,0
After oxidation is complete, the CO, is flushed from the system and

measured with a gas chromatographic detector or by absorption in ultra-
pure water followed by a conductivity measurement [12].
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Table 3.74. A survey of some commercial TOC analysers [14]

Manufacturer Type Oxidation Catalyst Principle of CO; Range
principle determination  (mg1™!)

Wet oxidation
Wésthoff Hydromat K2Cr207-H2S04; AgNO3 Conductomery  0-50

TOC 160°C with NaOH 0-500
Biihler TOC 1 K2S2035-H2S04 AgNO3 Conductometry 0-1000
with NaOH
BASF K2S903-H2S0O4 AgNOg3 Infrared analyser 0-10
0-1000
Thermal oxidation with a catalyst
Beckman 915 950°C Co304 Absorption in 0-50
IR region 0-4000
Maihak TOC-Unor 600°C Pd Absorption in 0-1
IR region 0-15,000
Heraeus Rapid C 1000°C CuO Photometric 0-0.5
titration 0-10,000
Striihlein Coulomat 701 900°C CuO, Pt Coulometric 0-0.1
titration 0-10,000
Delta 8055 900°C Catalyst Nephelometric 0-10
Scientific titration
Ionics 1218 950°C Pd Absorption in
IR region
Carlo Erba 420 950°C CuO CH4-FID 0-25
0-2500
Phase Sep TOC-sin 900°C CuO CH4-FID 0-0.1
0-10,000
Photochemical oxidation with ultraviolet radiation
Sybron PHOTOchem Ultraviolet — Conductometry 0-20
Barnstead T™ radiation
Maihak UV-DOC- Ultraviolet — IR analyser 0-10,000
Unor radiation

3.12.4.10 Total oxygen demand

In the instrumental total oxygen demand (TOD) test, organic and some
inorganic compounds are converted to stable end products, such as CO,
and H,O0, in a platinum-catalyzed combustion chamber. The TOD is de-
termined by the loss of oxygen in the nitrogen-carrier gas [11].
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3.12.4.11 Biochemical oxygen demand

Biochemical ozygen demand BOD is defined as a quantity of dissolved
molecular oxygen consumed within a certain time interval during aerobic
biochemical degradation of organic substances present in water. This quan-
tity of oxygen is proportional to the quantity of the degradable organic
substances present and therefore it is possible to estimate from the BOD
value the degree of water pollution. The abbreviations BOD; or BOD,,
express the number of the days during which the oxygen consumption is
measured in the given sample.

Biochemical oxygen demand is determined in the original or appropri-
ately diluted solution from difference between the quantity of dissolved oxy-
gen before and after incubation under standard conditions (20°C, absence
of air and light, presence of suitable microorganisms, period of incubation
5 days, sometimes 20 days). The determination of oxygen itself is carried
out by Winkler’s or Alsterberg’s method, polarographically, or by using a
selective membrane electrode. It is one of common methods and therefore
the conditions of determination must be strictly observed. The method
is used for the determination of BOD; > 0.3 mg }™'; without dilution
BOD; < 6 mg 17! can be measured (13, 14, 21].

However, the values of BOD; determined by this method also include
oxygen used for nitrification (i.e. during biochemical oxidation of ammo-
nia nitrogen and nitrites into nitrates) in addition to the oxygen used for
carbonization (i.e. biochemical degradation of organic substances). If the
determined value of BOD; is to correspond to the general definition of BOD,
i.e. oxygen demand for degradation of organic substances, and should thus
express only (biologically degradable) water pollution, one of the following
methods should be used:

— subtract the quantity of oxygen used for the nitrification processes in
the sample during a five days long incubation, from the BOD; value
obtained by the determination with the standard dilution method,

— when treating the samples for the determination of BOD, by the stan-
dard dilution method it is recommended to add a substance before in-
cubation which prevents nitrification processes. In the past, ammo-
nium chloride was added as a nitrification inhibitor (inhibition by its
own substrate); more recently derivatives of allylthiourea and 2-chloro-
6-(trichloromethyl)pyridine have been used [21, 22].

For the determination of BOD, respiratory methods based on the prin-
ciples of gasometric analyses have also been used [14, 23-29]. By means
of respirometers the whole course of BOD and respiratory rates of sludges
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can be followed. Some instruments register BOD continuously [25, 26].
The automatic analyser BOD Sapromat [27] made in Germany operates on
the principle of a macrovolumetric respirometer. With some respirometric
methods the loss of oxygen is determined directly in the liquid phase via a
membrane oxygen electrode (probes).

The BOD, value is one of the indicators according to which the purity
of surface waters are classified.

It is also determined in sewage waters, and wastewaters from foodstuff
and organic industries. It is an important surveillance factor for the correct
functioning of biological treatment plants.

3.12.4.12 Dissolved oxygen

The content of oxygen is important for quality evaluation of surface waters,
some types of wastewaters, for evaluation and checking of biological treat-
ment plants, as well as for the study of the corrosive properties of water.
Oxygen is usually not determined in drinking water, groundwater and the
majority of raw wastewaters.

Winkler’s method [30] for the determination of dissolved oxygen is based
on the reaction of 0, with Mn(OH), (MnSO, and KOH are added to the

sample)
2t OH~

and subsequent iodometric titration of the higher oxidation state of man-
ganese:

H+
oMn®t +2I7 — 2Mn®t 41,
I2 + 28203_ i 21— + S406—

Winkler’s method cannot be used for the determination of oxygen if ni-
trites are present in water, since weakly bound oxygen from nitrites oxidizes
the iodide ion in the acid medium

and thus the quantity of the determined oxygen increases.
By Alsterberg’s modification of Winkler’s method [31] (the method which
is used at present) the disturbing effect of NO, is suppressed by reaction
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with azoimide (produced from sodium azide in the presence of sulphuric
acid):

3HN, + HNO, — 5N, + 2H,0

The molecular nitrogen generated does not influence the determination.

In addition to the iodometric method more modern physico-chemical
methods are now available, which are also used for the construction of au-
tomatic oxygen analysers. These are potentiometric methods with a mem-
brane electrode (probe), based on the measurement of the current genera-
ted during the cathode depolarization (hydrogen electrode) with dissolved
oxygen. A suitable electrode pair, for example, Ag/Pt covered with a gas
permeable membrane, is used [14].

3.12.4.13 Chlorine

Chlorine is determined in drinking waters (which have been disinfected),
in wastewaters (where chlorination is required or which contain chlorine-
releasing compounds), and in surface waters (in places where there is dis-
charge of wastewaters).

The most frequently used method is photometric determination with o-
toluidine (4,4'-diamino-3,3'-dimethylbiphenyl) [13, 14, 32]:

CH3 CH3 Hs

/
H:N NH, = H:N

Active chlorine reacts in acid media with o-toluidine giving a yellow or
even orange colour. The method is used for the determination of active
chlorine at concentrations > 0.02 mg 17",

In the iodometric determination in the presence of acetic acid, chlorine
releases an equivalent quantity of iodine from the solution of iodide: this is
determined by titration with thiosulphate using starch as the indicator. The
method is used for the determination of active chlorine at concentrations
> 0.1 mg 17" [13, 14, 32].

NH: + 2e”

3.12.4.14 Ammonium ions and ammonia

Ammonium ions and ammonia are mostly determined by photometry with
phenol and hypochlorite [33, 34] or with Nessler’s reagent [13-15, 32].
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Ammonia reacts with sodium phenolate in an alkaline medium in the
presence of hypochlorite to form a blue indophenol dye which is stabilized
in the presence of Mn?t:

NH;+0CI- — NH.C1 ~ — 0O =N—Cl

O=C>=N——Cl + @—OH —_— O=©=N—©—OH

The absorbance at 630 nm is measured. The method is used for the deter-
mination of ammonium ions and ammonia at concentrations > 0.02 mg 1!
(expressed as NH]).

The photometric determination using Nessler’s reagent (alkaline solution
of a complex mercury-potassium iodide K,[Hgl,}) is based on:

2
2[Hgl4]2_ +NH;+30H = O < l +2H,0 + 71"
Hg-

The precipitate formed is yellow-brown. At a low concentration of am-
monia and ammonium ions a colloid solution is formed which is suitable for
photometric measurements. Absorbance is measured at 400-425 nm (violet
filter). The method is used for concentrations > 0.05 mg 17" NH .

The distillation method [13-15] is based on the separation of ammonia
from the sample by distillation from an alkaline medium, followed by volu-
metric or photometric determination of ammonia in the distillate. In the
case of volumetric determination the separated ammonia trapped in a re-
ceiver with boric acid in the form of NH,H,BO, is titrated against standard
H,S0, using a mixed indicator (Methyl Red and Methylene Blue)

2NH,H,BO, + H,S0, — (NH,),SO, + 2H,BO,

For the determination of ammonium nitrogen, ion-selective electrodes are
increasingly used [3, 25, 26].

3.12.4.15 Calcium and magnesium

The total content of calcium and magnesium is determined by titration with
clelatone 3 (the double sodium salt of ethylene diaminetetraacetic acid) at
pH 10 using Eriochrome Black T as an indicator (from wine-red to blue)
(14, 32, 37):
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Ca’* + H,Y*~ — CaY®’™ 4+2H*

Mg’t + H,Y?™ — MgY’™ +2H"

Chelatometric determination of calcium itself is carried out with chela-
tone at pH 12-13 using murexide as the indicator (from red to violet),
or a mixture of murexide and fluoroexone and thymolphthalexone (from
green to violet-pink). By this method it is possible to determine calcium
at concentrations of 10-200 mg 17" [13, 14].

The content of magnesium is calculated from the results of chelatometric
determination of the total content of Ca** + Mg2+ and chelatometric de-
termination of calcium. The method is used for the determination of mag-
nesium at concentrations of 5 mg 1”'. Magnesium can also be determined
by gravimetry as magnesium-ammonium phosphate MgNH,PO,, and by
chelatometry (after removal of calcium with oxalate, namely chelatone 3
in the presence of ammonia and ammonium chloride using Eriochrome
Black T).

In many standards (e.g. [13]) the hardness of water is also included,
defined as a property of water expressed by the sum of the concentrations
of calcium, magnesium, strontium and barium.

Recently, the determination of calcium and magnesium by atomic ab-
sorption spectrometry is preferred; gravimetric and manganometric deter-
minations after elimination of calcium in the form of calcium oxalate are
losing their importance [14].

3.12.4.16 Iron

Iron is determined mostly by the photometric method using dipyridyl or
thiocyanate [14]. At pH from 3.5 to 8.5 bivalent iron forms an intensively
red, stable complex compound with 3 molecules of 2,2’-dipyridyl:

/ \ N/ \ 2+

Fe* +3 — | Fe <
VA N

— — 3

Absorbance is measured at 520 nm (green filter). The method is used
for the determination of iron at concentrations in the range 0.05-2 mg 17",
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For iron concentrations > 0.05 mg 17! the thiocyanate method is also
used with success. After oxidation to the trivalent form (with KMnQ,) iron
reacts with thiocyanate in acid media forming a red complex
Fe[Fe(SCN)g]. Absorbance is measured at 500 nm (blue-green filter).

When determining iron (at concentrations > 0.05 mg 17') by atomic
absorption spectrometry the absorbance of the line of iron at 248.3 nm is
measured [13].

For the determination of higher quantities of iron (industrial wastewa-
ters) gravimetry is used. Fe’* iron is precipitated from ammonium solution
in the form of Fe(OH),, and heated after filtration to form Fe,0,. Al(OH),
co-precipitates with iron. The mixture of Fe,O; and Al,0, is weighed (ex-
pressed as R,0; — sesquioxides).

Iron can be determined together with manganese by polarography. Po-
larosgraphic waves corresponding to the reduction of complexes of Fe’t and
Mn®* with triethanol are measured [38].

3.12.4.17 Manganese

Manganese at concentrations > 0.02 mg 17! is determined by photometry
as permanganate after oxidation with peroxydisulphate in the presence of
nitric acid and under the catalytic effect of silver ions

2Mn’* + 55,037 + 8H,0 — 2MnO; + 1080}~ + 16H"

Absorbance is measured at 525 nm (green filter) [14, 32].

It is also possible to use the technique of titration colorimetry; in this
case the colour of Mn®* is compared with that of a KMnO, solution of
known concentration which is added from a burette into treated distilled
water [13, 14].

When determining manganese (at concentrations > 0.5 mg 1_1) by
atomic absorption spectrometry, the absorbance of the manganese line is
measured at 279.5 nm [13].

3.12.4.18 Aluminium

Aluminium is determined particularly in waters which have been treated
with aluminium salts, and in the inspection of water station operation; it
is determined by photometry with eriochrome cyanine R or with aluminon
(13, 14).

Eriochrome cyanine R (sodium salt of 4-hydroxy-5, 5'-dimethylfuchson-
3,3"-dicarboxylic-2"-sulphonic acid)
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forms a violet complex with aluminium ions. Absorbance is measured
at 535 nm. The method is used for the determination of aluminium at
concentrations > 0.05 mg It

Aluminon (ammonium salt of auritricarboxylic acid)

Vel
NH.00C COONH.

OONH,4
H

turns red with aluminium ions at pH 4. The colloidal colour system is
stabilized with gum arabic. Absorbance is measured at 525 nm (green
filter). The method is used for the concentration range from 0.05 to 1 mg1~"
of Al without volume correction. In wastewaters aluminium is determined
by gravimetry.

When using atomic absorption spectrometry the absorbance of the alu-
minium line is measured at 309.3 nm.

3.12.4.19 Copper

Copper is frequently determined by photometry with dicupral (tetraethyltiu-
ram disulphide) (C,Hy),N-CS-$-CS-N(C,H;), with which Cu®** forms a
yellow or cinnamon brown complex. Absorbance is measured directly or
after extraction of the complex into chloroform at 435 nm using a violet

filter. The method is used for concentrations of copper > 0.01 mg 7
(14, 15].
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For waters with disturbing effects, atomic absorption spectrometry is
recommended (at concentrations > 0.01 mg 171); absorbance is measured
at 324.7 nm [13).

Polarography is recommended for the determination of copper when ac-
companied by other metals [39].

3.12.4.20 Silver

Silver is determined by photometry with p-dimethylaminobenzylidene rho-
danine

to form a red colloid-dispersed precipitate. Absorbance of the colloidal
solution is measured at 530 nm (green filter). This method is used for the
determination of silver at concentrations > 0.03 mg 17" [14, 32].

When using atomic absorption spectrometry (for concentrations of Ag >
0.01 mg l'l) silver is concentrated by evaporation or extraction. The ab-
sorbance of the silver line is measured at 328.1 nm [13].

3.12.4.21 Zinc

Zinc is determined by photometry with zincon (2-carboxy-2'-hydroxy-5'-
sulphoformazyl benzol) or dithizone.

When using zincon for the determination, zinc is retained on a strongly
basic anion exchanger (e.g. Dowex II), and it is then determined by pho-
tometry with zincon at pH 8.5-9.5:
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— a blue complex is formed, and the absorbance is measured at 625 nm (red
filter). The method is used for the determination of zinc at concentrations
> 0.1 mg 17" [15, 40).

When determining zinc with dithizone (diphenylthiocarbazone) red zinc
dithizonate is formed:

O
2
O

dithizone

22

-— C S Z S%3+2NHCI+2HO
\ nr 4 2

>c=s + ZnClh, + 2NHOH —>

Absorbance is measured at 538 nm. The method is used for the deter-
mination of 0.005-0.030 mg 1™ of zinc [15].

Polarography is used for zinc concentrations of 1 mg 1! [15]. In this case,
zinc(II) ions are reduced to the metal on a dropping mercury electrode.

For concentrations of zinc > 0.010 mg 17! atomic absorption spectroscopy
is used (the zinc line absorbance is measured at 213.9 nm) [13].
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3.12.4.22 Cadmium

For the determination of cadmium .at concentrations > 0.005 mg 17! the
photometric method with dithizone is used. The Cd?** ions are extracted in
the presence of potassium sodium tartarate (Seignett’s salt) from a strongly
alkaline medium with a solution of dithizone in tetrachloromethane. The
extract of cadmium dithizonate is red. Absorbance is measured at 518 nm
(green filter) [13].

The method of atomic absorption spectrometry is very convenient for
concentrations ~ 0.002 mg 17!, Cadmium is concentrated by evaporation
or extraction in the form of a complex salt of 1-pyrrolidine dithiocarboxylic
acid into methyl isobutyl ketone. The absorbance of the cadmium line is
measured at 228.8 nm [13].

Polarography can be used for the determination of cadmium with other
metals (Cu, Ni, Zn) at concentrations of tenth and even hundredths mg 17t

3.12.4.23 Mercury

When using atomic absorption spectrometry the compounds of mercury are
reduced to mercury, which is then expelled by an air stream. Absorbance
of the mercury line is measured at 253.7 nm. The method is used for the
determination of mercury at concentrations > 0.0002 mg 17! [13].

In the case of photometric techniques for the determination of mercury
(at concentrations from 0.05 to 1.0 mg l"l) primarily the dithizone method
is used (chloroform extract of dithizonate becomes orange) [13].

Organic compounds of mercury must be degraded prior to mineraliza-
tion.

3.12.4.24 Lead

For the determination of lead in drinking and surface waters photometry is
preferred. Lead ions form a colourless compound extractable with tetra-
chloromethane with diethyldithiocarbamate C;H;,NS,Na at pH 11-12.5,
which reacts with copper ions to form yellow-brown copper diethyldithio-
carbamate. Absorbance is measured at 435 nm (violet filter). The method
is used for the determination of lead at concentrations of > 0.01 mg17* [13).

When using atomic absorption spectrometry lead is concentrated in the
form of a complex salt of 1-pyrrolidine dithiocarboxylic acid in methyl
isobutyl ketone. Absorbance of the lead line is measured at 283.8 or 217 nm.
The method is used for concentrations of lead > 0.01 mg1~" [13].
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For the determination of lead in all types of waters polarography is re-
commended for concentrations of 0.05-1.0 mg 1™" of Pb.

3.12.4.25 Chromium

For the determination of hexavalent chromium (at concentrations
> 0.01 mg 17!) a photometric method with diphenylcarbazide (CgH,~NH-
NH-CO-NH-NH-CgH;) is used (red-violet colour). Absorbance is mea-
sured directly or after extraction into amyl alcohol at a wavelength of
540 nm (green filter) [19, 41].

For higher concentrations of chromium (1-40 mg 17') iodometric titra-
tion can be used (CrOi_ and Cr, 02~ oxidize iodide to iodine in acid media,
the latter being determined by titration) [19].

For all types of waters polarography can be used. For the determination
of Cr** atomic absorption spectrometry can also be used [13].

3.12.4.26 Barium

Barium at concentrations > 1 mg ™! is determined by flame spectrometry
(emission is measured in the region of 489 nm) after being first concentrated
by precipitation with calcium in the form of carbonate [16].

3.12.4.27 Vanadium

Vanadium at concentrations > 0.002 mg 17! is determined photometri-
cally. The determination is based on the reaction of vanadium with 8-
hydroxyquinoline

S
F
OH

in an acid medium to form a yellow-brown or even black complex ex-
tractable into chloroform. Absorbance is measured at 550 nm [42].

3.12.4.28 Selenium

In the photometric determination, tetravalent selenium reacts with 3,3’-
diaminobenzidine in the acid medium to produce yellow piazoselenol, ex-
tractable into toluene. Absorbance is measured at 420 nm (violet fil-
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ter). The method is used for determination of selenium at concentrations
> 0.005 mg 17" [13].

3.12.4.29 Arsenic

In the photometric determination of arsenic, arsenic trihydride formed by
reduction of the compounds of arsenic (mostly of arsenate) with nascent
hydrogen reacts in the medium with pyridine with silver diethyldithiocar-
bamate to produce a red colour. Absorbance is measured at 560 nm. The
method is used for concentrations of arsenic > 0.05 mg 1™*. For the deter-
mination of lower concentrations the sample should be first concentrated
by evaporation [13].

3.12.4.30 Fluorides

Fluorides are determined primarily by photometry using zirconium alizarine
or Xylenol Orange.

Fluorides with zirconium ions form a colourless complex [ZrFS]Z_ which
is more stable than Zr** with alizarine (red), therefore, an equivalent
amount of this dye is destroyed when F™ solutions are added. Reduction of
the intensity of the solution colour measures the concentration range from
0.05-2.5 mg 17" [14, 15].

Zirconium ions form a red chelate with Xylenol Orange

HOOC—CH:; CH;—COOH
p H.—N
HOOC—CH: CH;—COOH

(medium: 0.1-3 mol 17! HCI) which is decolourized with F~ ions to form
fluorine-zirconium-xylenol orange. Absorbance is measured at 540 nm
against a reference solution. The method is used for the determination
of fluorides at concentrations > 0.02 mg 17" [43).

The ion selective membrane electrode (the membrane is of lanthanum
fluoride) is becoming more widely used for the determination of fluorides
at concentrations > 0.02 mg 1™' [13, 14, 43-46).
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Fluorides can also be determined by titration with thorium nitrate using
sodium alizarinsulphonate as an indicator [45].

3.12.4.31 Chlorides

Chlorides are determined in all types of waters particularly by argento-
metry or by mercurimetry. For turbid or intensively coloured solutions, a
potentiometric indication of the end point is used.

The argentometric determination involving titration against AgNO, is
carried out in neutral or slightly alkaline media (pH 6.5-10.5). The end
point is indicated visually with formation of the red-brown precipitate
of Ag,CrO, which is more soluble than the precipitate of AgCl, or po-
tentiometrically (silver indication electrode, calomel reference electrode).
The method is used for the determination of chlorides at concentrations
>4 mgl™' [13, 14].

The mercurimetric determination with Hg(NO;), titrant is carried out
at pH 2.5 £ 0.1 using diphenylcarbazon as the indicator of the end point,
forming a violet compound with excess of mercury ions. The method is used
for the determination of chlorides at concentrations > 4 mg 17" [13, 14].

3.12.4.32 Nitrites

Nitrites at concentrations of 0.002-0.6 mg 17! are determined photometri-
cally with sulphanilic acid and a-naphthylamine.
The determination is based on diazotization of sulphanilic acid

HOwS—@—NH: + O=N—OH % HO}S—@—N=N‘—OH + H:0

and on coupling of the diazonium salt formes with a-naphthylamine to form
a red-violet azo dye suitable for photometry

/N

HO;S—<\ />—N=N——OH + —
7 NH:

— HO:S—@‘—N=N Q NH: + H:0
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Absorbance is measured at 550 nm (green filter) [13, 14, 73].
At present, the most widely used method is that which employs N-(1-
naphthyl)ethylenediamine dihydrochloride

()
HO;S—@—N:CI+ O CH—CH:  —

"CIH2N NH:CI

()
— HO;SO—N=N O CH—CH;

CIH:N  NH:(CI

as the coupling agent, which gives rise to a red azo dye.

The intensity of the colour produced is proportional to the concentration
of nitrites in the sample. Without dilution, the method is suitable for the
determination of nitrites at concentrations from 0.05 to 0.5 mg 17" [13, 14,
16, 36).

3.12.4.33 Nitrates

For the determination of nitrates at concentrations > 0.5 mg 17! the photo-
metric method with sodium salicylate is used. It is based on the reaction of
NO; with sodium salicylate in the presence of trichloroacetic or sulphuric
acid. After alkalization yellow salts of nitrosalicylic acid are formed:

COOH

N02‘©[0
H
COOH ///
E I CCHCOOH

+HNO, or H:S0.

H OOH

H
NO:

Absorbance is measured at 410 nm (violet filter) [14, 48].
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For the photometric determination of nitrates their reaction with brucine

CH; N

can also be used, in the presence of H,S0,, to form yellow nitro compounds.
The range of the detectable concentration without sample dilution is 1-
20 mg 1~ of NO; .

The standard methods of water analyses used in various countries em-
ploy other agents for direct spectrophotometric determination of nitrates,
for example, chromotropic acid (4,5-dihydroxy-naphthalene-2,7-disulphonic
acid) [13] or 2,6-dimethylphenol and p-fluorophenol [49]. As well as the
method with salicylate the method with chromotropic acid is also used in
the standard methods.

In addition to the absorption photometric determination of nitrates in
the visible region, absorption spectrophotometric methods in the UV region
are also used. This method is one of the standard methods, e.g. [13, 32],
but it is recommended only for very pure waters (drinking or unpolluted
natural waters) [50, 51].

Nitrates can also be determined after their reduction with zinc or cad-
mium amalgam to nitrites, employing photometry with sulphanilic acid and
a-naphthylamine. In the case of polarographic determination nitrates are
reduced on the mercury droping electrode in a weak acid medium under
catalytic effects of uranyl ions.

For pure waters a potentiometric method for the determination of ni-
trates is coming more into use, with a nitrate ion-selective electrode [13,
15, 35, 36, 43, 44, 52].

3.12.4.34 Carbon dioxide and carbonates

The quantity of free carbon diozide in water can be calculated from the
determination of basic neutralization capacity up to pH 8.3 (BNCg 5, total
acidity). In this case, free CO, reacts with an alkaline titrant to form hy-
drogen carbonate (CO, + OH™ — HCO; ). Provided that the whole basic
neutralization capacity up to pH 8.3 consists only of free carbon dioxide, its
weight concentration (¢(CO,)) can be calculated from the following equa-
tion:
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¢(CO,) = BNCg ;.44  (mgl™h) (3.121)

where BNCj 5 is the basic neutralization capacity of water up to pH 8.3
(mmol 171),

Determinaaleadtion of carbonates and hydrogen carbonates is based on
the assumption that the acid neutralization capacity is formed only by
ionic forms of CO,, or hydroxide ions. The content of HCO; , CO?,_ and
OH™ is calculated from the results of the determination of acid capacity
(alkalinity) by titration to pH 4.5 and 8.3 using the relationships presented
in Table 3.75 (the numbers 61, 60 and 17 are the molar weights of HCO;,
CO;‘;' and OH™, respectively) {13, 14, 21].

Table 3.75. Relationships for calculation of the
concentration of HCOZ, CO?,' and OH~ ions in water

Ratio of acid HCO; oo OH~
capacity of water
topH4.5(m) mmoll™! mgl-! mmoll-! mgl-! mmoll~! mgl-!
and to pH 8.3 (p)

p=0 m m.61 0 0 0 0
2p<m (m — 2p) (m — 2p).61 P p.60 0 0
2p=m 0 0 P p.60 0 0
2p>m 0 0 (m —p) (m—p).60 (2p—m) (2p — m).17
p=m 0 0 0 0 P p-17

The content of aggressive CO, can be determined by the Heyer mar-
ble test. In this case aggressive CO, dissolves calcium carbonate (marble)
to form hydrogen carbonate and thus the acid neutralization capacity of
water increases up to pH 4.5 (total alkalinity). The increase of the acid neu-
tralization capacity is proportional to the content of the originally present
aggressive CO, [14, 21]. .

3.12.4.35 Sulphates

Sulphates (at concentrations > 50 mg 17" ) are determined by titration with
lead(IT) nitrate. The end point is indicated with dithizone (from green to
violet-red) [14, 32].

For the determination of higher quantities of sulphates a gravimetric
method is used (weighable form of BaSO,) (13, 14, 32]. In the case of lower
concentrations polarographic [54] or nephelometric methods are used [13].
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3.12.4.36 Sulphides and hydrogen monosulphide

Sulphides and hydrogen monosulphide at concentrations > 0.05 mg ™! are
determined photometrically with N, N-dimethyl-p-phenylenediamine. A
sensitive and selective determination is based on the production of Methy-
lene Blue during the reaction of hydrogen monosulphide with the above
reagent in the presence of Fe

NH: N

el ewel

(CH:):N (CH;):N § N*(CH3);

Absorbance is measured at 600 nm (red filter) [13, 14].

For the determination of higher amounts of hydrogen monosulphide (0.5-
20 mg 1™ ) and sulphides a iodometric method can be used. In this case
sulphides and hydrogen monosulphide are separated in the form of a mix-
ture of insoluble CdS and Cd(OH),. The precipitate is separated, and
known amounts of iodine and HCI are added. Iodine required for oxida-
tion is determined from the difference between the added and remaining
quantity of iodine, by titration with thiosulphate {13, 14].

For the determination of sulphides thin-layer chromatography [55, 56] is
used, as well as spectrophotometry in the IR region [57] AAS [58], and a
sulphlde ion selective electrode [59-61).

3.12.4.37 Phosphates

The most important forms of phosphorus are inorganic orthophosphates
which are determined photometrically with molybdenum. Orthophosphates
react with ammonium molybdate in the presence of sulphuric acid and
antimony ions to form heteropolyacids —— phosphomolybdic acid. By re-
duction with ascorbic acid the yellow complex of phosphomolybdic acid
changes into a solution of Phosphomolybdic Blue which can be determined
photometrically:

PO;” + (NH,),Mo0, — H,P(Mo,,0,,) — Phosphomolybdic Blue

Absorbance is measured at 690 nm (red filter). The method is used for
the determlnatlon of soluble inorganic orthophosphates at concentrations
> 0.05 mg 17" For low concentrations (> 0.005 mg 1™') the extraction of
Phosphomolybdic Blue into butyl alcohol can be used [14, 16, 62].
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In a similar way hydrolysable polyphosphates and total phosphorus can
also be determined after being first treated. Total quantity of phosphorus
can be determined by gravimetry after mineralization of the sample in the
presence of MgO by precipitation of ammonium molybdate in the form of
ammonium molybdate phosphate, (NH,);P0,.12M00.2HNO,4.H,0. The
form for weighing (after heating at 400°C) is P,05.24M00,.

3.12.4.38 Cyanides

The total quantity of cyanides can be determined by their distillation from
water containing diluted sulphuric acid. In this way, it is possible to degrade
even the most stable ferri- and ferrocyanides. Released HCN is trapped in
a solution of alkaline hydroxide and the determination of cyanides in the
distillate can be carried out either photometrically, or by argentometric
titration.

In photometric titration cyanide ions are transformed into cyanogen chlo-
ride in the course of the reaction with chloroamine to form a red-violet
compound in the presence of pyridine and barbituric acid at pH 4-5. Ab-
sorbance is measured at a wavelength of 580 nm. The method is suitable
for the determination of cyanides at concentrations > 0.002 mg 1™ (14, 19,
63, 64).

Free hydrogen cyanide, CN~ ions and complex cyanides of cadmium,
zinc, copper and part of complex cyanides of nickel can be determined by
a photometric method directly in a water sample without distillation.

For the determination of higher quantities of cyanides (2-40 mg 1™
titration against silver nitrate can be used. After transforming all cyanides
into the complex [Ag(CN),]” the excess of silver ions is indicated by
p-dimethylbenzilidene rhodanine which reacts with silver to form a red
precipitate [14].

Cyanides can also be determined by membrane ion-selective electrodes
using direct potentiometry (argentoiodide electrode or an electrode with a
mixture of Agl-Ag,S). The principle of the response to cyanides in the case
of the most frequently used ion-selective electrodes for CN™ ions consists
in the dissolution of Agl according to the following reaction:

Agl(s)+ 2CN™ — [Ag(CN),]” + 17

The electrode potential is determined by the activity of iodides released
from the surface of the membrane electrode [65].
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3.12.4.39 Extractable substances

The term “extractable substances” denotes those substances which are ex-
tracted under certain conditions by an organic solvent from a sample of
sludge (or water), and which then remain after elimination of the solvent
and drying. This group includes oils (both mineral and plant), fats, soaps,
waxes, heavy hydrocarbons, tar, etc. The results of the determination of
extractable substances are given in mg kg—1 or mg 1™ in liquid samples (it
is necessary to state the method used).

Since no selective organic solvents exist into which particular types
of substances would be transferred, their mixture is used for determina-
tion. For the determination of total amount of extractable substances,
weighing and pycnometric methods are frequently used, employing tetra-
chloromethane as the extraction agent. Since the extractable substances
are determined by the various recommended weighing methods after eli-
mination of the solvent and drying at 80°C (except the determination of
tar and mineral oils with a high boiling point, when drying takes place at
105°C), the extractable substances with a lower boiling temperature or the
volatile substances are not included in these results.

For the determination of extractable substances chromatographic me-
thods are becoming ever more important, particularly gas chromatography
or gas chromatography with mass spectrometry [14].

3.12.4.40 Oil and oil products

The determination of oil products in waters can be classified into weighing,
volumetric, spectrophotometric and chromatographic methods [14].

The weighing methods belong to the oldest and most frequently used
techniques in the past. They are based on the extraction of oil products
from a sample of water with a solvent and the subsequent determination
of the weight of extracted substances after distillation [13-15, 66]. The
volumetric methods are based on distillation of the volatile oil substances
from water and measuring their volume after condensation [67, 68].

Recently, thin-layer and gas chromatographies are becoming more and
more used for the determination of oil products in waters [15, 66, 69-71].

Oil and oil products are commonly determined spectrophotometrically in
the IR and UV regions [14].

Spectrophotometry in the IR region is based on the extraction of oil
products in the sample using a suitable solvent, separation of the extracted
polar substances from the extract and recording of the spectrum within the
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frequency range 3.150 to 2.750 cm™~!. To evaluate the record a calibration
graph of the substance separated from a sample of standard oil substance
and a mixture of hydrocarbons is used. Often, also calculation is used. The
method can be used for the determination of oil substances at concentration
> 0.1 mg 17! in the UV region; absorbance of extracted polar substances
is measured at a wavelength of 270 nm [14, 15].

3.12.4.41 Phenols

Monovalent phenols are separated from water by distillation with water
vapour. At higher concentrations (> 50 mg 1”') they are determined
by bromometry based on the production of tribromo derivatives. The
non-reacted residue of the brominating agent is determined by iodometry
[14, 49]). When determining low concentrations, photometric methods with
4-aminoantipyrine are applied (for concentrations > 0. 002 mgl™ ) or those
using p-nitraniline (for concentratlons > 0.03 mg 17! and concentration
range from 0.005 to 0.050 mg 17").

The determination with §-aminoantipyrine is carried out in alkaline me-
dia in the presence of hexacyanoferrate(III) and after extraction of the dye
into chloroform. Absorbance of the extract is measured at 460 nm (blue
filter) [13, 15, 72].

Photometric determination with diazotized p-nitraniline in an alkaline
medium is carried out either directly (for higher concentrations) or after
extraction of the dye into butyl alcohol (for lower concentrations). In the
case of the direct determination absorbance is measured at 470 nm (blue
filter) and in the case of the extractlon, determination at 530 nm (green
filter) [14, 37, 49, 73].

Multivalent phenols are relatively non-volatile when compared with the
monovalent one. The method for the determination of pyrocatechol by Fe?*
ions has found wider application possibilities. The reaction of pyrocatechol
with Fe’* in acid medium in the presence of sulphite and tartrate gives a
violet complex. Without dilution 1-7 mgl of multivalent phenols can be
determined, expressed as pyrocatechol [144.

3.12.4.42 Tensides

Lower concentrations of anion tensides (i.e. alkylsulphates, alkylsulphona-
tes and alkylarylsulphonates) are determined by photometry with Methylene
Blue. The complex of Methylene Blue-tenside is extracted with chloroform
in an alkaline medium. The absorbance of the chloroform extract is mea-
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sured at 610 nm (red filter). This is the method for the determination of
anion tensides at concentrations from 0.01 to 0.8 mg 17" [14, 74].

For the determination of higher concentrations of anion tensides (more
than 3 mg 17") the volumetric method by double phase titration using a
visual indicator has been suggested (75, 76]. Potentiometric titration as
well as ion selective electrodes are also used [77].

The main types of non-ionic tensides are adducts of higher alcohols,
alkylphenols and aliphatic acids with ethylene oxide. They are determined
mostly by photometry, e.g. by using tungstic-phosphate acid and hydro-
quinone. Non-ionic tensides are precipitated in the presence of calcium
chloride with 2% tungstic-phosphate acid. After centrifuging, the dried
precipitate is dissolved in concentrated H,50, and the red-brown colour
caused by addition of hydroquinone is measured at 500 nm [14, 15, 21].

3.12.4.43 Humic substances

For the determination of humic matters ozidimetric (non-specific) and spec-
trophotometric methods in the visible and UV regions are recommended. In
particular, the spectrophotometric method employing extraction of humic
substances at a low pH values into pentanol and reextraction from pentanol
with NaOH is recommended [14, 32].

The humic substances can also be determined by gravimetry, e.g. after
precipitation with lead(II) nitrate, by determination of the weight of the
precipitated humins and subtraction of the separately-determined content
of the heavy metal [78].

3.12.5 Automated monitoring of waters

Automated analysis of waters can be performed either by contact or con-
tactless measurements.

A contactless system is based on the measurement of electromagnetic
radiation from the water surface caused by the component to be determined.
This method can be used for the determination of temperature, turbidity,
chlorophyll, oils, etc.

The contact measurements can be carried out using both in situ and
on line methods. The difference is that whereas in the case of the in situ
measurement the sensors are immersed directly in the investigated water,
in the case of the on line measurement the sample of water is transported
by a pump into a building sited on the bank or to a sensor situated in
another place.
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The in situ method is used to measure water temperature, electrolytic
conductivity, dissolved oxygen, pH and some other components which can
be determined by ion-selective electrodes (e.g. chlorides, ammonium ions).

The on line system measurements can be divided into the following two
groups:

(1) a water sample reaches the sensors without preliminary treatment.
This system is used as in the case of the in situ sensors, and can involve
apparatus for the measurement of turbidity, absorption of UV radiation,
fluorescent oil indicators, etc.

(2) a water sample is taken continuously and reaches the sensor after
being treated. This group includes colorimetric or photometric analysers
and the majority of ion-selective electrodes.
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4 Biology of water

4.1 Foundations of the ecology of aquatic organisms

The need for water is a common feature of all living organisms since water
represents the only and indeed the essential environment in which the pro-
cesses of life can take place. A cell as the fundamental and functional unit
of living mass cannot grow and develop without a supply of water. In the
case of actively growing cells, this amount is only rarely lower than 80%
of live weight, regardless of whether it concerns microbes or multicellular
macroorganisms. In this sense, water is a unifying component. However,
there is a considerable versatility with respect to the relationship of living
organisms to water as a component of the environment, particularly the na-
ture and extent of the water in which the organisms live. Some organisms
require water for their existence as the predominating environmental fac-
tor, others are satisfied just with a short contact with water, and some are
able to utilize water in a mostly dry environment. As well as purely aquatic
or land organisms, species with various transition positions between these
two extremes also exist in nature. Many live in water only in a certain
zone of the transition from aqueous to land environment all their life. If a
specialization to the aqueous environment appears, it is the more strict the
more the organism is at a higher stage of development. And still, among
microorganisms receiving nutrients only from water and aqueous solutions
and therefore unable to reproduce on the land and to grow without a direct
contact with water, there are also species which are in some ways adapted
to the life on land. On the other hand, among the typical and specialized
aquatic animals such as fish, primitive species occur sporadically, which are
even able to survive temporary periods of drought in swamps.

The fact that many organisms are not explicitly aquatic or terrestrial
corresponds to the present konwledge of the evolutionary changes in Nature.
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Life originally existed in the sea, and only at a certain stage of evolution
land started to be inhabited, including adaptation to the life in fresh waters.
Afterwards, however the evolution did not continue only in the direction
from water to land, but also to some extent vice versa. Some of the present
fresh water species comes directly from the sea and others come from land
organisms which again adapted to the life in water. It is assumed that the
evolution of some species was continued by their return to the sea.

4.1.1 Characteristics of the aqueous environment

In common with all the habitats of living organisms, also the aqueous envi-
ronment can be characterized by its physical and chemical properties; the
main aspects are now discussed in some detail.

4.1.1.1 Temperature

Aquatic organisms are mostly exposed to smaller temperature changes than
the land organisms. The fact that water in Nature undergoes much smaller
temperature deviations than the air is primarily due to specific physical
properties of water (anomalies; see Section 3.2).

One crucially important factor for aquatic life in large enclosed areas of
water such as lakes or reservoirs is that they do not freeze to the bottom,
particularly because of the anomalous changes in the density of water when
its temperature approaches zero.

4.1.1.2 Concentration of oxygen and carbon dioxide

Oxygen is required for breathing of aerobic organisms which eliminate CO,.
Oxygen enters water via diffusion from the atmosphere, or is released from
photosynthesizing aquatic organisms binding simultaneously CO,, and its
reduction to organic compounds. Thus, both gases appear in two funda-
mental processes of life. The concentration of dissolved oxygen, which is
of special importance for aquatic organisms, depends on both physical and
biological factors.

Physical factors are the water temperature and partial pressure of oxy-
gen in the atmosphere. These change quite markedly due to the effect of
climatic and physical conditions but their mutual dependence is well known
and can be determined quite simply. Figure 4.1 illustrates the relation-
ship between the concentration of dissolved oxygen and water temperature
at normal atmospheric pressure; it is evident that with increasing water
temperature the amount of dissolved oxygen decreases significantly. The
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Fig. 4.1. Dependence of dissolved oxygen content on water temperature

oxygen content decreases with a decrease in atmospheric pressure, which
changes in dependence on the climatic conditions and altitude. If the con-
tent of dissolved oxygen is in equilibrium with the atmospheric oxygen, then
the water is saturated with oxygen. Under natural conditions the content
of 0, in saturated water ranges from 7 to 15 mg O, 17" of water.

A more complicated situation is encountered in water containing living
organisms; the O, concentration can be remarkable increased or decreased
due to the biological activity. The amount of oxygen from photosynthesis
depends particularly on the amount of photosynthesizing organisms, inten-
sity and duration of allumination, and water temperature. Biologically,
oxygen is consumed primarily during breathing and microbial degradation
of organic matter. The rate of consumption of oxygen depends primarily
on the content of well-degradable organic matter in water.

The CO, content in water is influenced by the same microorganisms as
in the case of O, but in an opposite direction. Free CO, is present in water
mostly as a dissolved gas. Only a small fraction (0.7%) reacts with water
to form carbonic acid which dissociates to ions HT and HCO; . Carbonic
acid converts difficultly soluble carbonates of calcium and magnesium into
readily soluble bicarbonates. Thus, so-called bonded (carbonate) CO, is
transformed into a semi-bonded (bicarbonate) form which is utilizable for
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aquatic organisms via photosynthesis. Free carbon dioxide can be present
in water in markedly varying amounts: 1-100 mg CO, 1! depending on
whether its biological production or its consumption prevail. Usually, it
ranges from a few to 20 mg 17" (In mineral waters the content of non-
biological origin CO, can exceed 1000 mg 1™'.)

4.1.1.3 Light radiation

Adequate intensity of light radiation at suitable wavelengths together with
sufficient quantity of CO, is an essential condition of photosynthesis; the
intensity, duration and wavelength of illumination are also important. If
illumination gradually decreases, it is obvious that the intensity of photo-
synthesis decreases as well.  This results in lower CO, bonding and less
intensive oxygen release. At a certain level of illumination the quantity of
CO, consumed by photosynthesis equals the quantity of CO, released by
respiration. This is the so-called light compensation point and its value also
depends on the water temperature [1,2]. If the intensity of illumination con-
tinues to decrease, the CO, release ever more outweighs the bonding until
photosynthesis stops. The relationship between the intensity of photosyn-
thesis and the intensity of illumination is not linear, it is more logarithmic
in character (Fig. 4.2). Too high an intensity of light can also reduce the
photosynthetic activity [3]. The overall relationship corresponds to a more
generally understood law of minimum [4], formulated by Liebig for the rela-
tionship between the growth and concentration of nutrients. The inhibition
effect on photosynthesis of too intensive illumination is, for example, that
on bright sunny days the maximum photosynthesis is achieved at a certain
depth below the water surface. On account of this, some algae move from
the surface layer into the deeper layers.

An important, sometimes even limiting, factor is the duration of illumi-
nation. Some plant species require for their proper development a certain
number of hours of sunshine. For example, increasing the light intensity un-
der the conditions of a short day cannot satisfy the requirements of plants
requiring a long day. Other species require a certain minimum period of
dark. However, many plants develop well under the conditions of both
short and long days. This phenomenon of dependence on light duration,
termed photoperiodicity, has nothing to do with photosynthesis but is con-
cerned with the production of hormones controlling the development of an
individual [5, 6]. It is quite well studied in the case of land plants, but cer-
tainly it is important for the development of aquatic species (for example,
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fish farms can regulate their stocks of juvenile fish by imposing an artificial
photoperiod).

Along with its quantitative properties, the quality of light is of great im-
portance. Of the total energy of sunshine impinging on the earth’s surface,
approximately 10% is UV radiation, 45% visible light and 45% infrared
light. These components have different effects on living organisms. For
photosynthesis particularly the visible light of the spectrum is used, but
not evenly in its whole width, and also the individual species of photo-
synthesizing organisms may differ in the utilization of various parts of the
spectrum. This depends on their photosynthetic, and to a certain degree
on other colour pigments. The most important photosynthetic pigment is
chlorophyll, present in plants and algae. In cyanobacteria (blue-green al-
gae) it is phycocyan. It is typical of aquatic autotrophic organisms that
they often contain other dyes which complete and extend their capability
to utilize the spectrum of the sun. In plant, green and brown algae one
can find carrotenoids playing this role, in cyanobacteria and red algae it is
phycoerithrin.

In general, however, one can state that the maximum intensity of pho-
tosynthesis is achieved in red light with a wavelength of about 650 nm and
usually also another maximum appears in the blue region at about 440 nm.
In some species of red algae the green regian around 560 nm has a similar
effect (7, 8].

Even more complicated is the situation in the utilization of non-visible
parts of the sun’s radiation. Some plants, algae and cyanobacteria have
a certain photosynthetic activity also in the upper part of the UV region,
for green plants the maximum is at about 360 nm, for brown and red
algae it is around 340 nm. Infrared radiation cannot be utilized by green
organisms, but some brown and red algae are able to utilize the shortwave
part of infrared spectrum quite well. The purple phototrophic bacteria also
possess a similar ability [9, 10].

A variety of assimilation pigments is especially convenient particularly
in the aqueous environment since the incident light is often impoverished
due to varying absorption and shading in some wavelengths. This is caused
primarily by the effect of soluble and insoluble admixtures. The upper
water layers filter most of the red and blue region from the incident light.
Therefore, combinations with pigments which enable the photosynthetic
use, e.g., of orange or green parts of the spectrum are important here.

The ultraviolet and infrared regions of sunlight are also important, par-
ticularly in the upper water layers [8]. These layers become warm by ab-
sorption of the infrared rays, and shortwave ultraviolet radiation hinders
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Fig. 4.2. Dependence of photosynthesis intensity on light intensity for sun-adapted and

shade-adapted plants. At the beginning, CO2 consumption is less than the amount

released by respiration. At certain intensity of illumination the compensation point is

achieved when the COj assimilation is equal to CO, production. Photosynthesis is

accelerated only up to optimal intensity of illumination; over-intensive light can inhibit
photosynthesis

the development of more sensitive species, particularly of some algae and
small bark beetles in the vicinity of the water surface.

With increasing depth the light intensity in water decreases, its spec-
trum changes and the length of a light day becomes shorter. However, for
organisms, that part of radiation which can reach them is important [9].
Due to the high adaptability of aquatic organisms the limit of the compen-
sation point is near to the depth into which only 1% of impinging sunlight
penetrates. For the assessment of the absorption and dispersion properties
of water, water transparency has been used since the middle of the last
century. It is most often determined according to the depth at which the
contours of submerged Secci board (a white standard-size disk) are just vi-
sible. Since the light dispersion affects transparency more than absorption,
no exact conclusions on the light conditions in water can be drawn from
such results. More accurate data can be obtained by the use of photoresis-
tors, for example.
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4.1.1.4 Concentration of hydrogen ions

The concentration of hydrogen ions is expressed in pH units, defined as the
negative decadic logarithm of the concentration of hydrogen ions H* al-
though they are in fact hydroxonium ions H30+. The pH value determines
the degree of acidity or alkalinity of water and its solutions (Fig. 4.3).

H*IONS CONCENTRATIONAQ” 10” 0% [mol "]
1 T T

pH VALUES: 1 7 14

} N + " 4
t + t t + 1

s 6 7 8 .9 1 N 12 13 % pH

3 4
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VERY ACIDIC WEAK WEAK ALCALINE=—— VERY

Fig. 4.3. Relationship between hydrogen ion concentration, pH value and water acidity
(alkalinity)

This value is important for aquatic organisms for two particular reasons:

(1) The activity of the environment influences the course of life processes
in living cells.

(2) The effect and biological utilizability of the substances present often
depends on the pH of water.

Taking these two aspects together, their physiological effects often over-
lap. The basis of the life activity of each organism involves enzymatic
reactions which take place only within certain pH limits. The optimum is
usually in the neutral region. Under normal conditions the pH of natu-
ral, not too polluted water is about 7, and usually the deviations of water
reaction are within the range pH 5-8 even on very different mineralogical
bases. However, cases do occur when water has extreme pH values due
to non-biogenic and biogenic factors. Mineral waters with CO, sometimes
have a pH as acidic as 3.5-4, as also have water of mountain peat moors.
Intensive biological activity of microorganisms can cause water to become
alkaline, and the pH can increase to 10 [11]. -

Cells have a certain ability to keep the pH of their inner liquid within
necessary limits, but if the reaction of the environment is too far outside
these limits, they cannot defend themselves against unfavourable changes.
Also their inner pH changes, which results in serious metabolic disorders.

The ability of cells to take up nutrients is dependent on the pH of the
environment. On the other hand, the presence of certain cations changes
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the physiological effect of the environment reaction. Especially calcium
ions and ions of some other metals decrease the unfavourable effects of high
water acidity, even though they are not nutrients of particular importance
for the organism in question. Cells in acid environment take up practically
no ammonia nitrogen, whereas in the alkaline environment it enters their
cells in excessive amounts. The dependence of nitrate nitrogen uptake on
pH has almost an opposite character. No harmful effects were observed due
to the lack of calcium at pH above 4.5 in the algae of the Chlorella genus,
but in a more acid environment calcium eliminates the unfavourable effects
of hydrogen ions quite efficiently. These, as well as other relationships,
are of special importance for some aquatic organisms since they are in a
permanent contact with the electrolytes present [10]. Sometimes, however,
it is difficult to say whether the unfavourable effect is a direct consequence
of incorrect pH or of the presence of other harmful ions.

4.1.1.5 Content of dissolved substances

Water lacking a certain content of foreign substances would be inconve-
nient and even harmful for most aquatic organisms. The only exceptions
are some undemanding photoautotrophic organisms which are satisfied with
water containing a minimum amount of mineral nutrients, oxygen and car-
bon dioxide. Other species require higher amounts of dissolved substances
which, according to chemical composition and quantity, determine several
important properties of water, especially the content of nutrients, pH value
and osmotic pressure.

As regards the content of nutrients, a sufficient condition is the presence
of biogenous elements. Such elements which are present in living mass in
an amount of 1% or more are called macrobiogenous elements; they include
C, H, O, N, P, Ca. The elements which make up 0.05-1% of living mass
are called oligobiogenous; Mg, Na, K, Fe, S, Cl. The biogenous elements
are completed by a group of trace elements occurring in all organisms in
amounts lower than 0.05%; Cu, Co, Zn, Mn, F, I, Mo. These are the micro-
biogenous elements. Some organisms require several other elements, others
do not. In natural waters the majority of elements of the Periodic Table is
present including all biogenous elements, but not necessarily at the required
concentrations [12]. The critical requirements are those of autotrophic or-
ganisms, utilizing entirely mineral nutrients for the production of organic
matter. At the same time, it is necessary to bear in mind that not only the
quantity is important, but also the mutual ratio of the elements present.
Whereas in organic matter the relative representation of elements is quite
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constant, it varies quite widely in water and is completely different from
the composition of the elements in organisms. One of them may occur in
insufficient amounts and according to the law of minimum it then becomes
the limiting element. This disproportion has remarkable effects in the case
of macroelements: carbon, nitrogen and phosphorus. It seems that the most
convenient ratio C:N:P in water is 106:16:1, but the actual range of these
elements is much wider. The limiting element is phosphorus followed by
nitrogen; rarely, it is carbon. Of the other elements, calcium is particularly
significant [13].

The content of dissolved substances is determined by the chemical com-
position of rocks and gases with which water is in contact. If allowed
by other conditions, the basic chemistry of water undergoes marked bi-
ologically conditioned changes. Aquatic organisms incorporate a part of
nutrients into their organic matter. The biological bonding of limiting el-
ements is often so intensive that they hardly occur in the dissolved state.
However, even during the life of an organism a part of nutrients returns
in the form of excreted metabolites and the remaining amount returns in
the form of dead organic matter. A part of the returned organic matters is
again mineralized by destructive agents, others remain in the form of origi-
nal or simpler organic compounds and can be utilized.  Thus, in life-bearing
water nutrients are present in both mineral and organic form. Elements in
short supply are immediately picked up almost quantitatively after being
released and are incorporated into newly originating organisms. The total
quantity of nutrients in water is sometimes significantly enriched by sub-
stances released from organic matter of foreign (allochthonous) origin, for
example leaf waste. Organisms are able to adapt quite easily to this natural
cycle of nutrients in spite of variations caused, for example, by the climate.
Therefore, dynamic equilibrium is quite quickly established in the balance
of bound and released nutrients and life-bearing water is thus adequately
stabilized. In polluted natural water the content of nutrients is mostly very
low, and therefore only a limited amount of micro- and macroorganisms
are able to live in it. Much more serious problems are caused by artificially
induced access of substances of anthropogenic origin caused, for example,
by sewage waters and particularly by highly polluted wastewaters from in-
dustry and agriculture. They often represent a shock supply of excessive
quantities of foreign substances which can completely upset a stabilized
aquatic biocenosis.

We now consider in turn the most important biogenous elements.

(1) Phosphorus. The sustenance capacity of natural water is limited
mostly by a low content of phosphorus [13]. This is not because it is scarce
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element. The concentration in the earth’s crust is approximately 12 times
greater than in living matter. However, it occurs mostly in the form of
compounds which dissolve in water to a very limited extent and therefore,
most of phosphorus remains bonded in rocks and sediments. Dissolved
phosphorus of inorganic origin, and also phosphorus originating from or-
ganic matter, is almost exclusively in the form of the phosphate ion which
readily associates with Fe, Al and Ca, forming simple salts or complexes
whose solubility changes according to pH and water saturation with oxygen.
Solubility of phosphates in very slightly acidified water, with an almost neu-
tral reaction, is very low. Clean water, especially from springs and brooks,
does not contain more than 0.1 mg of PO, 3 l'l; usually, the content of
PO, s below 0.03 mg 171, At present, the number of cases of clean waters
without the presence of sewages, fertilizers or industrial wastes, which carry
an increased amount of phosphorus, is decreasing. Concentrations exceed-
ing 0.1 mg PO, It give reason to suspect water pollution. In water poor
in oxygen the content of dissolved phosphates increases, particularly due
to reduction of non-dissolved ferric phosphate to the more soluble ferrous
phosphate. In such water, for example in peat moors, more than 0.1 mg 17!
of dissolved phosphate ions can be present. In some waters natural concen-
trations of phosphates can be as high as 0.5 mg 17! even under the effect
of favourable chemical properties of rocks. In such cases the increased con-
tent of phosphorus is permanent, whereas polluted water is characterized
by continual changes in the content.

The most readily biologically utilizable ions are H,PO, originating from
the salts of monovalent and bivalent cations 14, 15]. However, their concen-
tration in water usually decreases fairly rapidly since they are very unstable.
They very frequently come into contact with bicarbonates and in neutral
media they are transformed into a less accessible hydrogenphosphate form:

(H,PO;), + (HCO;), — (HPO?"), + 2H,0 + 2CO,

If they are not utilized by organisms the reaction goes further, and trans-
formation to insoluble phosphate takes place:

(HPO;?), + (HCO;), — (PO;%), +2H,0 +2CO,

Usually, calcium participates in the reactions with bicarbonates. The effect
of iron cations on the utilizability of phosphate ions was discussed above.
Phosphorus in precipitates is also partially utilizable. Plants and microor-
ganisms are probably able to resorb phosphorus from precipitates of colloid
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size. Aquatic animals which filter water actively can also utilize phosphorus
in finely suspended particles.

Biologically bound phosphorus takes part in metabolic processes again
in the form of phosphate. It returns to water via excreted metabolites or
as a part of dead organic matter. In water with intensive microbial activity
several times higher amounts of phosphorus in released organic compounds
can be found than that in dissolved minerals. Phosphorus bound in organic
compounds can be again biologically utilized, but its uptake is somewhat
slower than that of soluble inorganic phosphate ions. It must be first en-
zymatically detached from micro- and macromolecular organic compounds
and it enters the cells in the form of a phosphate ion [16].

(2) Nitrogen. Of the three main macrobiogenous elements, nitrogen oc-
cupies the second place when considering deficiency factors. Usually, it
occurs in water in slightly higher amounts than with phosphorus, but in
some cases it can be a limiting factor. This situation is usually caused arti-
ficially by an increased supply of phosphorus from municipal and industrial
wastes, less from fertilizers. Nitrogen present in water is bound in various
compounds or in its molecular form as dissolved gas, which enters water
from the atmosphere, or it is released from nitrogen compounds by de-
nitrification bacteria. The compounds include primarily nitrates, nitrites,
ammonia nitrogen and organically bound nitrogen [17].

Like phosphorus and other nutrients, nitrogen present in the form of
dissolved substances is also taken up from water by microorganisms and
plants. Generally, the complex cations NH;" and anions NO, are readily
utilizable although not always to the same degree. Many fungi, especially of
the yeast-type, some bacteria, algae and colourless flagellata usually utilize
ammonia cations as the source of nitrogen. In other species utilizing both
types of compounds there is some selectivity, which changes during indi-
vidual developmental stages. Some plants prefer ammonia ions at younger
stages, and when they become older they prefer nitrate ions. This selec-
tion is also influenced by other chemical properties of water. A certain
role is played by the fact that nitrate nitrogen must be first reduced in the
organisms to ammonia and only then it is bound to organic compounds.
Similarly, also nitride, which can be well utilized by some plants, must be
reduced. In other cases it is toxic even at low concentrations. Molecular
nitrogen can be utilized in water only by some species of autotrophic and
heterotrophic procaryotic microorganisms; others, also autotrophic orga-
nisms, are not able to utilize it. As an important macroelement, nitrogen
easily becomes deficient [18].
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In water, sometimes a significant portion of nitrogen is present in organic
compounds. Nitrogen compounds in the bodies of living or dead organisms
are, for the majority of higher animals, the only utilizable form of nitro-
gen. During the decomposition of organic residues, molecules of nitrogen
compounds of different size are released into water, and many are excreted
as metabolites. They can form regular or colloidal solutions and mostly
plants and microorganisms utilize them more intensively [19).

(3) Carbon. Apart from organic matter, for which carbon is the essential
component, inorganic carbon compounds are also present in water. Of these
CO, and the carbonates are of the greatest importance. The relationship of
organisms with various carbon compounds is so basic that it is considered
to be the criterion for categorization of organisms according to nutrition.
Only photosynthesizing organisms are able to utilize CO, as a source of
carbon. The majority of plants and other aquatic autotrophic organisms is
able to utilize not only dissolved CO, but also bicarbonate HCO; anion.
This is of great importance because the higher the content of HCOj, the
higher the content of free dissolved CO,. In stagnant waters with a low
amount of bicarbonates and intensive growth of algae and cyanobacteria the
rate of consumption of CO, can equal its rate of supply into water in warm
summer period due to intensive photosynthesis. Under these conditions
carbon becomes temporarily a deficient element [20].

(4) Other biogenous elements. Of the other macrobiogenous elements,
probably only calcium can be considered to be limiting. It maintains the
elasticity of cell surface, activates some plant and animal enzymes, it is an
important structural element of skeleton and sometimes also of animals’
shells. In some waters, such as water from peat moors or water on an ex-
tremely calcium-poor subsoil, the calcium content is so low that it becomes
deficient for the majority of aquatic species [21].

As regards the oligobiogenous and microbiogenous elements, in excep-
tional cases a deficiency of sulphur (which is so important particularly for
the synthesis of proteins) can occur [21}. All other biogenous elements are
present in water in lower or higher amounts, but are not considered limiting,
as a general rule.

4.1.1.6 Other chemical properties of water

The effect of dissolved substances on the quality of the water environment
cannot be individually assessed just from the viewpoint of the content of
available nutrients because at the same time all biological effects of present
elements and compounds play a combined role. Some substances have
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a favourable effect on aquatic organisms, others have adverse and even
toxic effects, depending on the species and sensitivity of organisms, on
the properties and concentration of the substance and on other ecological
factors [22]. Since natural water is a solution as well as a mixture of a
greater number of substances, their effects do not always depend on their
individual properties. Many of them infuence and change the interactions of
other species of substances. If they weaken or interfere with such effects we
speak about antagonistic activity; if they intensify their effects so that the
overal result is the sum of their effects, we speak of synergism. Antagonism
and synergism concern both elements and compounds. The terms can
refer to favourable and adverse effects, but due to general worsening of
the environment the attention is focused more on the harmful effects of
chemical substances.

One of the first pieces of evidence on the existence of the antagonistic
relationships among elements, including biogenous ones, came from experi-
ments with algae. Whereas pure solutions of NaCl and KCl had inhibitory
or even toxic effects on their growth, they became harmless after addition
of a small amount of CaCl,. Antagonistic relationships, influencing several
physiological functions, which prevail between Ca’* and K* or Mg®* or
among other elements are also known. A synergic effect was observed in
the case of joint effect of B and Zn or Cu and Zn. These elements form
cations, but similar relationships were also observed between anions: SOE_
decreases unfavourable affects of SeO; , NO; weakens adverse effects of
ClO7, PO, reduces the effect of AsO;? [23).

Soluble substances influence the course of physiological phenomena also
by changing the osmotic value of water and its capability to absorb gases.
Substances which are unimportant from the viewpoint of biochemistry or
toxicology also participate in these effects since they do not metabolize at
all or only slightly.

All aquatic organisms tolerate only a certain range of osmotic values of
neighbouring water, which means that they tolerate only certain limited
concentrations of dissolved substances, particularly salts [24]. At a higher
concentration (hypertonic) the osmotic value of the environment increases
and the organisms are damaged or die because of the loss of water drawn
from their cells. At too low concentration (hypotonic) the net osmotic flow
of water is reversed and water endeavours to overfill and swell the cells,
even to bursting point.

In fresh waters the content of salts does not exceed 0.5%o0 and the osmotic
pressure is considerably lower than the osmotic pressure in the cells. There-
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fore, aquatic organisms must be adapted to life in a distinctly hypotonic
environment. Bacteria, fungi, algae and plants have strong cellular walls,
mostly constructed from polysaccharides. Such a wall is readily permeable
to water, but due to its mechanical strength it prevents excessive swelling
of the cells. Organisms without cellular walls must control their osmosis
in such a way that excessive water penetrating into their body is somehow
eliminated. Fish have kidneys for this purpose, and in protozoa a pulsating
vacuole fulfils this function. The effect of dissolved salts on the content
of dissolved gases has been mentioned in connection with the favourable
effect of bicarbonate ions on the content of CO,. Generally, the content
of free O, slightly decreases with increasing salinity of water, however, the
changes in the solubility of gases due to increased salinity are not so serious
as the changes in the osmotic value.

The effect of toxic substances is very destructive. Some are of natural
origin in the sense that they enter the water from dissolved rocks, or are
products of the metabolism of aquatic organisms. Examples of such toxic
substances are heavy metals, hydrogen monosulphide, ammonia and some
poisonous organic compounds. Compounds of heavy metals and in some
mineral waters also H,S are of mineral origin. In most cases H,S is formed
in water by microbial reduction of sulphates, but it is also released during
anaerobic decomposition of dead organic matter, particularly of its pro-
tein components. During the decomposition of proteins ammonia is also
released, in quantities much higher than to that of hydrogen monosulphide.
Poisonous metabolites (toxins) are produced by some cyanobacteria. In the
case of their over-reproduction, known as lake water bloom, the concentra-
tion of toxins can be so high that water becomes poisonous especially for
higher animals. However, all these toxic substances can accumulate in sig-
nificantly high amounts under natural conditions only in stagnant waters
[25-27).

4.1.1.7 Motion of water

Both regular and irregular motion of water is an important ecological factor
since it significantly influences the distribution of salts, gases, suspended
solids and small organisms. Intensive motion limits the possibilities of fixa-
tion of plants and animals to a firm base, and it washes off smaller or larger
pieces on the bottom, which can have serious impact on some organisms.
A stronger water stream also transports higher organisms able to move by
themselves. There is thus a great difference between the biological habitat
of running and stagnant waters. However, the effect of the motion of water
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is observed in both types of waters although the causes of the motion and
its character are different. Unidirectional motion of running water driven
by gravitational force is — except the period when the stream is frozen
— continuous. The fairly irregular motion of stagnant waters is caused
primarily by differences in the temperature, and by wind.

4.1.2 Categorization of water in the environment

The categorization of water in the environment is discussed in detail in
Section 3.5. Here, it is sufficient to use the simple and convenient catego-
rization of natural waters:

— water of oceans and seas,

— terrestrial water,

— water in the atmosphere.

Naturally, the water on the continental surface is the richest in orga-
nisms; it is noted for its great variety of ecological factors and the intensity
of their changes. Its salinity also varies; however, only in certain parts of
the total amount. The majority of terrestrial water is fresh, the natural
content of salts usually ranging from 0.5 to 3%, only rarely does it exceeds
5%o. Such water is therefore characterized by typical fresh-water organisms.
However, some surface water in relatively few and isolated water bodies is
salty. In some smaller localities the salt concentration reaches extreme va-
lues which markedly exceeds the sea water salinity. In these waters a small
amount of halophilic, mostly lower species can be found, particularly bac-
teria and cyanobacteria. The water of oceans and seas covers 70% of the
earth’s surface, and its salinity is quite constant — about 35%c. However,
the concentration of nutrients is lower than that of terrestrial waters, and
thus the habitat and biological production per volume unit is also lower [28].
On the other hand, due to their extensiveness, the total productivity of seas
is higher than the total biological productivity of terrestrial waters.

For the sake of completness we should mention brackish waters which
are somewhere between terrestrial waters and seas. They are “semi-closed
water areas”, freely connected with open sea, in which sea water is mixed
with fresh water coming from the land. Therefore, their salinity varies quite
remarkably. From the ecological viewpoint they should be considered as an

independent type of water with its own particular character of biological
habitat [28].
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4.1.3 Terrestrial waters

There is a range of conditions for the development of the life in terrestrial
waters. From the viewpoint of hydrology and ecology the marked boundary
is their classification into ground- and surface waters. Their more detailed
classification has already been mentioned. In terms of quantity, groundwa-
ters prevail (see Table 4.2) which — together with soil moisture and surface
waters — is of special importance for the development of life. However, the
groundwater itself is rather poor as regards the quantity and diversity of
biological habitat. Naturally, the best life conditions are on the earth’s
surface, and thus also in surface waters. Surface waters can be divided into
running and stagnant waters, which represent two different types of aquatic
environment from the viewpoint of ecology.

4.1.3.1 Stagnant (lentic) waters

In stagnant waters, by definition, there is no unidirectional flow of the
water body. However, the stagnant waters need not be absolutely motion-
less, so there is no strict boundary between stagnant and running waters.
However, the criterion for stagnant water is that the eventual flow of the
body of water must not influence its typical characteristics. In limnology,
an ecological criterion has been adapted according to which the flow of
water should not significantly disturb normal development of the aquatic
plankton. Therefore, a water of 1 cm s~} is generally considered to be the
limiting rate for stagnant waters.

Stagnant waters are categorized into several types taking into considera-
tion primarily morphometric requirements, such as depth, size, shape and
volume. Other data concerning the characteristics of stagnant waters, its
origin and/or purpose for which it is used are also important. According
to these criteria stagnant waters can be categorized as follows:

— lakes,

— ponds,

— valley dams,

— special types of stagnant waters.

Furthermore, within these main types various more detailed classifica-
tions have been elaborated, taking into consideration different criteria. In
general, physical, chemical and biological parameters are combined, such
as content of oxygen, content of nutrients, colour and water transparency,
and the richness and diversity of biological habitat.
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Lakes are steady (eustatic), natural, mostly enclosed (isolated) reser-
voirs of stagnant waters. They are usually quite deep with low amounts of
aquatic plants. Their characteristic feature is that they become gradually
old, and at the same time they become shallower and overgrown. This
process terminates with a total covering of soil, i.e. the disappearance of
the lake. The current lakes are thus quite young geological formations.

Ponds are artificial, rather shallow and sometimes emptied (astatic) wa-
ter reservoirs. Generally, they are more rich in nutrients and are more
biologically alive than the lakes, and they are liable to faster changes. Of-
ten intensive care is paid to them and thus their natural development is
artificially changed.

Valley dams are also of artificial origin. They are built across water
streams for water accumulation, however, they are through-flowing with
a possibility of controlled flow-off. They are used for the control of the
through-flow regime, for energy supply, for the improvement of water pro-
perties, as a source of water for man, industry and agriculture, and for
aquatic environment creation. The valley dams combine the properties of
stagnant and running waters. The flowing water stream and the dam water
have a considerable mutual interaction.

N
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Fig. 4.4. The three major light-dependent zones in stagnant water (lakes and ponds)

In stagnant waters some common characteristics determine the life con-
ditions in a dam. They concern primarily light and thermal conditions, con-
tent of oxygen, and the distribution of suspended and soluble substances.
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Important characteristics also include changes of these conditions related
to regular or irregular water motion.

Light conditions. For the light conditions, three main zones can occur
in stagnant waters (Fig. 4.4):

Littoral zone: a zone of shallow water where practically all the light pe-
netrates to the bottom. In natural reservoirs this zone is usually overgrown
with root-bearing plants, in controlled ponds it need not be overgrown.

Limnetic zone: a zone of free, well transilluminated water. The lower
boundary is limited by the compensation depth at which photosynthesis
equals respiration, which corresponds approximately to the depth to which
1% of the total sunlight penetrates.

Profundal zone: the bottom and the region of deep water below the level
of the compensation depth. This practically non-transilluminated zone is
missing in shallow ponds and other shallow reservoirs.

All the transilluminated waters of the limnetic and littoral zones are
sometimes called euphotic zones. Each main zone can be, if necessary, sub-
divided into several sub-zones. Various more detailed categorizations are
used in special ecological studies, however, a certain disagreement prevails.

Water temperature

The main source of water heating is sunshine, the intensity of which sharply
decreases with increasing depth of water. For heating, the infrared com-
ponent of total spectrum is important, however, this is absorbed by water
very quickly, and thus only a thin surface layer is warmed thoroughly. At a
depth of more than 1 m, warming of water by sunshine is practically of no
account. Thus, one might expect that stagnant water will be warmest in the
shallow upper layer and that with increasing depth the water temperature
would decrease quickly and steadily till it reaches the minimum value. In
fact, the course of temperature changes with depth is completely different
(Fig. 4.5). In the upper part water has approximately the same tempera-
ture to a depth of several metres from the surface, then the temperature
rapidly decreases and density of water increases. This layer, characterized
by a sharp change and rapid temperature decrease is called “jump layer”
(thermocline, metalimnium). After several metres this layer terminates and
water temperature decreases only slowly [29].

The even temperature of water above the jump layer is due to mixing of
water in this zone. The motion is brought about by wind, or by the night
cooling of water. Density of water increases proportionally with decreasing
temperature in the jump layer towards the bottom, therefore the warmer
upper layer does not become mixed with the more viscous and cooler water
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Fig. 4.5. An example of a temperature vs. depth curve in a deep lake during the summer
stagnancy
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Fig. 4.6. Thermal stratification in a deep lake

below. The zone above the separating jump layer is called the epilimnium,
the zone below, down to the bottom, is the hypolimnium. All three zones
occur primarily in deep reservoirs (Fig. 4.6). It was found that in deep lakes
two or three jump layers can be formed simultaneously (primary through
tertiary). On the other hand, the thermocline can be completely missing in
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shallow waters. This can be observed, for example, in shallow ponds. Thus,
depending on circumstances, the following variations of thermal stratifica-
tion can occur in stagnant waters:

— the thermocline is at the surface and the epilimnium is missing;

— thermal stratification is not marked or is completely missing (for example

a shallow reservoir);

— thermocline is at the bottom, stratification is formed only in cambers
above which a common epilimnium is present.

During the course of the year the depth of the jump layer as well, as
total character of thermal stratification change due to climatic alterations.
The following seasonal cycle is typical for stagnant waters in the Temperate
Zone: At the end of spring when the temperature of the top layer of water
is about 10°C a slight jump layer is formed near the surface. The thermo-
cline can be considered to be formed when the drop of temperature per m
of depth exceeds 1°C. In summer, the thermocline shifts to deeper layers
and at the same time it becomes more marked. In some cases distinct ther-
mal gradients have been measured in which the temperature difference per
30 cm was greater than 8°C. The epilimnium is increasing whereas the hy- .
polimnium is isolated by the jump layer from the conditions at the surface,
and the water remains motionless. This is the period of summer stagnation.
In autumn, cooling of water surface by air and also by evaporation begins.
Cooled water of epilimnium drops to deeper layers, the jump layer is moved
to the bottom and at the same time it becomes less distinct. When the
temperature in the epilimnium drops approximately to 10°C, the thermo-
cline disappears. The temperature of the epilimnium and hypolimnium is
balanced and due to autumn winds all water layers are mixed, down to
the bottom. This is the start of autumn circulation which lasts until the
water temperature drops to 4°C. During further decrease in temperature
the water becomes cooler because of the lower density in the upper layers.
Circulation in the reservoir ceases and gradually new temperature strati-
fication with a reverse (inverse) gradient is formed. Water at the bottom
has a temperature of 4°C and the temperature decreases towards the sur-
face even to negative values. This is the period of winter stagnation whose
length depends on the degree of the water surface freezing. In spring, first
the ice melts and then the water temperature at the surface begins to in-
crease. Warmer water drops to the bottom until the temperature in the
whole reservoir is 4°C. It can be again mixed in the whole volume and the
period of spring circulation starts, which is terminated by formation of the
jump layer and thermal stratification 30, 31].
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In shallow reservoirs a copy of the seasonal cycle can take place during
one day. However, the jump layer cannot be permanent. It is formed only
in the afternoon when the top water layer is suitably warm. The thermo-
cline is at first near the surface, during afternoon and evening it moves
to the bottom. In the night, water becomes cold and in the morning, af-
ter balancing of the temperatures, circulation starts in the whole reservoir.
The jump layer in this case is not marked, but is sufficiently stable since
the differences in the density of water are greater in the region of higher
temperatures.

Content of ozygen

In stagnant waters the content of oxygen depends on the depth [16]. This
is due to temperature stratification in water, when the water rich in oxy-
gen at the surface cannot be mixed with deeper layers. The most marked
differences appear during the summer stagnation when the hypolimnium
is oxygen-deficient. There are two opposing biological processes contribu-
ting to this state: photosynthetic assimilation, and degradation of organic
matter. Whereas in the top zone water can be oxygen-oversaturated due
to the assimilation activity of photosynthesizing organisms, oxygen in the
hypolimnium is consumed for degradation processes [32, 33]. At the same
time, CO, is released, with which the hypolimnium is strongly saturated,
whereas in the epilimnium it is consumed and its temporary deficiency can
appear. These differences are not so marked in winter since the biological
processes then slow down. The situation is changed after surface freezing.
Photosynthesis under snow and ice is either limited or non-existent, but res-
piration and degradation continue even though very slowly. In reservoirs
with intensive life, rich in nutrients (eutrophized) the oxygen-free layer be-
comes too extensive and at the end of winter a serious loss-rate of fauna and
flora might appear. If the ice is transparent, water can be oversaturated
with oxygen due to the photosynthesis of algae even after the surface layer
is frozen.

The differences in oxygen stratification disappear in the period of spring
and autumn circulation. Providing that there is thorough mixing, oxygen
is evenly distributed in the whole volume of water. In the time of spring
circulation the concentration of dissolved oxygen is higher since the water
temperature is lower than in autumn [29, 31, 34)].

Direct diffusion of oxygen from the atmosphere would not be sufficient
in shallow reservoirs, particularly in the surface layer. The oxygen concen-
tration increases due to the motion of the surface, and particularly due to
photosynthetic activity. Therefore, one might expect that the oxygen con-
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centration under the surface would evidently decrease in agreement with
the light absorption and thus, with decreasing intensity of assimilation. In
fact, due to the circulation of water there is approximately the same con-
centration of oxygen in the whole epilimnium provided the jump layer is
not below the compensation point. If water is exceptionally clean, phy-
toplankton can also photosynthesize in the jump layer, rarely also in the
upper zone of hypolimnium. In such a case, since it concerns cooler lay-
ers, the oxygen concentration in these layers is higher than that in the
warmer epilimnium [16]. The euphotic zone, which depends on the light
penetration, need not necessarily be limited to the epilimnium determined
by temperature stratification of the water.

Distribution of dissolved and suspended substances

Stratification of oxygen has already been mentioned. However, temperature
stratification also influences the distribution of other substances. During
stagnation, gases are accumulated at the bottom, formed during the degra-
dation of organic matter. Such gases are mainly CO,, CH,, H,S and NH,.
In deeper waters stratification of electrolytes can also appear with the high-
est concentration at the bottom, from where they diffuse slowly [35].

Suspended substances include organic and inorganic detritus (i.e. pro-
ducts of degradation), as well as living and dead microorganisms. They
either slowly drop to the bottom or float in a certain layer of corresponding
viscosity and density. A dense suspension is formed at the bottom [36].
All these stratifications are maintained only during stagnation. During the
spring and autumn circulations the stratification disappears and all dis-
solved and suspended substances are evenly dispersed in the whole volume
of the reservoir.

The stratification described and its changes are typical of deep and little
overgrown reservoirs of stagnant water. This refers particularly to lakes.
The situation is reversed in the shallow and densely overgrown ponds which
are usually transilluminated to the bottom, thus providing suitable condi-
tions for the intensive development of higher forms of vegetation. The water
temperature in a shallow pond usually changes in step with the tempera-
ture of the air. Motion of water in densely overgrown ponds is limited by
wind. In young ponds with a mud-free bottom the content of oxygen is
sufficient all the year round; the situation gradually deteriorates with the
ageing of the pond. The quantity of available nutrients increases and so
does the density of living organisms and the quantity of degraded organic
matter, particularly on the bottom. The turbidity formed also increases
water warming by sunshine. The end result is that in old ponds the re-
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serves of oxygen are often completely exhausted in the night or in winter
under ice [37].

As already mentioned, in shallow ponds a certain temperature stratifi-
cation can also occur which is usually less marked and short.

Of course, intermediate types exist between both extremes, such as deep
lakes with clean water and constant surface height and shallow turbid ponds
sometimes completely emptied. In the total scheme of stagnant waters,
river lakes occupy a special position, and particularly valley dams. In many
of their properties they resemble typical lakes, but the fact that water flows
through them gives them some of the characteristics of running waters. The
degree to which these conditions differ depends on the ratio between the
volume of water in the reservoir and the quantity of water flowing through.
If the daily flow-rate is high, the water becomes relatively less stagnant in
character. Another important factor is the bottom run-off of water from
the dam and frequent changes in the flow-rate according to the regulation
schedule. River lakes have both surface inlet and outlet. In a through-
flow reservoir a certain gradient of changes from the tributary mouth to
the outflow is seen. As opposed to the lakes, water in the lowest layers is
not motionless but it moves at the bottom in the direction of the original
river bed to the outflow. The jump layer is usually formed, but due to the
mentioned disturbing effects the total temperature stratification is more
irregular and less distinct [38, 39] particularly in shallow reservoirs and
those with intensive through-flow. These particularities are also reflected
in the chemical stratification. In deep valley dams, marked temperature and
chemical stratification usually occur, and also a regular seasonal circulation
takes place there which is analogous to that in the lakes. Generally one
can state that the properties of running waters are more or less applicable
to those of the valley dams [20, 40).

A special environment is that of smaller stagnant waters with very par-
ticular characteristics, such as peat bogs, moorlands or saline meadows.
Moorlands and peat bogs are often formed in the last stages of ageing of
lakes and ponds and their covering with soil. In alkaline moorlands (bogs)
peat is formed from decaying plant residues without access of air. Con-
versely, a strong acid reaction is typical for high peat bogs. There are
various intermediate stages between both types since many bogs with per-
manent piling of pure organic matter on poor impermeable layers gradually
change into high bogs. Saline meadows are small areas with a high content
of salt. They are formed in the vicinity of sea shores and inland on places
with significant deposits of rock salt in the subsoil (20, 24, 28].
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4.1.3.2 Flowing (lotic) waters

Flowing waters differ from the lentic waters in that that in the former, the
water flows in the whole volume in one direction. As already emphasized,
there are gradual intermediate stages between the stagnant and flowing
waters. Lotic waters are those in which unidirectional flow becomes the
characteristic and limiting factor. It is usually so strong that, among the
aquatic organisms, only fish are able to move upstream. In spite of this,
the flow may become so low especially in the lower sections of rivers that
it has a character of stagnant water. However, this is only a temporary
state which does not change substantially the general properties of the
lotic environment predominating along the whole course of the river [41].

Other marked features of flowing waters are their long bank line and
restricted depth of water. Due to this the lotic environment is strongly
influenced by the neighbouring land and the atmosphere with which it is in
a closer contact. Therefore, it represents a more open ecosystem than do
the stagnant waters. This ecosystem is more responsive to the effects of the
environment. Flowing waters are noted for distinct zone formation, arising
from the gradient of conditions from the spring to the mouth. Sections with
fast disturbed and even cascade-like flow (torrential) alternate with sections
of slow peaceful flow (fluviatile). Torrential zones occur particularly in the
upper parts of the river.

Flowing waters have a great ability to take eroded material from the bot-
tom and the banks, which is then transported and gradually accumulated
in the lower flow. Therefore, the bottom of the upper flow is mostly stony,
and that of the lower parts flowing through plain landscape is covered with
mud from sediments. Also in flowing rivers, ageing takes place, which is
evident from the gradual shortening of erosion sections and elongation of
the sections with predominating sedimentation. However, this process is
never terminated by complete covering with soil as in the case of stagnant
waters.

In lotic water usually no temperature and chemical stratification exists
in the direction from the surface to the bottom [22]. Due to the permanent
flow, small depth, large contact area with atmosphere and considerable
turbulence both the oxygen and temperature regimes are quite simple.

Oxygen content is constant over the whole cross-profile and is usually
sufficient for organisms. Temperature is also equal at all depths, however,
a greater tendency to remain in balance with the air temperature can be
observed. Symptoms of certain stagnation appears only in extremely slow
sections with deep river beds, and even here they last only for a short time.
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Turbidity caused by eroded particles and microorganisms is negligible
in the upper sections, it gradually becomes more distinct and the highest
values are obtained in the slow plain sections of the river flow. Thus, the
light conditions under the surface are limited in these sections. Differences
in the saturation with oxygen and in water temperature occur mainly in
the direction of flow. Lower sections with a slow flow of deep water are
sometimes warmer, and poorer in oxygen.

Generally, one can state that in running waters natural zoning is ma-
nifested by a more or less gradual change in the physical, chemical and
biological properties in the direction of flow. The greater the distance from
the spring to the mouth the more marked are the differences [41, 42].

4.1.3.3 Groundwater and springs

Part of the water falling on the earth’s surface in the form of atmospheric
precipitation penetrates into deeper layers of the earth’s upper crust. At a
certain depth it encounters the impermeable subsoil, above which a conti-
nuous level of groundwater is formed. Under the surface level, water fills all
capillary and non-capillary pores and larger free spaces, if any. In compact
rocks, cracks or cavities can form due to tectonic processes or weathering,
in which crack water accumulates. Some cavities are very large. In soluble
rocks, such as limestones and dolomites, the underground spaces are con-
tinually being enlarged due to the chemical activity of crack water, giving
rise to the well-known karst formations. Groundwater can appear on the
earth’s surface in the form of various natural springs. Groundwaters rep-
resent a special type of the environment with some characteristic features
(22, 35, 43]. They are characterized especially by light deficiency, quite con-
stant temperature and typical, quite constant chemical composition. Total
light deficiency is common. If groundwater has some connection with the
surface, sunshine is significantly reduced and also time limited. Groundwa-
ter temperature is usually low, corresponding approximately to the annual
temperature of the locality in question. However, thermal groundwaters
with extremely high temperatures also exist. As regards chemical aspects,
groundwater is strongly influenced by the structure of rocks through which
it flows. It is often rich in carbonates and sulphate. Unpolluted ground-
water is characterized by a low content of organic substances. The oxygen
content is usually lower than the saturation value. This is due to its lower
quantities in the soil air, as well as oxidation processes taking part in water.
The water springing out to the surface has the same properties as the un-
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derground source. However, there are no light limits in the case of springs
and also the conditions for water oxygenation are improved.

4.1.4 Trophies and saprobes

In the previous sections the most important factors influencing the quality
of water from the viewpoint of the environment were discussed. However,
it is necessary to emphasize two facts:

(1) These factors act together, and the resultant effect is decisive for the
development of life.

(2) An aquatic environment is created and changed by the aquatic or-
ganisms themselves.

In general, the better are the overall conditions provided by water, the
more rich is the life it sustains. Conversely, the more intensive is the bio-
logical activity, the more influence it has on the quality of water.

The ability of water to provide necessary conditions of life can be called
trophy. This ability depends mainly on the content of mineral substances,
the temperature and the light conditions necessary for biological produc-
tion. Several categorizations have appeared, but the most frequently used
one in practice is [43-45]:

— oligotrophic, with low amounts of nutrients and low biological produc-
tion;
— eutrophic, with high amount of nutrients and high biological production

46, 47).

Since water temperature and light conditions are determined by climatic
conditions which are difficult to influence, a change in the trophy of waters
reflects a change in the content of available nutrients. There is continuing
and increasing discussion of the unfavourable impacts of water eutrophica-
tion, caused by a continuously increasing supply of nutrients, particularly
of phosphorus and nitrogen. High amounts of phosphorus come from the
residues of washing agents in sewage waters. Nitrogen comes from various
organic wastes and fertilizers. Due to eutrophication a gradual deterio-
ration of all types of surface waters takes place. Their high nutritional
ability results in increased production of organic matter and its subsequent
intensive decomposition, which brings about further adverse phenomena,
such as oxygen-deficiency and enrichment with ammonia, hydrogen mono-
sulphide and other products of anaerobic decomposition. Exceptionally
intensive growth of algae and cyanobacteria results in the production of
water bloom. The water assumes the colour of vegetation, its utility and
aesthetic properties are considerable worsened. Strongly eutrophized wa-
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ters cannot be used in industry and/or agriculture, nor can they be used
for recreational purposes.

The converse of organic matter production is its degradation. The term
“saprobe” relates to the intensity of the degradation processes in water and
changes of ecological indicators evoking these processes. Water saprobe is
a biological state caused by pollution from biologically degradable organic
matter. It changes the water quality as well as the composition of aquatic
habitats. Saprobiology deals with the relationships between organic pollu-
tion and corresponding biological response. Its aims are to determine the
differences in the biological habitats of waters differing in the content of
degradable organic matter, and to apply the knowledge obtained to the
evaluation of the quatility of water on the basis of biological analysis. Uti-
lization of saprobe as a criterion of purity offers several advantages in com-
parison to the chemical and biological criteria, but since it concerns complex
ecological relationships it is quite difficult in application. The most impor-
tant advantages of saprobiological indication are concerned with the fact
that a biological analysis provides data on the average state of the aquatic
environment over a longer period of time. It records the effect of short-
term intensive pollution which is already over but whose ecological conse-
quences persist for a certain time. The chemical approach would require
numerous chemical analyses in short time intervals. However, saprobe can
only prove pollution by putrefactive organic matters, it is not convenient
for the determination of the presence of difficult-to-degrade or distinctly
toxic substances. Problems still remain over the method -of the biological
analysis, selection of the organisms to be studied, evaluation of qualita-
tive and quantitative data and proper interpretation of results. Therefore,
the saprobiological categorization of waters in an intensively studied and
also intensively discussed topic, and it is being continuously developed with
increasing precision [46-51]. Several systems for saprobic assessment of wa-
ters have been elaborated in Czechoslovakia and other countries. Some of
them are rather complex and laborious, others are simple but usually less
objective. Often the following 5-stage categorization of the saprobic state
of water is used:

(1) zenosaprobes — the purest waters,

(2) oligosaprobes — very pure waters,

(3) beta-mesosaprobes — the maximum natural pollution,

(4) alpha-mesosaprobes — medium pollution with wastewaters,

(5) polysaprobes — serious pollution with putrefactive wastewaters.

For all these stages of organic pollution different types and proportions
of residential organisms are characteristic.
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4.1.5 Ecological categorization of aquatic organisms

Taxonomic classification alone is not sufficiently realistic for describing the
communities living in a certain environment. A better picture of the cha-
racter of their habitat is provided by categorization based on some of the
ecological aspects. The following criteria are commonly used:

(1) Position in the food chain (trophy)

(a) Producers — autotrophic organisms: green plants, photosynthesizing
microorganisms. These are able to utilize light or chemical energy and inor-
ganic nutrients to produce organic substances. They are direct nourishers
of all other organisms.

(b) Macroconsumers — phagotrophic organisms: primary, secondary,
etc. heterotrophs feeding on other organisms, especially animals such as
herbivora, predatory animals, parasites and the like.

(c) Microconsumers — saprotrophic organisms: decomposers, particu-
larly bacteria and fungi. They degrade the dead matter, consume part of
the degraded substances and change the residue into mineral forms avail-
able to producers (both of the last groups are heterotrophic).

(2) Life style

(a) Benthos: organisms fixed to the bottom or resting on the bottom, or
living in the sediments on the bottom.

(b) Periphyton: plant or animal organisms living on the stems and leaves
of plants having roots in water or in the sediment.

(c) Plankton: tiny organisms floating in water whose motion is more
or less passive and depends on the flow. Some members of zooplankton
make active movements to maintain their position, but plankton as a whole
cannot move against the stream. That part of the plankton which can be
trapped by a fine plankton netting is called netting plankton; the part
consisting of the smallest organisms passing through the meshes of the
netting is called nanoplankton.

(d) Nekton: larger organisms actively swimming at will, such as fish,
amphibians, larger insects, etc. '

(e) Neuston: Organisms floating or swimming in surface water, or in-
habiting the surface film.

(3) Region or sub-biotope of the aquatic environment: generally two zones
are recognized in running waters:

(a) Rapids (torrential waters): sections with shallow but rapid water.
The bottom is stony, free from fine sediments. In this zone only specific
benthic and periphytic organisms can live which are able to fix firmly to
the basis, and those which are good swimmers such as fish.
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(b) Calm waters (fluviatile): deeper and slower water with sediments
on the bottom. A soft bottom is not good for surface benthic organisms,
however, it is convenient for organisms which bury themselves into the
bottom sediments. In stagnant water, as already mentioned in more detail,
four zones of water are distinguished:

(a) littoral zone: inhabited by plants rooted to the bottom;

(b) limnetic zone: inhabited by plankton, nekton and sometimes neuston;

(c) euphotic zone: inhabited by organisms of both above-presented zones;

(d) profundal zone: inhabited by benthic and some plankton organisms

with heterotrophic nourishment [37, 46, 52, 53].
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4.2 Microbiology of water

Water is a typical habitat of microorganisms. Microorganisms that can be
found in various kinds of waters belong to two basic categories: (a) typical
aquatic microorganisms, and (b) microorganisms that get into water secon-
darily. A representative of the former category is, for example, Thiovulum
sp., a chemotactic organism living at the boundary sulphides/oxygen and
participating in the sulphur cycle. A well known representative of the lat-
ter category is Escherichia coli, an intestinal organism that gets into water
via faecal pollution. Many terrestrial and airborne microorganisms get into
water via rain, snow, air currents, etc. '
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The microbiological quality of water and wastewater is one of continuing
and increasing concern, and is of great importance. Microorganisms serve
as indicators of quality of water; water-borne pathogens represent a serious
health hazard; finally, aquatic microorganisms play an important part in the
biogeochemical cycles of matter and energy. The importance and principles
of water treatment are discussed in Section 4.5 of this book.

4.2.1 Survey of aquatic microorganisms

Representatives of all the major categories of microorganisms can be found
in various types of water. They include viruses, prokaryotic bacteria and
cyanobacteria, and eukaryotic algae, fungi and protozoa.

4.2.1.1 Viruses

In the aquatic environment, viruses pathogenic to man, animals, plants
and microorganisms (especially bacteriophages) can be found. The greatest
attention is given to viruses pathogenic to man. Wastewater can be most
frequently contaminated by viruses which may penetrate also surface water
and even drinking water. Water can be most often contaminated by viruses
excreted in faeces (enteroviruses, adenoviruses, rheoviruses and probable
hepatitis viruses).

In most cases, water is contaminated by enteroviruses pathogenic to
man and belonging to the picornaviruses (Greek pico = very small, rna =
RNA-containing). They include poliovirus, Cozackie virus group A and
B as well as echoviruses. Their viability in contaminated water is pro-
longed by decreasing temperature and increasing organic and bacterial pol-
lution [1]. A common treatment of wastewater reduces the concentration of
enteroviruses, which are found in wastewater mostly in summer and autumn
periods. A contamination of surface water by enteroviruses is presumed if
there is an inflow of untreated or treated wastewater [2]. Epidemics caused
by enteroviruses present in bathing pools have also been reported.

Adenoviruses are found less frequently in water as compared with en-
teroviruses. Sporadic findings have been reported in wastewater by Askew
et al. (3], in rivers by Grinstein et al. [4] and in bathing pools by Bell et
al. [5].

Rheoviruses have been found in wastewater [6] and also in river water.

Data are available which show that viral hepatitis can be acquired from
contaminated water. Fifty references dealing with epidemics of hepatitis
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were reviewed [7]. Enterovirus 72 (hepatitis A virus) is frequently impli-
cated as the aetiological agent of outbreaks of water-borne disease, and the
non-A-, non-B-hepatitis virus may also follow a similar pattern of spread.
It is also thought that the largest single water-borne outbreak of viral hep-
atitis (Delhi, India, approximately 30,000 cases in 1955-1956) was caused
by this agent [8].

Wastewater is known as an abundant source of bacteriophages, with
plaque counts on Escherichia coli host strains normally ranging between 10°
and 10* plaque forming units (pfu) per ml. The consistent presence of F-
specific RNA bacteriophages in a variety of wastewaters was demonstrated
by Havelaar (8].

4.2.1.2 Bacteria

A variety of physiological groups of bacteria are of importance for water
quality. They participate in various natural processes in water. In addition,
other bacteria are introduced from the environment, indicating general and
faecal pollution. They include conditionally pathogenic and pathogenic
bacteria. _

Bacterial indicators of general pollution include saprophytic mesophilic,
psychrophilic and anaerobic bacteria. Indicators of faecal pollution include
coliform bacteria, enterococci and clostridia.

Coliform bacteria, belonging to the family of Enterobacteriaceae, are
represented mainly by the genera Escherichia (E. coli), Citrobacter (C. fre-
undii and C. intermedius) and Enterobacter (E. cloaceae and E. aerogenes).

Among enterococci, Streptococcus faecalis and S. faecium are of greatest
importance.

Anaerobic sporulating clostridia ( Clostridium perfringens) are much less
frequent as compared with the coliforms.

Faecal pollution may be responsible for spreading of intestinal pathogens.
Taxonomically, the most important group of bacteria indicating water pol-
lution are facultative anaerobic Gram-negative fermenting rods of the fa-
mily Enterobacteriaceae with the following 12 genera: Escherichia, Edward-
siella, Citrobacter, Salmonella, Shigella, Klebsiella, Enterobacter, Hafnia,
Serratia, Proteus, Yersinia and Erwinia. Another important family, Vibri-
onaceae, comprises five genera as follows: Vibrio, Aeromonas, Plesiomonas,
Photobacterium and Lucibacterium. The group of non-fermenting Gram-
negative rods includes the genera: Acinetobacter, Pseudomonas, Xantho-
monas, Chromobacterium, Alcaligenes, Flavobacterium and their species.
The remaining pathogenic and conditionally pathogenic bacteria comprise

357



staphylococci and micrococci (the genera Staphylococcus and Micrococcus),
mycobacteria (the genus Mycobacterium), and spirochaetes and leptospires
of the order Spirochaetales (especially the genus Leptospira).

In testing water quality in bathing pools, micrococci and staphylococci
are of special importance.

In addition to pathogenic and occasionally pathogenic bacteria, vari-
ous other types of aquatic bacteria are known. They have characteristic
morphological features and some of them are of importance in the biogeo-
chemical cycles of elements and energy (Fig. 4.7).

1% Cromund

Fig. 4.7. Morphological forms of bacteria drawn to approximately the same scale. Sphe-
rical bacteria: 1 — Staphylococcus, 2 — diplococci (e.g. Neisseria), 3 — diplococci (e.g.
Diplococcus pneumoniae), 4 — Streptococcus, 5 — micrococci (e.g. Micrococcus tetra-
genus), 6 — Sarcina. Rod-shaped organisms: 7 — small rods (e.g. Serratia marcescens),
8 — larger, round-ended rods (e.g. Escherichia coli), 9 — flat-ended rods, both single
and in chains (e.g. Bacillus anthracis), 10 — clubbed bacilli arranged singly, in pal-
isades and at various angles to one another (e.g. Corynebacterium diphteriae), 11 —
fusiform bacilli (e.g. Fusobacterium fusiforme), 12 — flagellate rod (e.g. Salmonella ty-
phi). Spirillar organisms: 13 — vibrios with single polar flagellum (e.g. Vibrio cholerae),
14 — spirilla with tufts of polar flagella (e.g Spirillum), 15 — Cistispire, 16 — Borrelia,
17 — Treponema, 18 — Leptospira. (Modified from L. E. Havker and A. H. Linton (eds),
Microorganisms: Function, Form and Environment. Edward Arnold, London 1971,
p. 309.) :
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Filamentous Actinomycetales belong to the important aquatic microflo-
ra. In addition to the above-mentioned genus Mycobacterium, most aquatic
actinomycetes belong to the families Streptomycetaceae and Micromono-
sporaceae. Most of the aquatic actinomycetes are saprophytic. They can be
isolated from rivers, lakes, ponds and also from sources of drinking water.
Some of them are responsible for unpleasant odours and taste. Others are
known as producers of antibiotics.

In recent years there has been a growing awareness of the potential value
of marine and river sediments as sources of actinomycetes that produce use-
ful metabolic products. Approximately 16% of the strains obtained from
marine sediments displayed antimicrobial activity, consisting primarily of
the inhibition of Gram-positive bacteria [9]. Actinomycetes were also iso-
lated from sediments obtained from the Hudson River. Of 165 isolates
obtained, 22 exhibited significant antifungal activity. All but three of the
active substances contained polyene antibiotics and most of the bioactive
actinomycetes were identified as streptomycetes [10]. These observations of
the production of antibiotics resulted from laboratory cultivation; it is not
known whether the bioactive actinomycetes are also capable of producing
antibiotics in the aquatic environments.

The members of the Sphaerotilus group are motile rods, which bear a
polar tuft of 10 to 20 flagella. Their distinguishing structural feature is
the formation of a tubular sheath, which encloses the rods in loose chains.
Reproduction occurs by the liberation of motile cells from the open ends
of the sheath. The typical habitat is fresh water. S. natans develops
abundantly in streams that are polluted with organic wastes. It grows as
long, slimy tassels attached to submerged plants and stones. It is also a
conspicuous component of the microflora in aerobic sewage treatment plants
using the activated sludge process. This organism can be regarded as one of
the best biological indicators of the pollution of water by organic wastes. S.
discophorus belongs to the group of iron bacteria, usually having thick and
golden brown sheaths, as a result of incrustation with iron and manganese
oxides. These forms are sometimes in a separate genus, Leptothriz.

Beggiatoaceae are able to live both in an aquatic and a terrestrial habi-
tat. They belong to filamentous non-photosynthetic gliding organisms. The
non-photosynthetic filamentous gliders are strict aerobes, dependent on re-
duced inorganic or organic compounds as energy sources. Beggiatoa and
Thiothriz are chemoautotrophs, which can use H,S as an energy source,
but most members of the group are chemoheterotrophs. Certain strains of
Beggiatoa are facultative chemoautotrophs. The chemoautotrophic mem-
bers of the group are aquatic organisms. They occur in streams, ponds and
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sea water containing dissolved H,S of either geochemical or microbial origin
and they grow at or near the air-water interface. Growths of Beggiatoa and
Thiothriz have a characteristic appearance under microscope, since their
filaments are packed with highly refractile inclusions of elementary sulphur.
In the absence of H,S they gradually loose their stored sulphur as a result
of its oxidation to sulphuric acid.

The members of the gliding cytophaga group (genus Sporocytophaga) are
widely distributed in fresh water, the sea and soil. Many marine cytophagas
can grow at the expense of agar, a polysaccharide constituent of the red
algae. Some cytophagas are facultative anaerobes. The aquatic cytophagas
include pathogens of fish. Cytophaga columnaris is associated with massive
epidemics in salmonid fishes.

The aerobic chemoheterotrophs of the genera Leucothriz and Vitreoscilla
are similar in structure to Thiothriz and Beggiatoa, respectively. Leucothriz
is a marine organism that grows abundantly in decomposing algal material;
Vitreoscilla occurs in fresh water and soil.

The prosthecate bacteria are typical aquatic organisms. The genera
Caulobacter and Hyphomicrobium are aerobic chemoheterotrophs, whereas
Rhodomicrobium is a photosynthetic purple bacterium. Other peculiar
aquatic bacteria have been described (see, e.g., ref. [11]).

4.2.1.3 Cyanobacteria

Cyanobacteria, formerly known as blue-green algae, are prokaryotic mi-
croorganisms that are widely distributed in water, icebergs, hot springs,
etc. They have been defined by Stanier {12] as “microorganisms that har-
bor, within a typically prokaryotic cell, a photosynthetic apparatus similar
in structure and function to that located in the chloroplast of phototrophic
eukaryotes. Their traditional classification as algae was, accordingly, based
on the resemblances between the cyanophytan cell and one constituent of
the algal cells, its chloroplast. These organisms are in reality bacteria ... .
The cyanobacteria differ from the two other groups of phototrophic prokary-
otes, which have always classified among the bacteria — namely, purple and
green bacteria — in many respects: the mechanisms of photosynthesis; the
fine structure and chemical composition of the photosynthetic apparatus;
nutritional requirements and growth physiology.”

The only form of cellular movement in cyanobacteria is gliding locomo-
tion, it is widespread but not universal.

Cyanobacteria belong to the group of Gram-negative bacteria, as de-
fined now by the fine structure and molecular composition of the cell wall.

360



The simplest cyanobacteria are unicellular rods or cocci, which reproduce
by binary fission or budding (a few species). . Many cyanobacteria have
a filamentous structure. The filament of cells, called trichome, elongates
by intercalary division and reproduces by breakage. The trichome can be
composed only of vegetative cells. Some vegetative cells are converted into
non-reproductive cells known as heterocysts with a special physiological
function.

The photoautotrophic mode of life brings cyanobacteria into direct com-
petition in natural environments with eukaryotic algae. No major group of
algae has an ecological range as extensive and varied as that of cyanobac-
teria. The factors which lead to the predominance of cyanobacteria in
some environments are now understood, the most important of them be-
ing temperature relationships, nitrogen fixation and facultative anoxygenic
photosynthesis in particular ecosystems.

The upper temperature limit for the growth of phototrophic eukaryotes
is 55-60°C. Certain cyanobacteria are thermophiles, with temperature ma-
xima as high as 75°C. As a result, they constitute the dominant or almost
the exclusive photosynthetic population of hot springs. Thermotolerance
seems to be the major factor which makes cyanobacteria the most impor-
tant agents of photosynthesis in deserts. They develop as a subsurface layer
in desert rocks, in microfissures where water is trapped by condensation at
night.

Many cyanobacteria can fix atmospheric nitrogen and dominate the mi-
crobial phototrophic population in environments where the supply of com-
bined nitrogen is limiting. Until recently, heterocystous cyanobacteria were
the only cyanobacteria known to fix nitrogen. Non-heterocystous cyanobac-
teria (e.g., Gloeothece, Plectonema, etc.) able to synthesize nitrogenase
have since been recognized.

A mode of cyanobacterial photosynthesis which does not lead to oxygen
production — anoxygenic photosynthesis — has been discovered as the
outcome of an ecological analysis of a shallow hypersaline lagoon, the Solar
Lake on the Gulf of Eilat [12]. In the winter, stratification produces an
anaerobic layer with a steep H,S gradient, inhabited by three populations
of photosynthetic prokaryotes. In the upper parts of the anaerobic layer,
purple and green sulphur bacteria form the largely distinct horizontal lay-
ers. Oscillatorian cyanobacteria are present at all levels, but form a dense
mat at the bottom, where the H,S concentration is maximal. It was ac-
cordingly hypothesized that the cyanobacteria in this particular ecosystem
might be engaged in anoxygenic photosynthesis. The hypothesis was con-
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firmed by isolating the predominant species, Oscillatoria limnetica, capable
of performing both oxygenic and anoxygenic photosynthesis.

Cyanobacteria are very widely distributed microorganisms. They can be
found in hot sulphur springs at temperatures as high as 70°C and in all soils
and most aquatic environments, particularly in the tropics. Some plank-
tonic cyanobacteria are buoyant and under calm conditions they float to the
surface of lakes and ponds forming the so-called water blooms. This buoy-
ance is associated with the presence in the cells of gas vacuoles. However,
cyanobacteria are not very abundant in oceanic plankton. The symbiotic
species Richelia (Fig. 4.8) occurs in the diatom Rhizosolenia. Symbiotic
relationships of cyanobacteria are quite common in algae, ferns, liverworts,
gymnosperms and angiosperms.

Fig. 4.8. Characteristic cyanobacteria: 1 — Chroococcus, 2 — Aphanothece,

3 — Chamaesiphon, 4 — Oscillatoria, 5 — Spirulina, 6 — Lyngbya, 7T — Anabaena,

8 — Cylindrospermum, 9 — Calothriz, 10 — Tolypothriz, 11 — Richelia inside a cell
of the diatom Rhizosolenia (modified from ref. [13])

The aggregation of cells and filaments often yields macroscopic colonies
which lie on lake sediments, float freely in the water, rest on soil or form
blackish clusters on rock faces. Colonies of Calothriz (Fig. 4.8) often form
a conspicuous zone on rocks in the upper inter-tidal zone, in some areas
associated with other cyanobacteria which actively bore into the rock.
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Many of the species living around thermal springs are involved in the pre-
cipitation of lime to form travertine. Filamentous species of Anabaena, Os-
cillatoria and Spirulina are frequently found both floating in water (plank-
tonic) or moving freely over the surface of underwater sediments (epipelic)
and high concentrations of filaments appear bluish-green or black.

Some species of cyanobacteria (e.g., Anabaena, Microcystis and Apha-
nizomenon) produce very potent toxins which have been responsible for
death of cattle from drinking water containing these genera [13].

Several cyanobacteria are indicators of quality of the water. Chamge-
siphon fuscus is characteristic to catarobic, Oscillatoria and Nostoc to
oligosaprobic, Aphanizomenon flos-aquae and Anabaena to mesosaprobic
water, and Spirulina occurs also in the polysaprobic zone of wastewaters.

4.2.1.4 Algae

The algae are eukaryotic organisms. They may be characterized as orga-
nisms that perform oxygen-generating photpsynthesis and possess chloro-
plasts. Some of them are unicellular microorganisms; some are filamentous,
colonial, or coenocytic; others have a plant-like structure that is formed
through extensive multicellular development (with little or no differentia-
tion of cells and tissues). Accordingly, by no means all of them fall into the
category of microorganisms. The brown algae may attain a total length of
50 m.

The primary classification of algae is based on cellular properties: the
nature of the photosynthetic pigments, the chemical composition of the
cell wall, nature of reserve materials and the nature and arrangement of
the flagella. In terms of these characters, the major groups of algae are
arranged in Table 4.1.

Algae are mostly aquatic organisms that inhabit either fresh water or the
oceans. Since 70 per cent of the global surface is water the importance of al-
gal photosynthesis cannot be over-estimated. It is probable that at least as
much carbon is fixed by aquatic algae as by the land plants. The aquatic
forms are principally free-living, but certain unicellular marine algae oc-
cur in symbiotic relationships with specific marine invertebrates and grow
within the cells of the host animals. Some terrestrial algae as epiphytes on
trees, on bare rock surfaces moistened by sea-spray and on soils.

The great bulk of marine algae are unicellular floating (planktonic) or-
ganisms, predominantly dinoflagellates and diatoms. They are distributed
through the surface waters of the oceans where they are maintained in
circulation by the turbulent motion of the water. The most conspicuous
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Table 4.1. Major groups of eucaryotic algae [11]

Pigment system Nature of Number and
Group name Chlorophylls Other special Composition reserve type of Range of structure
pigments of cell wall materials  flagella

Green algae: a+b — Cellulose Starch Generally two Unicellular,
division identical flagella coenocytic, filamentous;
Chlorophyta per cell plant-like multicellular

forms

Euglenids: a+b — No wall Paramylum One, two, or All unicellular
division and fats three flagella
Euglenophyta per cell

Dinoflagellates a+c Special Cellulose Starch and Two flagella, Mostly unicel-
and related forms: carotenoids oils dissimilar in lular, a few
division form and position filamentous
Pyrrophyta on cell forms

Chrysophytes atc Special Wall composed Leucosin Two flagella, Unicellular,
and diatoms: carotenoids  of two overlap- and oils arrangement coenocytic,
division ping halves, often variable filamentous
Chrysophyta containing silica

Brown algae: atc Special Cellulose Laminarin Two flagella, Plant-like
division carotenoids  and algin and fats of unequal multicellular
Phaeophyta length forms

Red algae: a Phycobilins  Cellulose Starch No flagella Unicellular;
division plant-like
Rhodophyta multicellular

forms




members of marine algae, the seaweeds, are attached to rocks in the inter-
tidal zone and the shallow coastal waters of the continental shelves. Some
species of algae coat the larger aquatic plants and also occur on many ani-
mals, particularly molluscs and hydroids. A marine algal community exists
in and on the undersurface of sea ice and is of considerable importance in
polar regions.

As diatoms are one of the major groups of algae in the oceans, large fossil
deposits of diatom walls have accumulated in many areas. These deposits
are known as diatomaceous earth.

Fig. 4.9. Characteristic genera of aquatic algae: 1 — Chlorella, 2 — Protococcus,

3 — Scendesmus, 4 — Naviculla, 5 — Euglena, 6 — Chlamydomonas, 7 — Tabellaria,

8 — Micractinium, 9 — Asterionella, 10 — Peridinium, 11 — Nitschia,

12 — Ulothriz, 13 — Dinobryon, 14 — Phacus, 15 — Synedra, 16 — Cladophora and
17 — Uroglenopsis
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The aquatic algae occupy the water column only down to the limit where
photosynthetically available light penetrates. Although the factors affecting
their growth are similar in fresh water and marine habitats, the algae in
the two environments are almost entirely distinct.

Characteristic genera of aquatic algae are shown in Fig. 4.9.

4.2.1.5 Fungi

Fungi are heterotrophic eukaryotic organisms. Some of the aquatic fungi
show resemblances to flagellate protozoa, but most fungi have a biological
organization which is well adapted to life in the soil, their most common
habitat.

Except for the unicellular yeasts, most fungi are coenocytic organisms
with mycelium as their vegetative structure. A mycelium normally arises
by the germination and outgrowth of a single reproductive cell, or spore.
The germinating fungal spore puts out a hypha which branches repeatedly
as it elongates to form a ramifying system of hyphae which constitutes the
mycelium. Reproduction of fungi is either sexual and/or asexual.

A simplified classification of fungi is as follows (Divisions end in
“ mycota”, sub-divisions in “-mycotina”; classes in “-mycetes”; sub-classes
in “-mycetidae”; orders in “-ales”; families in “-aceae”, but these are ex-
cluded. Some representative orders only are listed).

Fungi (Mycota)
I. MYXOMYCOTA (Myzobionta)
(1) Acrasiomycetes
Acrasiales
(2) Hydromyzomycetes
Hydromyzales
Labyrinthulales
(3) Myzomycetes (slime moulds)
(4) Plasmodiophoromycetes
Plasmodiophorales
II. EUMYCOTA (Mycobionta; Eumycetes)
(1) Mastigomycotina (formely Phycomycetes)
(a) Chytridiomycetes
Blastocladiales
Chytridiales (chytrids)
Monoblepharidales
(b) Hyphochytridiomycetes
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Hyphochytriales
(c) Oomycetes
Lagenidiales
Leptomitales
Perenosporales
Saprolegniales
(2) Zygomycotina (formerly Phycomycetes)
(a) Zygomycetes
Entomophtorales
Mucorales
(b) Trichomycetes
(3) Ascomycotina (Ascomycetes)
(a) Hemiascomycetes
Endomycetales
Taphrinales
(b) Euascomycetes
Protomycetidae ( Plectomycetes)
Furotiales
Unitumycetidae
(c) Laboulbeniomycetes
(4) Basidiomycotina
(a) Hemibasidiomycetes
(b) Hymenomycetes
(c) Gasteromycetes
(5) Deuteromycotina (fungi imperfecti)
(a) Coelomycetes
Melanconiales
Sphaeropsidales
(b) Hyphomycetes
Hyphales (syn. Moniliales)
(c) Agonomycetes (mycelia sterilia)
Agonomycetales (syn. Myceliales)

A more detailed classification of fungi was described by Ainsworth [14].
Whether the Myzomycota are closely related to Eumycota is doubtful.
Possibly they are more closely related to Protozoa [15]). The best known
aquatic representative of the Myzomycota is Labyrinthula ( Hydromycetes),
species of which are parasitic on marine algae and angiosperms. L. macro-
cystis is a destructive parasite of sea grass, Zostera marina. Some aquatic
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fungi inhabit fresh water, some the sea. Most aquatic fungi belong to the
Mastigomycotina, some are Ascomycotina or Deuteromycotina.

Aquatic Mastigomycotina ( Chytridiales, Blastocladiales, Saprolegniales)
are also known collectively as water moulds. They occur on the surface of
decaying plant (e.g. leaves) or animal material in ponds and streams; some
are parasitic and attack algae, protozoa or fish.

The developmental cycle of a typical simple chytrid is as follows. The
flagellated zoospore settles down on a solid surface. As development be-
gins, a branching system of rhizoids is formed, anchoring the fungus to
the surface. Growth results in the formation of a spherical zoosporangium,
which cleaves internally to produce many zoospores. The zoosporangium
ruptures to liberate a fresh crop of zoospores.

Among the Blastocladiales, the aquatic Allomyces shows a well-marked
alternation of haploid and diploid generations.

Monoblepharidales are represented by the aquatic genera Monoblepharis
and Gonapodya which are to be found on submerged twigs and fruits in
fresh water ponds and streams, especially in the spring.

Saprolegniales (the class Oomycetes) are the best-known group of aquatic
fungi, often termed the water-moulds. Members of the group are abundant
in fresh water, mainly as saprophytes on plant and animal debris, whilst
some are marine. A few species of Saprolegnia and Achlya are economi-
cally important as parasites of fish and their eggs. Algae, fungi, rotifers and
copepods may also be parasitized by members of the group and occasional
epidemics of disease among zooplankton have been reported.

Most water-moulds of the family Saprolegniceae are less common in
strongly eutrophic waters than in rather less productive ones, but the re-
lated Leptomitus lacteus (“sewage fungus”) increases with the organic con-
tent of the water. It is common in water polluted with sewage or organic
industrial effluents. There it may become a serious nuisance by mechanical
blocking of channels and by exhaustion of the available oxygen supply.

Examples of fungi that may be found in aquatic environments are shown
in Fig. 4.10.

Stems of some fresh water aquatic plants ( Phragmites, Scirpus) are para-
sitized by aquatic Ascomycetes, including many Discomycetes. A few brown
seaweeds are parasitized by species of Mycosphaerella, some other Pyreno-
mycetes and some Deuteromycetes. Pyrenomycetes (e.g. Ceriosporopsis)
attack and erode wood submerged in the sea. Decaying leaves of decidu-
ous trees in well-aerated streams and lakes support a characteristic flora
of aquatic Hyphomycetes, which readily become entangled in submerged
leaves which they colonize after germination.
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Fig. 4.10. Characteristic aquatic fungi: 1 — Sphaerotilus dichotomus, 2a — Penicil-

ltum fluitans, 2b — P. glaucum, 3 — Leptomitus lacteus, 4 — conidia of Fusarium,

5 — Aspergillus glaucus, a — conidiophore, b — ascocarps, ¢ — ascospores, 6 — Mucor
mucedo, a — mycelium, b — sporangium with sporangiospores

Where oxygen is scarce in water, as in deposits of organic matter at the
bottom of stagnant ponds, the fungus flora is different from that of similar
substrates in well-aerated waters. Certain Hyphomycetes (Helicodendron,
Clathrosphaerina) produce their conidia only when removed from the water
and placed in humid air. They are also described as “aero-aquatic” fungi.

4.2.1.6 Protozoa

The protozoa can be characterized as comprising a number of groups of
non-photosynthetic, motile and eukaryotic unicellular protists. A complete
account of the flagellate protozoa would necessarily include a number of
autotrophic organisms that can justifiably be classified as algae (e.g. Fu-
glena). Although the protozoa are regarded as unicellular, there are many
species with two or more nuclei enclosed within a single membrane and
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Fig. 4.11. Characteristic protozoa: 1 — Actinophrys, 2 — Peraurostyla, 3 — Tri-

chomonas, 4 — Carchesium, 5 — Sepalospyris, 6 — Plasmodium, T — Elphidium,

8 — Trypanosoma, 9 — Tetrahymena, 10 — Gymnodinium, 11 — Acineta, 12 —

Triactinomyzon, 13 — a spore of microsporidium, 14 — Rhopalonia, 15 — FEuglena,
16 — Amoeba

many species have a colonial organization of interconnected individuals
(Fig. 4.11). '

The major sub-groups of the protozoa are classified on the basis of
their locomotion and characteristics of their life cycles. The nutrition of
some of the pigmented flagellates may be exclusively photoautotrophic,
but the majority of the protozoa are heterotrophs; many of them, so-called
phagotrophs, eat other organisms or large fragments of these by phagocyto-
sis, taking the organic material into food vacuoles for digestion. Numerous
protozoa (osmotrophs) feed saprozoically, absorbing soluble organic mate-
rials.

The primary subdivisions of the protozoa are as follows:

(I) Mastigophora — motile by one or more flagella; included here are
the “phytoflagellates” (photosynthetic) and the “zooflagellates” (non-
photosynthetic) protozoa, which in the main, are osmotrophs..
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(II) Rhizopoda — the amoeboid protozoa motile by means of pseudopodia;
phagotrophic.
(IIT) Sporozoa — parasitic immotile, osmotrophic protozoa.
(IV) Ciliata — protozoa motile by means of numerous cilia; phagotrophs.
Aquatic protozoa are common both in fresh and salt waters. One of
the commonest of all fresh water flagellates is the osmotrophic crytomonad
Chilomonas. The predominantly marine dinoflagellate group includes many
species that are parasitic in animals or plants as well as free-living photoau-
totrophic forms and many phagotrophic forms with diverse body forms.
The so-called collar-flagellates use the flagella to collect bacteria and or-
ganic particles from the water.
Protozoa pathogenic to man which can be transmitted by contaminated
water ( Entamoeba histolytica, Giardia lamblia, Naegleria gruberi and Acan-
thamoeba) are described in Section 4.2.7.

4.2.2 Source water

Water from artesian springs and wells usually does not contain microor-
ganisms, due to filtration effects of earth layers through which it passes.
Increasing urbanization and industrialization as well as increased use of
recreation facilities have placed extreme pressure on the microbiological
quality of both groundwater and surface water sources. Water transport
systems and storage facilities en route to customers become the major foci
of public health and management concerns. More and more reliance is
being placed on water treatment to produce finished water of acceptable
microbiological quality, regardless of source quality. Data collected in the
USA in the 1970s showed that 67% of the largest water-borne disease out-
breaks were due to source water contamination where treatment was either
inadequate or non-existent [16].

The microbiological quality of source water has been assessed through
the use of indicator microorganisms. Until recently, total coliforms have
been most often used to determine the level of treatment required for a
source water. Treatment strategies recommended by the US Public Health
Service for source water are shown in Table 4.2. '

In recent years, the use of coliforms as an adequate indicator of mi-
crobiological quality of water have been found to be insufficient. Newly
discovered pathogens such as Legionella, or pathogens recently recognized
as causing water-borne diseases, e.g. Yersinia, are able to multiply in wa-
ter under certain circumstances. Other pathogenic agents, such as Giardia,
have resistant life-stages that survive for longer periods in the environment.
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Table 4.2. Recommended sanitary requirements for water treatment systems related to the quality of the source water [16]

auxiliary treatment
to rapid sand
filtration with
continuous
postchlorination

Level of Coliform count
Designation Treatment required Type of water sanitary (per 100 ml
contamination per month)
Group 1 None Protected groundwater None <1
Group I1 Chlorination Ground and surface Low < 50
Group III Complete Water requiring filtration Medium < 5000 and 20%
for turbidity; waters of samples
polluted by sewage exceeding 5000
Group IV Complete plus Polluted High > 5000 in more

than 20% of the
samples and

> 20,000 in not more
than 5% of samples




Thus, it has been shown that it is inadequate to relate pathogen occurrence
in water to faecal contamination by traditional indicators [16].

In addition, interpreting the meaning of the presence of coliform bacteria
in relation to faecal contamination of a source water continues to be diffi-
cult. Coliforms are able to regrow under a variety of conditions. Blooms
of Escherichia coli have been reported in Lake Burragorang, the raw water
source for Sydney, The blooms occurred at several locations simultaneously
in this lake after spring rainfall and algal blooms. The same serotype of
E. coli was found in several areas of the lake, which suggested regrowth
as opposed to direct faecal contamination [17). E. coli has been shown
to survive and to grow in a warm 28.5-38°C monomictic reservoir which
receives thermal effluent {18]. In the summer of 1983, a persistent coliform
bloom was observed in an open finished water reservoir in California. The
bloom, identified as Enterobacter cloacae, lasted for several weeks and it
was found to be associated with a concurrent algal bloom and a resident
frog population in the reservoir [16].

More detailed information on source water microbiology and protection
can be found in Pojasek [19] or in [16].

Increasing interest in studying microorganisms in mineral water may be
found in the literature. In a variety of European springs, the following
bacterial genera have been found: Pseudomonas, Xanthomonas, Flavobac-
terium, Arthrobacter and Achromobacter. However, in Spain a predomi-
nance of appendaged and/or budding bacteria and of iron-related bacteria
was found, with Caulobacter as the most frequently isolated genus [20]. It
is surprising that samples of bottled Spanish uncarbonated mineral drink-
ing water stored at 6°C showed a higher bacterial population than those
stored at 20°C. This could possibly be because the low mean temperature
of the spring (6~9°C) stimulates the multiplication of some bacteria, even
though not all autochthonous bacteria adapted to this temperature are
really psychrophilic. It is possible that bacterial growth in bottled mineral
water could be prevented by pasteurization or sterilization. However, in
countries such as France and Spain, where these and other treatments are
not permitted because the mineral water is considered to have therapeutic
properties, these populations are unavoidable. Moreover, their presence
indicates that mineral water has not been sterilized and its therapeutic
characteristics have been conserved. Furthermore, the absence of bacteria
in any unsterilized, low nutrient water may indicate the presence of toxic
substances [20].

In some countries, legislation concerning the hygienic quality of mine-
ral waters employs specifications concerning the absence of Pseudomonas
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aeruginosa. In Spain, the absence of P. aeruginosa in 100 ml of water is an
obligatory condition. According to the European Economical Community
proposal for the legislation of the Member States, the absence of P. aeru-
ginosa in 250 ml of mineral water at the spring and during marketing was
recommended. The recommendation of the Coordinating Committee for
Europe of the Food and Agriculture Organization/World Health Organiza-
tion (FAO/WHO) is a similar proposal, but requires five 250 ml samples of
each mineral water [21].

According to these documents, natural mineral water must be: (a) free
from parasites and pathogenic microorganisms; (b) contain no Escherichia
coli or other coliforms, faecal streptococci or P. aeruginosa in a sample of
250 ml; (c) contain no sulphite-reducing spore-formers in a sample of 50 ml,
either at the spring or at the stage of marketing [22].

Aspects of the composition and quality of mineral waters may be found
in Section 3.5.3.2.2.

4.2.3 Treated water

A variety of treatment schemes serve as the most important and direct
means of controlling the microbiological quality of drinking water. They
involve storage, pretreatment, coagulation and flocculation, filtration, and
disinfection techniques. They are usually used for source waters. Ground-
waters often receive no treatment or only disinfection because of the low
levels of contaminants.

Storage serves to reduce organic matter, and also the numbers of mi-
croorganisms [23]. However, storage can also result in the degradation of
water quality by pollution from water fowl and by algal growth which can
promote growth of bacteria and actinomycetes, resulting in taste and odour
problems [24].

The occurrence of blooms or dense growths of cyanobacteria in water
storage bodies is of increasing importance and is related to the problem
of eutrophication of rivers and streems. Many of these blooms are toxic
and have caused significant deaths of livestock and wildlife, as well as be-
ing implicated in human illnesses. Although the distribution of freshwater
cyanobacterial blooms is worldwide, most toxic species occur in temperate
rather than tropical waters (for recent literature see e.g. [25]).

Certain treatment processes are less effective in reducing enteric viruses
and protozoan cysts than enteric bacteria. Different treatment processes are
differently able to remove and to inactivate viruses, bacteria, actinomycetes,
algae, protozoa, filamentous fungi and yeasts in drinking water.
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Virus removal and inactivation have been reviewed by several authors
(23, 25-27]. It is generally accepted that conventional water treatment
practices can reduce viral levels by a factor of 10% to 10® in the finished
water. Disinfection, mostly in the form of chlorination, has been the main
method of virus inactivation in drinking water. Viruses seem to be conside-
rably more resistant than coliforms, thus requiring higher doses and longer
contact times (for ref. see [16]).

The effectiveness of removal of various bacterial pathogens or indicators
by treatment processes has been reported and discussed by several workers.

The effects of three pretreatment types can be summarized as follows.
Microstraining does little to remove bacteria but it does remove larger
particles and certain types of algae [28]. Roughing filtration removes larger
suspended solids or filamentous algae. Biological sedimentation is effective
in removing ammonia [29).

Slow sand filtration has been the classical form of biological treatment
and it has been used as a means to reduce water-borne outbreaks of ty-
phoid and cholera [30]. A biofilm is formed on the surface of the filter,
which removes bacteria, protozoa, viruses and also organic nitrogen. The
mechanical process of filtration of the water through the sand bed increases
removal of microorganisms as well as various chemical constituents.

Coagulation and sedimentation, used to treat surface water sources,
greatly reduce indicator bacteria. Removal rates for E. coli and coliforms
by aluminium sulphate range from 75 to 99.4% [16).

Among disinfectants, such as inorganic chloramines, chlorine and chlo-
rine dioxide, the latest is the most efficient disinfectant for bacteria, having
both the lowest effective dose and the shortest contact time [16], but hu-
man health problems can arise with its use [31]. Increasing pH increases the
bactericidal activity of chlorine dioxide [32]. However, at higher pH values
(> 7.0) chlorine becomes less effective because hypochlorite ions are formed.
Increased pH levels (> 7.5) also convert dichloramines to monochloramines
which are less bactericidal [16]. On the other hand, monochloramines are
more efficient viricides than dichloramines [33].

Filtration results in a comparatively small reduction (50-90%) in actino-
mycete colony-forming units (CFUs) [34] which is attributed to the presence
of actinomycetes in the natural flora of the filters [35]. The vegetative or
the spore forms of actinomycetes are more resistant to chlorination than
are coliform bacteria, and chloramines are even less effective [34, 35].

Yeasts and filamentous fungi are generally more resistant to chlorine and
ozone than are coliforms {36, 37]. Water treatment generally results in a
100 times reduction in filamentous fungi CFUs [34, 38).
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Algae are an important factor in surface water treatment because they
frequently clog slow and rapid sand filters and can reduce the duration
of filter runs [39, 40]. Usually, the greatest clogging occurs in the late
summer months [41]. Silica shells of diatoms frequently clog filters even
after the inactivation of the protoplasm inside. Algae and cyanobacteria
can cause taste, odour and toxicity problems [25, 39, 42]. Coagulation and
filtration can remove varying levels of algae from water [39, 40] but copper
sulphate, chlorine and chlorine dioxide are also used and are relatively
effective in controlling algal levels in raw and finished wa