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WATER, A FUNDAMENTAL
ELEMENT

INTRODUCTION

Throughout the universe there is one
molecule which man seeks above all others
for its discovery in the atmosphere of some
distant planet would immediately unleash
mankind's wildest dreams.

This molecule may be easily depicted as
a simple triangle distinguished by an
interatomic angle of 105° owing to the
electronegativity of two of its poles. If its
bonds were exclusively covalent, this angle
would be 90°. The water molecule has an
electric moment that is reflected in its
physical and electric properties.

The formula for water can thus be very
simply written as H,O.

Water - the very word brings to mind an
image born of recent space voyages the
picture of a blue planet: Earth.

Water is the most common mineral on
the earth's surface. It makes up the
hydrosphere. Its volume is estimated at
1370 million cubic kilometers; the volume
of fresh water distributed between rivers,
lakes and ground water is considered to be
between 500,000 and one million cubic
kilometers. The volume of



polar ice caps represents 25 million cubic
kilometers of fresh water. Finally, there are
50,000 cubic kilometers of water in the
atmosphere in the form of vapour and
clouds. Annual evaporation is estimated at
500,000 cubic kilometers and precipitation
on the continents is calculated at 120,000
cubic kilometers yearly.

Above all, however, water is a synonym
for biological life.

It is the major component of living
matter. On the average, it accounts for 80%
of its composition. In higher animals, the
percentage of water is between 60 and
70%. In marine organisms, such as jelly-
fish and certain algae, the proportions reach
extremes of 98%. On the other hand,
bacteria in a state of sporulation or
suspended animation, which

makes them resistant, experience a drop in
water content to 50%.

A principal element in the mineral and
biological worlds, water is also the
preeminent vector of life and human
activity. At present, the world's use of
water, counting domestic, industrial and
agricultural, totals an impressive 250 m
per person per year. Moreover, disparities
are enormous: from 100 nf for developing
countries to 1500 nt for the United States.
Man's need for water is, thus, certain to
grow.

This makes it imperative that water be
protected. It must be treated, whether to
produce water for general consumption, or
for specific industrial uses or to limit the
discharge  of  pollution into  the
environment.






1. THE PHYSICAL STRUCTURE OF WATER

1.1 =

THE THREE STATES

The structure of water depends on
its physical state.

The gaseous state (vapour)
corresponds exactly to the formula H,0
and in particular to the triangular 0
diagram shown in Figure 1.

The condensed states (water and
ice) are, however, more complicated
and this accounts for their abnormal
properties.

In the solid state, the elementary
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cules forming the shape of a tetrahedron
(figure 2). The study of the crystallographic
variations, especially with the aid of the
Raman spectrum, enables us to understand
the transition to the liquid state from the
open crystalline structure of ice.

In water in the liquid state, several
molecules are associated by special bonds
called hydrogen bonds, each hydrogen
atom of a water molecule being linked to
the oxygen atom of the neighbouring
molecule. The structure is tetrahedral in
space.

1.2.
PHYSICAL PROPERTIES

The following are the most important
physical properties with regard to water
treatment:

1.2.1. Density

Through the compacting of the
molecular structure, the density varies with
temperature and pressure. Pure water varies
as follows:

C Density T7°C Density
ke. dm’! kg. dni!
0 0.99987 20 0.99828
1.00000 25 0.99707
10 0.99973 30 0.99567
15 0.99913 100 0.95838

At pressures encountered in hydraulic
processes, water is considered a non
compressible fluid. In fact, however, it is

Figure: 2, Terrzhedral structure of warer i a solid
STHEE,

elastic: its volume decreases about 0.048%
each time the pressure rises one
atmosphere.

Sea water, with a salinity of 35 %.l'l, has
an average density of 1.0281 kg.I” at 0°C.
A variation in salinity of 1 g.I" causes the
density to change by 0.0008 kg.l'l.

1.2.2. Thermal properties

Specific heat: 4.18 kJ/kg.°C (1 kcal/

kg.°C) at 0°C. This varies with temperature
and reaches a minimum at +35°C.
e The latent heat of transformation is for
fusion: 330 kJ.kg'1 (or 79 kcal.kg'l) and for
vaporization: 2250 kJkg™ (or 539 kcalkg’
1) at normal pressure and at 100°C.

Owing to the substantial amount of
specific heat and latent heat of
vaporization, the large expanses of water
on the earth's surface constitute veritable
heat stores. This is also the reason for the
use of water as a heat transfer fluid.
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1.2.3. Viscosity

This is the ability of a liquid to resist various
movements, both internal and overall, such as
flow. It is the basic cause of head loss and
therefore plays an important part in water

treatment.  Viscosity  diminishes  when
temperature increases.
Absolute Absolute
T°C| viscosity? |T°C| viscosity ?
mPa.s mPa.s
0 1.797 20 1.007
5 1.523 25 0.895
10 1.301 30 0.800
15 1.138 35 0.723

On the other hand, it increases with the
higher content of dissolved salts; sea water is
therefore much more viscous than river

water.

Absolute
Salinity viscosity ?
in Cl- ion at 20°C
ingl! in mPa.s
0 1.007
4 1.021
8 1.035
12 1.052
16 1.068
20 1.085

Pressure has a very special effect on the
absolute viscosity of water. Contrary to what
happens with other liquids, a moderate
pressure makes water less viscous at low
temperatures; it crushes its molecular
structure, as it were. When the pressure
continues to increase, the water resumes the
structure of a liquid free from any internal
stresses, and again complies with the general
rule that viscosity increases with pressure.

1.2.4. Surface tension

This is a property peculiar to interfaces
(boundary surfaces of two phases). It is
defined as a tensile force which is exerted at
the surface of the liquid and which tends to
reduce the area of this surface to the greatest
possible extent.

It is such as to cause a capillary rise of 15
cm at 18°C in a tube with a diameter of 0.1
mm.

Surface tension diminishes with a rise in
temperature.

Surface Surface
T°C tension T°C tension
10-3 N.m™! 103N.m!
(dyn.cm™ " (dyn.cm™")
0 75.60 50 67.91
10 74.22 60 66.18
20 72.75 70 64.4
30 71.18 80 62.60
40 69.56 100 58.9

The addition of dissolved salts generally
increases surface tension (y = 74.6 x 107
N.m' for an aqueous solution of NaCI at 1
mol.l! at 18°C).

Other substances reduce surface tension:
these are said to be surface-active.

1.2.5. Osmotic pressure

Osmotic pressure describes a phenomenon
which occurs between liquids with different
concentrations that are separated by a semi-
permeable membrane.

A simple equation relates osmotic pressure
to concentration:

?=ACRT
AC: The difference in concentration in
mol.m™
R : The constant of ideal gases: 8.314 J/
mol.K
T : The temperature in K
IT: The osmotic pressure in Pa



1. The physical structure of water

Thus, sea water at 35 g.l'1 in NaCl at 15°C
creates an osmotic pressure equal to 14.38 x
10° Pa

This parameter is essential in the sizing of
reverse 0osmosis systems.

1.2.6. Electrical properties

Dielectric constant: the dielectric
constant of water, of the order of 80 Farad
Steradian per metre, is one of the highest
known; this is why the ionizing power of
water is so great.

. Electrical conductivity of water:

water is slightly conducting. The conduc
tivity of the purest water ever obtained is
4.2 microsiemens per metre at 20°C (this
corresponds to a resistivity of 23.8
megohms -centimetre). The presence of
dissolved salts in water increases its

1.3.
PHYSICAL STATE OF
WATER IMPURITIES
Water found in nature and, by extension,
that which is treated, is never pure.

conductivity (see page 487) which varies
according to the temperature.

1.2.7. Optical properties

The transparency of water depends on the
wavelength of the light passing through it.
While ultraviolet light passes through it
well, infrared rays, so useful from the
physical and biological viewpoints, hardly
penetrate it. Water absorbs a large
proportion of the orange and red
components of visible light; this explains
the blue colour of light which has passed
through a thick section of water.
This transparency is often used to measure
certain forms of pollution and,
consequently, the efficiency of purification
treatments.

The impurities that water contains in its
three states: solid, liquid or gaseous, may be
described by their size in solution (figure 3).
They may be the size of an isolated particle
or that of a structured mass. The degree of
hydrophobicity of the impurities plays an
important role in these structures.
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Figure 3. Sizes of various pareicles,
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Figure 4. Example of organic substances in municipal wastewater (MWW),
Figure 4 gives the dimensions of
particles and molecular weights of the main two-phase, distinctly ~ heterogeneous
organic substances in municipal systems, in which the dispersed particles'
wastewater. molecular weights measure generally

These can be classified according to the
following solutions types.

. True or molecular solutions: these are
homogeneous (single phase) systems:
crystalloid solutions: the dissolved
particles are small molecules (less than one
nanometre), both ionized (acids, bases,
salts) and non-ionized (sugars, etc.);

- macromolecular solutions: formed from
particles that are much bigger than a

nanometre. They may include ionized
groups.
Colloidal suspensions: also called

micellar or pseudo-solutions, these are

between 0.5 and 500 nm (or 100 nm). They
may appear as a cloudiness to the naked
eye when viewed perpendicular to a light
beam but they add little to the turbidity of
the water. The term "colloid" then, is used
to describe finely divided suspended solids
with a specific surface area carrying an
electrostatic charge that is generally
negative.

Suspensions - Emulsions: when the
particles are visible under an optical
microscope, they constitute suspensions
(solids) or emulsions (liquids).

These suspended particles cause the
turbidity or opacity of water.
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2. THE CHEMISTRY OF WATER

The formation energy of the . water
molecule, 242 kJ.mol' (58 kcal.mol!), is.
high. Water is, therefore, extremely stable.
This stability, linked with its characteristic

electrical  properties and molecular
2.1.
WATER AS A SOLVENT

To dissolve a substance is to destroy its
cohesion, which it owes to electrostatic or
Coulomb forces which may be:

. Interatomic

Strong chemical bonds: covalency bonds
(between atoms), electrovalency or ionic
bonds (atom-electrons).

. Intermolecular
Bonds of cohesion between molecules
(hydrogen bonds).

. Weak forces of attraction (London, Van
der Waals), which hold the whole substance
together.

The hydrating attraction of water (bipolar
molecule) has the effect of completely or
partially destroying (beginning with the
weakest) the various electrostatic links
between the atoms and molecules of the
substance to be dissolved, which are
replaced by new links with its own
molecules, and creating new structures; a

composition, makes water particularly
suitable for dissolving many substances
Most mineral substances are, in fact,
soluble in water as are also a large
number of gases and organic substances

genuine chemical reaction (solvation) takes
place. Complete solvation is dis solution.

2.1.1. Solubility of the various phases

. Gases

The solubility of gases obeys Henry's
laws (see page 276 and page 509).

For example, at 10°C, the solubility of
principal gases under a pressure of pure gas
equal to 102 kPa (1 bar), is:

Gas Solubility
mg !
N, 23.2
(073 543
CO, 2,318
H,S 5112
CH,4 325
H, 1.6
Anhydrides (CO,, SO,) and various

volatile acids (HCIl) dissolve and then
combine. Their solubility coefficient is
much higher than that of other gases.
Oxygen is more soluble than nitrogen;
the dissolved gases extracted from a water
will be richer in oxygen than the initial
atmosphere from which they came.
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. Liquids

As the water molecule is polar, the
solubility of a liquid in water depends on
the polarity of the molecules of the liquid
in question. For instance, molecules
containing the groups OH’ (e.g., alcohol,
sugars), SH™ and NH2" , being very polar,
are very soluble in water, whereas other
liquids (hydrocarbons, carbon tetrachloride,
oils and fats, etc.). which are non-polar, are
very sparingly soluble.

There may be partial miscibility; for
instance, two substances are miscible only
above a critical temperature (a temperature
above 63.5°C for a mixture of water and
phenol) or below a minimum temperature
(trimethylamine is only soluble in all
proportions below 18.5°C), or between two
critical temperatures, one upper and one
lower (the water-nicotine system).

2.1.2. Hydrophilization

The solubility of a substance may differ
in various solvents: for example, sodium
chloride is much more soluble in water than
in alcohol, whereas paraffin is soluble in
benzene but not in water.

Solubility in water depends on the nature
of the substance or at least on certain of its

constituent groups; the characteristic
groups are therefore classified as
hydrophilic (OH-CO-NH, etc.) or

hydrophobic (CH3-CH,-CgHs).

In some cases, solvation or simple
wetting take place with the aid of a third
constituent called a solubilizer for true
solutions, a peptizer for colloidal
suspensions, a stabilizer or emulsifier for
emulsions and suspensions, and a wetting
agent for surface effects.

These intermediary agents create
genuine links between the solvent and
substance to be dissolved, to be held in
dispersion or to be wetted (they lower the
surface tension).

The link on the solvent side is due to a
hydrophilic group, while the link on the
side of the substance to be transformed can
be a chemical link (action of bases and
strong acids) or a cohesion link. The latter
are formed from dissymetrical (semi-
hydrophilic) molecules. One of the ends is
similar to water and hydrophilic, while the
other tends to associate (the action of
detergents, trisodium phosphate, wetting
agents) with the molecules of the substance
to be stabilized or to be adsorbed on its
surface. More hydrophilic aggregation or
adsorption complexes are then formed.

. Loss of hydrophilic properties

The intermediary agent can break the
link between the solvent and the substance
which is dissolved, dispersed or wetted.
Depending on the case in question, this
agent will be called a precipitant,
coagulant, flocculant, thickener or
wetting depressant. This break can be the
result of chemical action, for instance the
loss of OH- ions or of ionized groups. The
intermediary agent may destroy the semi-
hydrophilic cohesion link by neutralizing
the hydrophilic part or by attracting the
hydrophobic part on the surface either of
air bubbles (flotation) or of a more or less
hydrophilic insoluble adsorbent.

The break may be the result of
neutralization of the electrostatic forces (by
the action of polyvalent cations and ionic
polyelectrolytes).
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2.1.3. Activity and concentration

The relationship between solute and
solvent may be expressed in several ways:
- mole fraction: ratio of number of moles of
solute to total number of moles (solvent +
solute),
- molarity: number of moles dissolved in
one litre of solution.

The molecules of a solute behave in the
same way as a gas would in another gas,
and indeed it has been observed that when

2.2.
IONIZATION

An inorganic compound dissolved in

water dissociates to a greater or lesser

extent, with the formation of negatively
charged ions (anions) and positively
charged ions (canons). The dissolved
substance is called an electrolyte and
facilitates the flow of electric current:

AB —A*"+ B

"Where a single solution contains a
number of electrolytes, each is dissociated
to a certain extent and ions formed may
combine with one another to form new
compounds. For example, if two
compounds AB and CD are dissolved, the
solution will be found to contain molecules
AB, CD, AD and CB in equilibrium with
the ions A", B, C" and D'. This equilibrium
may change if insoluble compounds,
complexes or gases form (Le Chatelier's
principle). For example, if the compound
AD is insoluble, the equilibrium is almost
entirely displaced to the right, in
accordance with the reaction:

AB+CD —AD+CB
CB ——=C"+B

the solute is greatly diluted, the law of ideal
gases holds good. When the concentration
becomes sizable, the dissolved molecules
are less active than the same number of
molecules of ideal gas. Concentration (c) is
replaced by activity [a]:
[a] =f(c)

f is called the activity coefficient and tends
towards 1 when the solution is very dilute.

Some acids or bases are entirely
dissociated even in relatively concentrated
solutions. They are called strong
electrolytes.

Exemple: NaCl — Na® + CI

Other substances, such as acetic acid
CH3COOH, are only partially dissociated
in solution. These are weak electrolytes. In
this case we. must distinguish between total
acidity wich comprises all possible H" ions
and free acidity which comprises
dissociated H ions.

Water, itself, is partially dissociated into
ions according to the reversible reaction:

H,0 — H*+ OH
This means that in water there are both
H,0. molecules and OH (hydroxide ion)
and H ions (in the hydrated HO" form
called hydronium ion).

. Law of mass action
In the case of a chemical reaction at
equilibrium:
1
mA+nB=m'C+nD
2
the reaction velocity in direction 1 is given
by the relationship:
Vi = ki{A]" {B}"
The velocity in direction 2 is:
V: = k[C]™ {D}"
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where [A], [B], [C] and [D] represent
the activity of compounds in solution.
At equilibrium V1 = V2, therefore:

k,[A]" [B]" = k,[C[™ D]
(A" B]"  k,
€™ D"k
This is the law of mass action. K is
called the constant of thermodynamic
dissociation. To make it easier, we use
the designation pK = colog K. Tables
list the values of pK (see page 505).
Application of the law of mass action
to water: pH concept

Assuming that the coefficients of
ionic activity are equal to 1, we obtain:

() (OH)__
1,0

Since the dissociation is always weak,
the concentration of the water
molecules is practically constant and we
may write:

(H") [OH] =K.

The value of the dissociation (or
ionization) constant of water is of the
order of 10" (molI")2 at 23°C. This
value varies with the temperature:

Temperature Ionization
C constant pK.
K. 10"
0 0.12 14.93
18 0.59 14.23
25 1.04 13.98
50 5.66 13.25
100 58.5 12.54

In pure water, we have:
(H)=(OH)= 10" mol.l.

By convention, the exponent of the
concentration of H+ ions or pH
(hydrogen potential) is used:

pH = colog (H")

The pH is measured by means of
coloured indicators or, preferably, by
an electrometric method (glass-
electrode pH meter).

An acid medium is a solution in
which (H") is greater than 107 mol.I"!
(pH < 7), an alkaline medium is one in
which (H") is less than 107moll" (pH
>17).

Strength of acids and bases in
aqueous solution

An acid is a substance capable of
losing protons, that is, H+ ions. A base
is a substance capable of accepting
these protons. There is, thus, in an
aqueous  solution, an acid-base
equilibrium defined by the following
equation:
Acide + H,0 —~ Base + H*

Applying the law of mass action and
taking the concentration of H,0
molecules as a constant, we obtain:

[Basel [H'}

= K 5 =
TAcd] 4 and pKa = colog Kx

Ka, thus defined, is called the
affinity constant of the acid-base
couple.

The strength of an acid is
determined by the extent to which it
gives off H+ ions, that is, the larger the
value of K, or the smaller the value of
pKa the stronger the acid. The smaller
the value of K4, the stronger a base.

Thus, the ammonium ion NH,  is a
weak acid with pKy = 9.2. The
corresponding base NH40H is a fairly
strong base.

The concept of pKa makes it
possible to calculate the pH of
mixtures of corresponding solutions of
acids, bases and salts:

- the pH of a solution of an acid with a
total concentration c is:

pH=1/2pKas - 1/21logc



2. The chemistry of water

- the pH of a solution of a base is:
pH =7+1/2 pKa+ 1/2 logc
- the pH of a solution of a salt is:
pH=1/2 pK; + 1/2 pK,
K, and K, being the affinity constants of
the corresponding acid and base.

. Buffer solutions

In the case of amixture of an acid of
concentration (A) and the corresponding
base, of concentration (B), if (A) = (B), this
solution is called a buffer solution.

Example: acetic acid - acetate.

A buffer solution is a solution the pH of
which varies little with the addition or
removal of H+ ions. These solutions are
useful when it is desired that a reaction
should take place with a constant pH.

2.3. OXIDATION-REDUCTION

Water can take part, under -certain
experimental conditions, in oxidation-
reduction with the following possible
reactions:

2H,0-4¢ =~ 4H" +0,
2H,0+2e =~ 20H +H,

In the first case, the water is a donor of
electrons; it is a reducing agent: the
acceptor of electrons is an oxidant. In the
presence of water an oxidant releases
oxygen. In the second case, water is an
electron acceptor; it is an oxidant: the
electron donor is a reducing agent. In the
presence of water a reducing agent releases
hydrogen.

But reactions are very slow without
catalysts and in general the action of water
with  respect to  oxidation-reduction
reactions may be ignored.

Acetates, acid phthalates and
monopotassium phosphates serve as the
basis for the preparation of a whole range
of buffer solutions.

Solubility of sparingly-soluble
compounds. Solubility product

The ionic equilibrium state of a sparingly
soluble or insoluble substance is:

AC = A +C"
(AT [CT] =K,

The magnitude of Kg, or solubility
product, is constant for a given temperature
and ionic strength of the solution. The less
soluble the substance, the smaller the value
of Ks. For calcium carbonate, the solubility
of which is 12 mg.I"", the solubility product
KS is 10"z (mol.l'l). By analogy with the
pH, we write: pKs = colog 1083 =8232.

However, very strong oxidants and
reducing agents react remarkably quickly
on water: for example, chlorine -easily
changes into the Clanion state according to

the following reaction:
Cl; + 2¢” = 2CI

Thus with water:
2Cl; + 2H,O — 4H" + 4C1° + O,

oxygen is released and the medium
becomes acid.

Water can be broken down into oxygen
and hydrogen according to the following
reaction:

2H,0 5, 2H,+0,

The oxidation-reduction  neutrality
corresponds to the equal pressures of
oxygen and hydrogen, that is a pressure of
pH, equal to 10 Pa.

The concept of oxidation-reduction
potential enables us to classify the various
oxidants and reducing agents in relation to
hydrogen and thus to each other (see page
249).
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3. THE BIOLOGY OF WATER

3.1.
WATER AND
CELL METABOLISM

It is in the external environment in which it
lives that the cell seeks the essential substances,
also called essential metabolites, which it needs
to maintain the rhythm of its activities.

Some cells are capable of synthesizing these
from mineral components; they transform
water, carbon dioxide and mineral salts into
their own substance the molecular structure of
which is extremely complex. These are the
autotrophic cells which obtain the necessary
energy from the external environment (light
energy or chemical energy produced by the
transformation of certain mineral radicals),

and synthesize reserves which are usable at any
time, thus constituting potential energy.

Heterotrophic cells, on the contrary, are
incapable of synthesizing all their growth
factors and use nutritive substances which they
split up and "oxidize" exothermically into
simpler substances: the energy released (kinetic
energy) during these chemical reactions will
supply the cell's needs (growth, locomotion,
reproduction).

The term metabolismis used to cover all the
energy reactions, the term anabolism being
employed when there is a gain of potential
energy (endothermic reaction), and therefore
synthesis of living matter, and catabolism when
there is a gain in kinetic energy (exothermic
reaction) and therefore degradation of nutritive
substances.

autotrophic:

Living
organisms

heterotrophic:

phototrophic
(chlorophyllian
organisms)

chemoautotrophic
(non-chlorophyl-
lian)

various bacteria

viruses, bacteria,
fungi, animals

Photosynthesis

Oxidation-reduc-
tion

The study of energy sources therefore
consists essentially of the analysis of
photosynthesis and of oxidation-

reduction phenomena in fermentation

processes
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. Anabolism
(a) Photosynthesis
The typical case is the production of
glucides by plants from the CO; in the
atmosphere and the water in the raw sap
with the aid of solar energy and in the
presence of chlorophyll which can be
summarized by the overall equation:
6C0,+6H,0~ CH;,0,+60,
- 2,72 kJ.mol™ (- 650 cal.mol™)

This biological process is quantitatively
the most important in nature.

(b) Mineral oxidation-reduction

Other  autotrophic  organisms are
incapable of utilizing solar energy because
they have no fixing pigments; they obtain
the energy necessary for their existence
from the oxidation-reduction phenomena of
mineral substances. Worthy of mention
here are the bacteria of the genus
Nitrosomonas which oxidize ammonia to
nitrites, those of the genus Nitrobacter
which transform nitrites to nitrates, the iron
and manganese bacteria which oxidize
ferrous and manganous bicarbonates to
ferric and manganic hydroxides, sulphur
bacteria which transform hydrogen sulphide
to colloidal sulphur, sulphate-reducing
bacteria which reduce sulphates to H2S,
and thiobacilli which oxidize the latter to
sulphuric acid.

. Catabolism - Fermentation process
The process of decomposition of cellu-

3.2.
WATER, THE MEDIUM
FOR MICROBIAL LIFE

Medical and biological science has
recognized the role played by water in the
appearance and transmission of certain
diseases. This has led to the discovery and

lar alimentary substances, or catabolism,
involves the formation of water or the
participation of water molecules in organic
oxidation and reduction reactions making
use of the chemical energy contained in all
nutritive substances.

The terms aerobic and anaerobic are used
to characterize the type of decomposition
which is in fact dehydrogenation taking
place within the heterotrophic cell. If
hydrogen combines with the molecular
oxygen the process is called aerobic. If, on
the contrary, the process involves the
transfer =~ of  hydrogen  from  the
dehydrogenated compound to a hydrogen
acceptor other than molecular oxygen, it is
called anaerobic. Hence the concept of
obligate  aerobic  bacteria,  obligate
anaerobic bacteria and facultative anaerobic
bacteria.

Decomposition (aerobic or anaerobic) of
organic substances is assured by enzymes
secreted by the organisms. These are
complex proteins with a characteristic
three-dimensional conformation and to
which the organic molecules or substrate
can become fixed. The specificity of
enzymes is linked to their threedimensional
structure.

The process of biological breakdown
leads, depending on whether it takes place
under aerobic or anaerobic conditions, to
different final breakdown products (see
page 286).

identification of a number of unicellular
organisms present in water. The ones that
cause pathogenic illnesses are very few in
number relative to the total microbial
population. Others are used by man for
their synthesis (metabolites, etc.). Bacteria
play an especially important role in
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Like all living cells, the bacterial cell
contains a nucleus mainly composed of
chromosomes massed together in the
chromatin and consisting of deoxyribonucleic
acid (DNA). The nucleus controls
reproduction, preserves cell lineage in a
genetic code and conducts by means of
messenger RNA (ribonucleic acid) the
synthesis of proteins and especially enzymes
(this takes place in the cytoplasm, a jelly
containing RNA particles, ribosomes, as well
as various organoids such as mitochondria,
lysosomes, etc. which play a very definite
role). The cell is surrounded by a rigid
membrane giving the bacterium its shape. The
motile type of microorganisms has cilia or
flagella (figure 5).

The ratio of surface area to volume is
higher than in the case of other organisms.
Since the metabolic rate rises with this ratio, a
bacterium is more active than more advanced
organisms. The rate of reproduction depends
on the concentration of nutritive substance in
the medium. In the most favorable cases a
cellular division has been observed to take
place in 15 to 30 minutes; sometimes it takes
several days. The speed depends on the
temperature.

Bacteria can only live in a medium
possessing certain characteristics: water
content, pH, salinity, oxidation-reduction
potential and temperature. The favourable
oxidation-reduction  potential can  vary
considerably depending on whether the
bacteria are operating under aerobic or
anaerobic conditions. These conditions are

3.3.
NUTRITIVE SUBSTANCES

3.3.1. Carbonaceous substrates

closely linked with the composition of the
enzymatic  complex secreted by the
bacteria.Major variations in the characteristics
of the medium may result in a species
selection
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Bacteria may be classified, according to the
optimum temperature for their enzymes, as

thermophilic  (temperature  over  40°C),
mesophilic  (temperature around 30°C),
psychrophilic (0 to 15°C) and cryophilic (-5
to 0°C).

Some bacterial species may have a special
shape owing to sporulation: the spores which
they produce are cells in suspended animation
with a structure which makes them much more
resistant, for instance, to heat and dryness.
When conditions return to normal the spores
germinate and recreate active bacteria.

A complex bacterial culture may therefore
adapt itself through selection and mutation to
slow changes in the composition of the
substrate on which it feeds.

The principal nutritive substrates for
heterotrophic organisms are protides, glucides
and lipids.

Protides, the most important components of
living matter, form the basis of
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protoplasmic and cytoplasmic matter. They
consist of an assembly of simple substances,
the amino acids. An amino acid is a substance
whose molecule contains one or more acid
groups COOH and one or more amino groups
NH,- linked to the same C atom:

H
|
R_C_NH,

|
COOH

Protides behave like acids or bases
depending on the pH of the medium in which
they are located. The acid and amino functions
can become fixed to each other and can form
long-chain macromolecules the molecular
weight of which can be very high (50 000 and
above). A distinction is drawn between
peptides, simple proteins and conjugated
proteins.

Glucides used to be called sugars, owing to
the flavour of the simplest among them, or
carbohydrates, because they correspond to the
general formula: C,(H,0),. Owing to their
abundance in vegetable tissue, these are the
usual foods of heterotrophic organisms.

They exist in a non-hydrolyzable form (the
oses, such as glucose) or a hydrolyzable form
(osides, such as starch, cellulose and
glycogen).

Simple or complex lipids are esters of more
or less complex fatty acids and alcohols. They
are generally insoluble and can emulsify in
water. They constitute, both in plants and in
animals, an important reserve material for
meeting their energy requirements.

Under certain conditions, heterotrophic
organisms may adapt themselves so that they

can feed on other organic substrates such as
alcohols, phenols, aldehydes, hydrocarbons,
etc.

Autotrophic organisms may synthesize their
own substance from a carbon source such as
carbon dioxide, methane, etc.

3.3.2. Nitrogen, Phosphorus and Trace
elements

Besides the nutritive substances already
mentioned, bacterial organisms (autotrophic
and heterotrophic) need mineral elements,
some in the form of trace elements, which are
indispensable for their growth.

The percentage of nitrogen and phosphorus
in the bacterial mass is appreciable. The
average values are as follows:

N: 7to 10% P:2t03%

They play various roles in the cell
(structure, metabolism) but phosphorus is
chiefly involved in the storage mechanism and
in the release of energy. This energy reserve is
located in the PP bonds which are found in
certain molecules: the adenosine-mono-, di-
and triphosphate (AMP, ADP and ATP).

A release of energy occurs with a break in
the P-P bond, thus transforming ATP to ADP
to AMP. The energy potential per molecule is
as follows:

ATP + H,0 —~ ADP + phosphates +

30,5 kJ.mol™ (7,3 kcal.mol ™)

Strictly speaking, trace elements are

generally cations or anions. In the growth

environment, concentrations of a
microgramme per litre are ample to respond to
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cellular requirements. These elements
quickly become toxic at high levels. They
control numerous conditions inside the cell
such as the ionic transmembrane gradient
(Na"). They are also involved in the
formation of certain macromolecules
associated with enzymatic complexes.

All bacterial groups have in common the
requirement for these elements but certain
ones, depending on the bacterial family,
have very specific requirements. For
instance, nickel is specifically tied to
enzymes which control the methylation of
acetate in methane-producing bacteria and
is therefore indispensable to proper
methane fermentation.






4. THE LANGUAGE OF WATER CHEMISTRY

In order to treat water, we must understand
it and be able to describe it in as much detail
as possible. Certain expressions used in water
treatment are far removed from usual scientific
terminology. The most common of these are
listed below.

. Turbidity
Together with the measurement of
suspended solids, this gives an initial

indication of the level of colloidal matter of
inorganic or organic origin. Turbidity is
judged either by comparing the specimen with
reference opalescent solutions (formazin,
mastic, etc.) or by measuring the limit of
visibility using a well-defined object (a
platinum wire or a Secchi disc).

. The Fouling index

It is a measure of the fouling potential of
water. It is also linked with suspended solids
and is involved in water treatment by
membranes.

. Suspended solids (SS)

This includes all matter suspended in water
that is large enough to be retained on a filter
with a given porosity.

. Colour

True colour after filtration is due most often
to the presence of dissolved or colloidal
organic matter. There is no relationship
between the colour and the quantity of organic
matter. Colour is measured by comparing the
specimen with a reference solution (Platinunmr
Cobalt method).

. Concentration (by volume)

This is a measure of the quantity of matter
dissolved or dispersed in a given volume of
water. As an example, it is indicated as mg.l'l,
g.m'3, gl etc.

. Gramme-equivalent

The gramme-equivalent is equal to the
molar weight of a substance divided by the
number of charges of the same sign carried by
the ions released by a molecule of that
substance in an aqueous solution.

For instance, a molecule of orthophosphoric
acid, HPO,, releases three positive charges
and three negative charges. One gramme-
equivalent of H;PO, is therefore equal to one
third of the weight of one mole of H;POj,.

. Normality
A normal solution is one containing one
gramme-equivalent of the relevant



4. The language of water chemistry

substance per litre. Multiples and
submultiples of the normal solution are also
used (2N, N/10, N/25, N/50, N/100, etc.
solutions).

In general, when a volume V; of an
electrolyte of normality N; is acted upon by
another electrolyte of normality N,, the
volume V; is determined from the relation:

N1V =N, V,

. Milliequivalent per litre

The unit often used in practice is the
milliequivalent per litre (meq.l’l) which is
obtained by dissolving a quantity of the
electrolyte equal to one thousandth of its
gramme-equivalent in one litre of water.
This is the concentration of an N/1000
solution.

. The French degree

The wunit used in practical water
treatment is the French degree which
corresponds to the concentration of an
N/5000 solution.

1 (meq.l'l) =5 French degrees

Example: A solution of a calcium salt at
25 French degrees contains in calcium Ca
(of molar weight 40 g and valency 2):

40 x5

= 0.1 g per litre
2x 1000 &P

. The equivalence of various degrees

1 French degree = 0.56 German degree =
0.7 English degree = 10 ppm CaCOj3

1 German degree = 1.786 French degrees
= 1.25 English degrees = 17.86 ppm CaCOs3

1 English degree = 1.438 French degrees
= 0.8 German degree = 14.38 ppm CaCO;

1 ppm CaCO3 = 0.1 French degree =
0.056 German degree = 0.07 English
degree.

. Titration for hardness (TH)

The titration for hardness indicates the
concentration of alkaline-earth ions in
water.

The various types:

(A) Total TH: content of Ca and Mg.

(B) Calcium TH: content of Ca.

(C) Carbonate hardness: content of
bicarbonates and carbonates of Ca and Mg.
It is equal to the M alk. (see below) if the
TH exceeds the M alk., or to the TH if the
M alk. exceeds the TH.

(D) Noncarbonate hardness (permanent
hardness): indicates the content of Ca and
Mg corresponding to strong anions. It is
equal to the difference between A and C.

. Phenolphthalein alkalinity (P alk.) and
methyl orange alkalinity (M alk.)

The relative values of P alk. and M alk.
indicate the quantities of alkaline or
alkaline-earth hydroxides, carbonates or
bicarbonates in the water (see table page
18).

The P alk. value therefore includes all
the hydroxide content but only half the
carbonate content.

The M alk. therefore indicates the
bicarbonate content.
In some very polluted waters

(wastewaters) the M alk. also covers

organic acids (acetic, etc.).

. Measurement of salts of strong acids
(SSA)

Natural waters contain no free strong acids
(free mineral acidity, or FMA) but only
their salts, in particular the sulphates and
chlorides of calcium, magnesium and
sodium. The SSA expresses the total
content of these salts of strong acids.

. Salinity

The overall salinity of water corresponds
to the total number of cations and anions as
expressed in mg.l'l.

. Permanganate value

Grouped under this heading are all
substances susceptible to oxidation by
potassium permanganate (KMnOy).

Various methods of analysis are used
depending on the temperature, the type of
environment and the procedure.
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Dissolved | Value Respective values of P alk. and M alk.
salts of degree if if if if if
inmgl' | Palk P alk. P alk. P alk. P alk.
=0 <M alk. =M alk. > M alk. =M alk.
2 2 2
OH 34
CaO 5.6
Ca(OH), 74 0 0 0 2 P alk. M alk.
MgO 4.0 -M alk.
Mg(OH), 5.8
NaOH 8
CO5™ 6
CaCOs 10 0 2 P alk. M alk, 2(M alk. 0
MgCO; 84 -P alk.)
Na,CO; 10.6
HCO; 12.2
Ca(HCO;3), 162 Malk. M alk.-2 0 0 0
Mg(HCOs), 14.6 P alk.
NaHCO; 16.8

Chemical oxygen demand (COD)

The COD indicates the total hot oxidation
by potassium dichromate and covers the
majority of organic compounds as well as
oxidizable mineral salts.

France sometimes uses the CODAD which
corresponds to chemical oxygen demand
after a sample has been allowed to settle for
two hours.

.Biochemical oxygen demand (BOD)
This is the quantity of oxygen consumed at

20°C and in darkness during given period
to produce by biological means oxidation

of the biodegradable organic matter present
in water. By convention, BODS is used,
which is the quantity of oxygen consumed
after five days incubation. BODS normally
represents only the biodegradable
carbonaceous organic pollution.

. Total organic carbon (TOC)

This indicates the content of carbon linked to
organic material by measuring the CO, after
complete oxidation.

Although this means is quick and- requires
only a small specimen, it is difficult to
correlate it with the preceding
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measures. On the other hand, in most
often mistakenly called total nitrogen.
cases, the suspended solids must be
removed prior to measurement.

. Kjeldahl nitrogen (TKN)

TKN groups organic nitrogen with
ammonia nitrogen. This procedure is

. Total nitrogen (TN)

This applies to all forms of nitrogen
in water, such as organic nitrogen,
ammonia  nitrogen, nitrites and
nitrates. It is an extension of TKN
with the addition of oxidized forms of
nitrogen.






2
TREATMENT.WHAT TYPE OF WATER
AND WHY?

Figure 6. The Iguacu Falls (Argentina/Brazil).

1. NATURAL WATER

Available stores of natural water are made aquifers), impounded or flowing surface water
up of groundwater (from infiltration, (reservoirs, lakes, rivers), and sea water
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1.1.
GROUNDWATERS

1.1.1. Origin

The porosity and structure of the ground
determine the type of aquifer and
underground circulation.

Groundwater may be free. In this case it is
directly fed through seepage from run-off.
The level of groundwater fluctuates with the
amount of water held.

Groundwater may be confined. In this
case it is separated from the soil surface by
an impervious stratum. In general, the water
is deeper-lying.

Alluvial groundwater presents a special
case: this groundwater is located in alluvial
soil close to a river. Thus, the quality of the
river water directly influences the quality of
the groundwater.

Groundwater may circulate and be stored
in the entire geological stratum under study;
this is the case in porous soils such as sand,
sandstone and alluvium. It may circulate and
be stored in fissures or faults in compact
rocks. Most volcanic or metamorphic rocks
are compact rocks with narrow cracks. These
rocks are not, in themselves, permeable.
Water trickles through the rocks and
circulates because of localized and dispersed
fissures.

Compact rocks with large fissures or
caverns are typical of limestone: the original
fissures grow progressively larger as the
limestone dissolves into the circulating water

which contains carbon dioxide. This process
leads to large caverns with, at times, true
underground waterways; this is karst terrain.
Marl can sometimes be found here and very
occasionally sandstone.

1.1.2. General characteristics

The geological nature of the terrain
determines the chemical composition of the
held water. Water is constantly in contact
with the ground in which it stagnates or
circulates; an equilibium develops between
the composition of the soil and that of the
water. Water that circulates in a sandy or
granitic substratum is acidic and has few
minerals. Water which circulates in limestone
contains bicarbonate alkalinity.

Table 1 shows the characteristics of
groundwater based on main analysis
parameters.

Among the characteristics of this water,
weak turbidity, a constant temperature and
chemical composition, and an almost overall
absence of oxygen, are noteworthy. In the
case of a confined groundwater, principally
one circulating in karst terrain, one can find
extreme variations in the comp osition of the
water with the appearance of turbidity and
various pollutants. Such variations are
connected to those in the aquifer flow which
are due to precipitation. Furthermore,
groundwater  is often  very  pure
microbiologically.

1.1.3. Potability

Groundwater has for a long time been
synonymous with "clean water" and natually
meets the standards for potabil
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ity. This water is, in fact, less susceptible to
accidental pollution.

A free aquifer, fed by the entire ground
surface lying above it, is more susceptible
than a confined aquifer. Alluvial aquifers
are also threatened over their entire surface
by the tributary network of the river.

Once an aquifer has been polluted, it is
very difficult to bring it back to its original
purity; the pollutants which contaminated
the aquifer are not only present in the water
but are attached to and adsorbed on the
rocks and minerals in the substratum.

Groundwater may also contain elements in
concentrations that greatly exceed the
standards for drinking water.

This is due to the composition of the ground

where the water is stored. Notable are Fe,
Mn, H,S, F, etc.

Groundwater must be treated before
distribution whenever the concentration of
one or several clements exceeds the limits
authorized by regulations.

1.2. SURFACE WATER

This term encompasses all water on the
surface of the continents, both flowing and
stored.

1.2.1. Origin

1.1.4. Mineral water and spring water

French law defines the terms ''mineral
water'' and "spring water"'.

Mineral water is deep-lying water which
may contain some elements in higher
concentration than that authorized for
drinking water and is known for its
therapeutic properties. It is distributed in
bottles and sometimes undergoes certain
well-defined treatments such as natural
settling, iron removal by simple aeration and
removal and/or reintroduction of the original
CO;.

Spring water is water which, unlike mineral
water, must meet the criteria for potability at
its source; it may not run dergo any
treatment.

In contrast to these two types of water, the
term "'table water" refers to bottled water
which need only meet the criteria for
potability, and for which preliminary
treatment of any kind is authorized.

It originates either from deep-lying
groundwater which feeds streams and
rivers or from run-off. Water from various
sources flows together; it is characterized
by a moving surface that is constantly in
contact with the atmosphere and by an
impressively swift flow. It can be found
stored naturally (lakes) or artificially
(storage reservoirs); in this case, it has a
virtually immobile water/atmosphere
exchange surface, a depth that can be
considerable and a long retention time.
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Table 1. Main differences between surface and groundwater.

Characteristics Surface water Groundwater
Temperature Varies with season Relatively constant
Turbidity, SS(true or Level variable, sometimes | Low or nil (except in karst
colloidal) high soil)

Colour Due mainly to SS (clays, Due above all to dissolved

algae) except in very soft
or acidic waters (humic
acids)

solids (humic acids for
example)

Mineral content

Varies with soil, rainfall,
effluents, etc.

Largely constant,
generally appreciably
higher than in surface
water from the same area

Divalent Fe and Mn (in
solution)

Usually none, except at the
bottom of lakes or ponds
in the process of

Usually present

eutrophication
Aggressive CO, Usually none Often present in quantities
Dissolved 0, Often near saturation level. | Usually none at all
Absent in very polluted
waters
H,S Usually none Often present
NH4 Found only in polluted Often found, without
water being; a systematic index
of bacterial pollution
Nitrates Level generally low Level sometimes high
Silica Usually moderate Level often high

proportions

Mineral and organic
micropollutants

Present in the water of
developed countries but
liable to disappear rapidly
once the source is removed

Usually none but any
accidental pollution lasts a
very long time

Living organisms

Bacteria (some
pathogenic), viruses,
plankton (animal and

Iron bacteria frequently
found

vegetable)
Chlorinated solvents Rarely present Often present
Eutrophic nature Often. Increased by high | No

temperatures
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1.2.2. General characteristics

The chemical composition of surface
water depends on the type of terrain the
water has passed through before flowing
into the drainage area. Along its course,
water dissolves various components of
the soil. The exchange between water
and air at the surface causes gases
(oxygen, nitrogen, carbon dioxide) to
dissolve in the water.

Table 1 compares those substances
found in surface water with those found
in groundwater. Worthy of note:

- nearly universal presence of dissolved
gases, especially oxygen,

- heavy concentration of suspended
solids (SS), at least in flowing water.
These suspended solids are extremely
varied, from colloidal particles to
structured elements carried by rivers
whenever there is a considerable increase
in flow. For reservoir water, the largest
solids tend to settle naturally while the
water is contained; the remaining
turbidity is, therefore, colloidal,

- presence of natural organic matter
resulting from the decomposition of
vegetable or animal organisms living at
the surface of the drainage area or in the
river. These organisms (vegetable,
animal, etc.) decompose after death,

- presence of plankton: surface water
houses a large phytoplankton (algae,
etc.) and zooplankton growth. Under
some conditions, an intense water life

develops vegetable, macrophyte and fish
populations,

- daily fluctuations (temperature, amount
of sunshine) or seasonal fluctuations:
climate changes (temperature, snow
melt), vegetation changes (fall of leaves).
These fluctuations can be hazardous:
sudden inundations, storms, accidental
pollution. In confined surface water, the
quality at the surface is different from
that at the bottom of the body of water
(O, Fe, Mn, permanganate value,
plankton). Each of these elements varies
according to the time of year,

- organic pollution often leading to
eutrophication of the water (see page 30).

1.2.3. Potability of surface water

Untreated surface water is rarely
potable.  Besides the  substances
mentioned in 1.2.2, surface water is
usually polluted with bacteria. Moreover,
there may be several types of pollution:

- municipal: discharge from municipal
wastewater (human and domestic wastes)
after water purification treatment,

- industrial: organic pollutants and
micropollutants (hydrocarbons, solvents,
synthetic products, phenols), or inorganic
(heavy metals, ammonia, toxic products),

- agricultural: fertilizers and pesticides
or herbicides carried by rainwater and
run off. Also, organic wastes from large
livestock rearing facilities.
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1.3. SEA WATER AND BRINE

Table 2 shows the composition of
"standard" sea water (ASTM type). This
water is characterized by a strong salinity
that may vary depending on the source.

Source Salinity

gl

Baltic Sea 17
Atlantic and Pacific 32to 35
Mediterranean Sea 38t0 40
Red Sea 43 to 45

Dead Sea 270

Some physical characteristics of sea
water are especially important:

turbidity, suspended solids, number of
particles (in excess of 2 or 5 um per ml

or 100 ml) and clogging index. They
vary depending on the location:

- offshore, the suspended solids consist
mainly of zooplankton and
phytoplankton, the value of which is
some mg.l";

- near the shores, the salt level may be
high depending upon agitation (winds,
tides) and depth (presence of a
continental shelf). Furthermore, near
densely populated regions, pollution
from municipal and industrial
wastewater can become excessive: the
SS level can vary from several tens of
mg.I" to one or two hundred;

Table 2. Standard analysis of sea water - pH = 8.2-8.3.

French French

deg. deg.

Titration for hardness (TH) 650 Free alkalinity...............c.oooeoeeinne. 0

Carbonate hardness 15 Phenolphthalein alkalinity (P alk.)....... 0

Permanent hardness 635 [ Methyl orange alkalinity (M alk.)....... 15

Calcium hardness (CaH) 110 Salts of strong acids (SSA)........... 3,085

Magnesium hardness 540 Total salinity.............cccooeenaen.. 3,100

(MgH)
Anions mg.l'1 meq.l'1 Cations mg.l-' meq.l-'
chloride CI 19880 560  |calcium Ca*" 440 22
sulphate S04* 2740 57 magnesium Mg2+ 1315 108
nitrate NO; - - |sodiumNa” 11 040 480
bicarbonate HCO; 183 3 potassium K" 390 10
bromide Br’ 68 09 |[strontium Sr** 1.3 03
22 871 620.9 13 186.3 620.3
Total salinity: 36.4 g.l'1
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- in estuaries, the mixing of rivers with
the sea as well as the influence of the
tides (with an intrusion of sea water into
the river bed and tidal bores) cause
substantial variations in the salinity and
SS level of water samples taken from a
given area. Agitation caused by
changing of currents replaces sediment
back into suspension and forms a "plug"

1.4.
THE NITROGEN CYCLE

The nitrogen cycle is
diagrammatically in figure 7.

shown

In an aerobic environment, organic
nitrogenous matter and ammonium salts are
converted to nitrites and then to nitrates,
with the consumption of oxygen. This is
the process known as nitrification which
covers two successive reactions:

- nitrite production is the action of nitrite-
forming bacteria such as Nitrosomonas,
Nitrosocystis, Nitrosospira, Nitrosoglea,
etc.,

- nitrate production (nitration) is the
work of bacteria of the genera: Nitrobacter,
Nitrocystis, Bactoderma, Microderma, etc.

All these bacteria are autotrophic and
strictly aerobic. They use the energy
produced by the oxidation of ammonia and
of nitrites to reduce inorganic carbon
originating from carbon dioxide or
carbonates.

4.6 mg of oxygen is necessary per mg of
nitrogen if the oxidation is to be complete
according to the simplified reaction:

NH; + 20, - HNO; + H,0

Actually, no oxidation of ammonia
nitrogen reaches the nitrate stage
(intermediate compounds make up the

the SS level of which can reach several
gl’;

- the plankton level may also vary
greatly depending on geographical
conditions (shallow and motionless sea)
and climate (proliferation of algae in the
North Sea, for instance).

bacterial mass) and in practice, 4.2 mg
of oxygen is sufficient to oxidize a mg
of nitrogen.

The process of nitrification tends to
reduce the oxygen content in
waterways as does assimilation of
organic pollution.
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These nitrates make up an oxygen
reserve which can be given back
through denitrification when conditions
become reducing and anaerobic again,
but little hope can be placed on such
conditions in a river.
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1.5.
BACTERIA INVOLVED IN
THE SULPHUR CYCLE

The sulphur cycle is shown in the diagram in
figure 8. Anaerobic sulphur fermentation
converts sulphur-containing organic
compounds to H,S.

Other aerobic bacteria can oxidize H,S to
sulphur (which they are sometimes capable of
storing in the form of light-refracting granules,
dispersed in their cytoplasm) and possibly to
sulphuric acid:

e simple oxidation-reduction reactions in:

- the Leucothiobacteriales (or colour-less

sulphur bacteria), such as Beggiatoa or

Thiothrix:

2H,S + 0, 2 2H,0 + 28
Protobacteriaceae, such as

Thiobacillus thiooxidans which then oxidizes

the sulphur to sulphuric acid:

- some

2S + 30, + 2H,0 - 2H,S0,

The final end-point in an anaerobic
environment may thus be the appearance of
sulphates; on the other hand, in an anaerobic
environment these may be reduced by other
bacteria  (Desulfovibrio or  Sporovibrio
desulfuricans, some Clostridium, etc.) which
secrete  sulphatoreductases, capable of
catalysing the global reaction:

H,SO,4 +4H, > H,S +4H,0

Sulphite-reducing  bacteria also exist
(certain species of Clostridium and Welchia).

Some of these bacteria take part in the
process of corrosion of cast iron, steel or
concrete pipework (see page 419).

. photosynthetic  reactions in the
Rhodothiobacteriales (or purple sulphur
bacteria such as Chromatium, Thiospirillum
(see figure 9) or Thiopedia, in the same way
as in the case of the Chlorothiobacteriales
(or green sulphur

5203_ 5

Chemical oxidation
Autotrophic bacteria

Animals
Vegetables
Heterotrophic Passing to
bacteria atmosphere
Sulphate reducers
REDUCTION /
H,S
Fertilizers Sulphates /
Industrial waste
Pl SO 4.“ Did
Rocks, run-off

OXIDATION

Photoluminous
bacteria

\ Sulphur
precipitation
(run-off)

Sulphur bacteria

Figure 8. Sulphur cycle
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bacteria) such as Chlorobium or Chloro
bacterium; elemental sulphur is formed first:

2H;S + CO; 8 (CH,0)* + H,0 + 28
energy

The sulphur produced is, depending on.
the species, either stored in the bacterial cell
or excreted. It may later be converted to
sulphuric acid:

28 + 3CO; + SH,0 8 3(CH,0) + 2H50

energy

1.6.

BACTERIAL
OXIDATION-REDUCTION
OF IRON AND MANGANESE

e Iron

The exothermic oxidation of iron can
be catalyzed by some bacteria due to the
oxidation-reduction enzymes which they
excrete (flavins): trivalent iron, rendered
insoluble in hydroxide form, is then stored
in the mucilaginous secretions (sheaths,
stalks, capsules, etc.) of these bacteria.
The organisms responsible for these
phenomena are mainly the
Siderobacteriales, particularly:

- Chlamydobacteriaceae: Leptothrix (L.
ochracea, L. crassa, L, discophora),
- Crenotrichaceae:  Crenothrix  (Cr.

polyspora), Clonothrix (CI. ferruginea, Cl.
fusca),

- Siderocapsaceae:
Ferrobacillus, Sideromonas,

Siderocapsa,

- Gallionellaceae: Gallionella (G.
ferruginea, G. major).

This property is also shared by
Protobacteriaceae (Thiobacillus
ferrooxidans).

The global reaction may then be written:
H3S + 2C0; + 2H,0 8%, 2(CH,0) + HiS0x
energy

In these reactions (CH,O)
synthesized organic matter

represents

Figure 9. Thiospirillam x 1000,

e Manganese

All the above organisms can also
cause the oxidation of manganese if it
is distinctly more abundant than iron;
in addition, there are other bacteria
which show a specific activity in this
respect, for example:

- true bacteria: Pseudomonas (Ps.

manganoxidans), Metallogenium (M.
personatum, M. symbioticum),
- Siderobacteriales: Leptothrix (L.

echinata, L. lopholes),
- Hyphomicrobiales: Hyphomicrobium
(H. vulgare).

The action of all these
microorganisms can be very important
in the processes of iron and manganese
removal.

Some of these bacteria, when placed
in a reducing medium, can use the Mn
that they have stored in their sheath for
their metabolism. It is then dissolved
and released in the form of Mn"".

e Bacterial corrosion

Although the processes described in
the preceding paragraph are beneficial
in a deep-water treatment installation,
they can, on the other hand, be very
damaging in a cast iron or steel pipe.
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Traces of iron in water are sufficient
to induce the development of the iron
bacteria mentioned above. Three main
genera can easily be recognized under
the microscope:

- Leptothrix: a filament (or trichome)
containing a single line of cylindrical
cells and surrounded by a sheath; this is
at first thin and colourless but becomes
thicker and develops a brown colour
which becomes increasingly darker as it

is impregnated with iron oxide (figure
10),

Figure 10. Leptothrix ochracea x 650.

- Crenothrix: the trichomes have an
open end through which cells escape, in
several rows, to form new trichomes.
The development of the sheath is
similar to that of Leptothrix,

1.7.
EUTROPHICATION

This term is used to describe an evolutionary
process in the quality of lake water or other
artificially impounded water. It is sometimes
extended to include river water.

- Gallionella: isolated cells usually
growing on twisted stalks (with or without
ramifications) which they have secreted.
The linkage is, in fact, fragile and
frequently only the stalk is found (figure
11).

Figure 11. Gallionella ferruginea x 650.

The activity of these bacteria results in
the formation of tubercles which can block
a pipe (the presence of these tubercles can
be shown by partial dissolution in a
concentrated acid and examination of the
residue under the microscope). Areas
coated with these tubercles become
anaerobic, allowing the development of

sulphate-reducing bacteria (a typical
example being Desulfovibrio
desulfuricans). This bacterial growth

promotes corrosion.

1.7.1. Lake eutrophication

The evolution of lake may be summed up in
the following manner:

- a lake which is young and deep is
oligotrophic: its water is blue and
transparent; dissolved oxygen is present
down to the bottom; the biomass is sparse,
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- as ageing proceeds, the lake becomes
enriched in organic matter, due to its
primary photosynthetic production (algae)
and possibly due to contributions from
external sources; it then becomes
successively mesotrophic, then
eutrophic; the following phenomena are
then found: decrease in depth by
progressive silting; colouring of the water
(green to brown); reduced transparency;
oxygen depletion in the deeper levels;
greater biomass, with the appearance of
species indicative of eutrophication
(especially of Cyanophyceae, or blue
algae, of which the best known is
Oscillatoria rubescens). The final stage is
the pond, swamp, etc.

The transition from one type to the next
takes a very long time, which can be
measured in thousands of years. But this
natural process has in some cases been
accelerated to such an extent as to become
apparent during a human lifespan. This
situation is the result of human waterside
activities which carry organic matter and
fertilizing  elements  (nitrogen  and
phosphorus, in particular) to the stagnant
waters:  agriculture, municipal and
industrial wastewater.

The consequences of this artificial
eutrophication can be disastrous for the
tourist trade and for fishing; furthermore,
the cost of water treatment is considerably
increased as the result of the equipment
and reagents necessary for the removal of
the organisms themselves or of their
metabolic products.

It is possible to combat eutrophication
with:

- curative measures (oxygenation,
destratification, chemical or biological
methods),

- preventative measures: diversion of the
effluents by use of an intercepting sewer
(e.g., Lake of Annecy) or by a change in
course; tertiary treatment in purification

plants (reduction in SS, phosphorus,
nitrogen).

1.7.2. In the case of rivers: biotic
indices

The same problems do not arise in
running water, to which the full
definition of eutrophication cannot be
applied. For a long time now saprobic
degrees have been used to describe the
extent of pollution of a river; these are
linked to the chemical properties of the
water and to biological zones, which
are defined by the presence of
members of the various animal and
vegetable communities (Kolkwitz and
Marsson's system, 1909).

France prefers to use the method of
Verneaux and Tuffery biotic indices
(1967) which was adapted from the
method developed in Great Britain by
the Trent River Authority: analysis of
the benthic macroinvertebrate
population (molluscs, crustaceans,
worms, insect larvae), from which an
index of the river quality can be
deduced, expressed on an increasing
scale from 0 to 10.

Changes in  biocoenose  are
particularly distinct downstream of a
pollutant discharge (change in the type
of dominant zoological  group,
reduction in the number of species,
increase in the number of individuals
in each species); using the method
quoted above, punctual organic
pollution is immediately reflected by a
massive drop in the biotic indices
downstream, which increase again,
further down, as a result of self-
purification. Such methods give
valuable information for the study of
pollution or in the assessment of the
efficacy of effluent treatment, etc.
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1.8. RADIOACTIVITY

1.8.1. Natural radioactivity

Natural sources of radioactivity are
made up of radionuclides emitted by
cosmic and earth radiations as well as radio
elements present in living organisms. In
water, this radioactivity is due to dissolved
elements from these natural sources as well
as isolated elements such as potassium-40.

e  Groundwater

Radioactivity in groundwater is essentially
due to the emission of radium which is
present in all rocks. Radium is barely
soluble but its daughter product radon-222
is very soluble

Other radioactive elements such as
uranium, thorium, lead and polonium are
associated with granite and deposits of
uranium, lignite and phosphate. The chief
types are uranium-238, present in more
than 99% of the deposits, and its daughter
product uranium234 (highest uranium
content in mineral water: 79 ug.l'l).

e  Surface water

Radioactive elements emitted in the
atmosphere bind to aerosols and are carried
to earth by rain: *H and **’Ra for the most
part, argon, beryllium, phosphorus.

Radon, uranium, etc. account for the
solubilization of radioactive elements from
the soil. In general, natural radioactivity of
surface waters is very low; the presence of
radioactivity in these waters is due to
human activities.

¢  Uranium mines

Downstream of sites, the ratio of
radioactivity is high, whether or not the
mine is being worked. In the areas
involved, water consumption from
individual wells is very frequent while it
should obligatorily pass through a water
treatment plant. Contamination of surface
water is seen in an increase in minerals and
SS; radioactivity is often raised by 4 or
even 5. In the case of drinking water, the
essential problem is radon which is easily
carried to the faucet due to the fact that it is
soluble in cold water under pressure.

1.8.2. Artificial radioactivity

Most Bray emitters (except radon-228)
are linked to human activities.

e Radioactive elements in the
environment

- PWR power stations: SSCO, 60CO, S*Mn

H

- Atomic power plants and bursts: '*’Cs
920Gy 3H 1o 'Ry 311

- Hospitals: By

- The working of uranium mines:

230Th 226p4 (a-ray emitters)

228Ra?1%Pb (B-ray emitters)

Surface water can therefore be
contaminated in various ways: dilution of
atmospheric fallout, leaching of soil by
industrial effluents and nuisance. No liquid
discharge from industry is allowed into the
water table and goes, instead, into rivers
and the sea.

Soluble elements can first go through
natural adsorption onto the suspended clay
in turbid water.

Legal discharge from nuclear power
plants varies according to rated powers
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and refers solely to the minimum and
maximum flows of the receiving river.
The fixed amounts are daily averages and
in France the maximum volume added
can, when authorized, reach, inside of 30
days, a maximum of 10 times the
authorized annual average.

o  Tritium *H' (T)

This is one of the radioactive elements
that merit special attention even though
the rays emitted by tritium *H" at the same
level as the other elements mentioned
above, pose less of a danger.

Tritium is a naturally occurring element
in the atmosphere but it is also the
radioactive element discharged into the

environment (nuclear power plants
explosion sites) in the largest amount.

Origin: water on ocean surface 3 nCim?
Rain 4 nCim*
land water 6 to 24 nCi.m"

Discharge: 4 MCi per year in the world
Forecast for the year 2000: 30 MG per
year.

99% of trittum is found as tritiated
water ("HTO"): oxidation converts ‘H
into liquid or vapour. Tritiated water
dispersed into the soil (vapour), becomes
easily part of the biological fluids and the
entire  organism, and, unlike other
radioactive elements, does not bind with
the sediment or the SS.
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2.1.

QUANTITIES REQUIRED

We know that, on the average, man
consumes 2 litres of water per day for

drinking and

cooking. The quantity

depends on the climate and increases to 3
or 4 litres in hot countries but is low in

comparison to domestic use of water. This can
vary from several litres per day in countries
without public supply and with low household
usage to several hundreds of litres in very
developed countries.

Location Distribution Quantity of water distributed*
Min. - Max. Average
City in houses 70 - 250 140
fire hydrants 25-70 40
Countryside in houses, or
fire hydrants 25-70 40

* in litres per day per consumer
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Figure 12. La Defénse fountains (Paris).

A third group of consumers must be
added to these. This group consists of
offices and companies and various public
services (schools, hospitals, swimming
pools, street cleaning operations) and
uses a large amount of the water
supplied. Furthermore, some industries
also use the public water supply.

Lastly, the condition of the supply
system and the water lost through leaks
in the system must also be taken into
account in the water demand. The yield
of a system is defined as the relation
between the volume of water received by
consumers and the volume leaving the
pumping plant. A good system should be
able to attain a yield of 80%. In France,
50% of the systems yield less than 70%;
in 25% of the systems, the yield is less
than 60% (taken from Lyonnaise des
Eaux Handbook).

The following table shows the
variations in demand for different
lifestyles.

Location Quantity in m’
per person

per year

Rural population 12 t0 50

Detached house 110

Apartment build-

ings:

- Low rent 60

- Luxury 200

Offices 25

Paris 150

Lyon 1/40

New York 500

(Taken from Lyonnaise des Eaux Handbook)
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2.2. WHY TREAT WATER?

All  water made available to
consumers through a supply system
must be treated even if only a small
fraction of it is directly consumed by the
individual. It would be hazardous to
public  health and  economically
prohibitive to set up a double supply
system with one distributing water for
consumption and the other supplying
water for other uses.

Water coming out of the consumer's

2.3. CRITERIA FOR CHOICE

A number of factors determines which
water should be treated before it is
distributed. For each available water
source (groundwater, flowing or stored
surface water) we must assess:

- the quantity: the "source" must be able
to furnish the required quantity of water
at all times. In countries where the
amount of rainfall varies greatly, it may
be necessary to set up a reservoir and fill
it during the rainy season with enough
water to meet the needs of the dry season,

- the quality: in some countries the
quality of available raw water must meet
current legal standards. A determination
must be made as to which treatment
process would be best to make the

faucet must be "potable", that is, it must
conform to standards in force (see page
575), regardless of how the consumer
chooses to use it.

Water must be treated every time one
of the analytical measurements rises
above the current legal standard in the
country in question. WHO (World
Health Organization) sets
recommendations for each measurement
that must be followed by each country
depending upon health conditions in that
country and the state of its economy; the
goal is to establish national standards.

water drinkable. This process would have
to be weighed against previous years'
fluctuations in the quality of water (daily,
seasonal, climate variations) and against
potential fluctuations that may occur in
the future (with the construction of a dam,
for example).

In addition, it must be remembered that
groundwater is not synonymous with pure
water: actually, many aquifers are
polluted with bacteria, nitrates,
phytosanitary  products,  chlorinated
solvents or hydrocarbons,

- the cost: for each available source, the
capital and operating costs must be
compared so as to assure both quantity
and quality of water for distribution:
storage and transport of raw water, water
treatment, storage and transport of treated
water.
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2.4. BIOLOGICAL IMPURITIES

All water is vulnerable to pollution by
microorganisms.

2.4.1. Bacteria and viruses

The bacteria which are indicators of
fecal contamination are brought into the
environment by the discharge of municipal
wastewater, which may or may not have
been treated. These bacteria indicate
possible contamination by bacteria or

viruses which are pathogenic for man (see
page 396).

The growth of common germs may create
major problems in the distribution system:
consumption of dissolved oxygen corrosion,
bad taste of water

2.5.
MINERAL IMPURITIES

Some of these impurities influence the
organoleptic qualities of water, its
aesthetic appearance or its behaviour in
the distribution system but do not have
any appreciable effect on the health of
the consumer, whereas others have a
known effect.

2.5.1. Impurities which do not have any
appreciable eftect on health

e  Turbidity
Together with colour, this is the first
quality the consumer notices. All water is

2.4.2. Various microorganisms:
phytoplankron and zooplankton

Surface water contains many organisms
that make up phytoplankton and
zooplankton. Many of these organisms,
such as Actinomycetes and Cyanophyceae,
secrete compounds (such as geosmin)
which give water a bad taste and smell.
Others are pathogenic for man (amoebae).

The presence of  algae and
macroorganisms in the water system
(Asellus, Copepoda, Nematoda) is

unpleasant for the consumer and their
growth can lead to major disturbances
(proliferation, sediments, appearance of
anaerobic conditions).

Moreover, while they grow or at their
death, some microorganisms
(Cyanophyceae, for instance), excrete
metabolites that are toxic to higher animals.

turbid but if the turbidity is too noticeable,
the consumer rejects the water. There are
other reasons, also, why turbidity must be
removed:

- to permit proper disinfection of water,

- to remove any pollutant adsorbed on
suspended solids (heavy metals, etc.),

- to guard against sedimentation in the
distribution system.

e  Colour

Colour may be due to some mineral
impurities (iron, etc.), but it may equally be
due to some organic matter (humic and
fulvic acids). It must be removed in order
to make the water pleasant to drink.
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The removal of colour goes hand in hand
with the removal of some undesirable
organic  substances  (precursors  of
haloforms, etc.).

e  Mineralization

Alkalinity and hardness contribute to the
carbonate balance of water together with
the pH and the dissolved carbonic acid (see
page 262). An attempt is made to attain
such a balance in water in order to avoid
scale formation in, or corrosion of, the
system. If the amount of sulphates in water
is too high, it affects the taste and gives it
the quality of a laxative. If the amount of
chlorides is too high, it also affects the taste
and the water becomes corrosive.

e  Certain metals

Iron and manganese can colour the water
and initiate sedimentation in the system.
This can result in corrosion. In addition,
they affect the organoleptic quality of water
as do other metals: copper, aluminium,
zinc.

¢ Dissolved gases

H,S indicates an anaerobic condition and
an oxidation-reduction potential that is too
low; it causes a bad smell and may initiate
corrosion. It must be removed.

e  Ammonium NH;"

This has no appreciable effect on the
health of the consumer but its presence in
water indicates pollution. In deep-lying
water, NHs may be equally due to reducing
conditions in an aquifer. Ammonium must
be removed from water for consumption as
it is a nutritive element that may allow
some bacteria to grow in distribution
systems.

2.5.2. Impurities affecting health

2.5.2.1. Study methods

It is difficult to study the effect of a given
product directly on man. We can guard
against accidents from acute toxicity by
certain products which lead to death
(poisoning). In the same measure, we can
carry out epidemiological studies which
correlate the ingestion of certain products
with death, cancer risk or a given illness.

However, given the number of factors
that can enter into the environment of each
person along with the mobility of
populations in the modern world,
epidemiological studies are long, costly
and the results are questionable. It is
therefore preferable to employ
experimental methods. To gain a better
understanding of the effects of various
pollutants on the health of consumers,
studies and experiments are not performed
directly on man but rather on those animals
whose reactions are known to be similar to
man's. The results obtained are then
extrapolated to conform to man by means
of models which best reproduce the
transfer from animal to man.

The effects observed on different animals
can be described in various ways:

- acute toxicity: the product quickly leads
to death of the animal. The LD 50 value
indicates the lethal dose leading to death in
50% of individuals in a given time (24
hours, for example),

- chronic toxicity: this is a dose, which
when ingested on a daily basis, leads to
premature death of individuals. ADI
(Acceptable Daily Intake) indicates a
maximum dose ingested daily over a
lifetime
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that the metabolism of an individual is
able to withstand without risk,

- cytotoxicity: toxicity may be studied
by using cell cultures in the place of
living organisms: the product under
study leads to the death of a certain
percentage of cells: this defines, then,
cytotoxicity,

- mutagenicity: ingesting a product
causes mutations in individuals. The
risk of mutagenicity exists regardless of
the dose ingested. The risk is low if the
ingested dose is low and the risk
increases if the ingested dose is
increased,

- carcinogenic effect: exposing an
individual to the product under study or
having him ingest it causes a malignant
tumor to appear. As for mutagenicity,
the carcinogenic effect exists whatever
the dose ingested.

2.5.2.2. Chief impurities

e  Metals

In particular, cadmium, chromium,
lead, mercury, selenium and arsenic
must be removed from water. Generally,
they are adsorbed on suspended solids
in raw water and the removal of these
suspended solids is therefore sufficient
to ensure their removal. In some cases,
the metals may be complexes either of
natural organic substances (mercury, for
example), or of chemical compounds
discharged by industry or homes. The
treatment must be able to destroy these
complexes to ensure their removal.

2.6.
ORGANIC IMPURITIES

Many natural organic substances are

found in ground- and surface water.

e Nitrates

There has been a general increase in
the concentration of nitrates in raw
water and these must be removed
because they are known to have a
harmful effect when present in high
concentrations in drinking water. They
cause methaemoglobinaemia in infants.

e  Asbestos fibres

Although asbestos has been
recognized as carcinogenic when
inhaled from the air, the carcinogenic
effect of asbestos fibres in drinking
water has not been  clearly
demonstrated. It is, however, desirable
to remove them as completely as
possible. Asbestos fibres can be carried
in steam (boiling water, showers, etc.).
By reducing turbidity, a reasonable
amount of asbestos fibres can be
removed.

e Hardness

It has no tangible effect on health.
However, softening water by ion
exchange in the sodium cycle leads to a
higher content of sodium in the water; a
high sodium content seems to promote
hypertension.

° Fluorine

Too much fluorine leads to the
fluorosis of bones. In such a case, the
fluorine concentration must be reduced.

These are classified in six main groups:
humic substances, hydrophilic acids,
carboxylic acids, peptides and amino
acids, carbohydrates and hydrocarbons.
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water, classified according to their
molecular weight (MW).

- Carbohydrates
D Proteins - peplides

MW = 5000
% TOC = 32

D Folyhydroxy aromatic compounds

E Miscellaneous

W = 3500
o IO - 30

MW = Laon
e TOC : 38

Figure 13. Discuburion of fracetons of organic carben in water from the Seime River

(From Brucher — 1983,

Organic substances resulting from urban
activities are also found.

Organic substances  are  defined
analytically by measuring them against
overall indices, reagent groups, or well-
defined substances.

2.6.1. Overall parameters

These are measurements which do not
show the concentration of a well-defined
organic substance, but rather indicate a
characteristic common to several substances.

Permanganate  Value and Total
Organic Carbon (TOC) indicate the
concentration of organic substances that may
be natural (fulvic acid, humic acid) or that
come from municipal or industrial effluents.
The concentration of these parameters
should be reduced as much as possible in
treated water to avoid the growth of
microorganisms in the distribution system.

Absorbance measured in ultraviolet
rays at 254 nm indicates the concentration of
double  bonds  (aliphatic,  carboxylic,
benzenoid).

The TOCL (or TOX) indicates the
concentration of chlorinated (or halogenated)
organic substances. It increases following
chlorination of water and should be as low as
possible by the time it reaches the consumer's
faucet.

e  The usefulness of overall parameters It
is impossible to relate an overall parameter to
a measurement of toxicity and/or cytotoxiciry
or carcinogenic and/or mutagenic effect; and
thus it is impossible to determine
concentration limits based on some effect or
other on the health of the consumer.
However, being aware of the overall
parameters during the whole treatment
procedure allows us to make optimum use of
a treatment plant and compare procedures.
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2.6.2. Pesticides and plant growth regulators

These products are used in agriculture to
combat organisms that attack vegetables. Some
become hydrolysed rather quickly but others
are especially resistant and accumulate in the
food chain. Some of these products are toxic
while others are mutagenous or carcinogenic.

The WHO issued (1985) the ADI for some
products.

Simazin and atrazine are now seen more and
more frequently.

These dangerous products must be removed as
completely as possible to protect the health of
the consumer.

Compound or group of Recommendations ADI
isomers ngl! mg per kg
of the person

DDT (all isomers) 1 0.005
Aldrin and dialdrin 0.03 0.0001
Chlordan (all isomers) 0.3 0.001
Heptachlor and hexachloro-epoxy 0.1 0.0005
Gamma HCH (hexachlorohexane-
lindane) 3 0.01
Methoxychlor 30 0.1
2 4-dichlorophenoxyacetic acid 100 0.3

2.6 3. Haloforms
(cf. para 2.8)

2.6 4. Chlorinated solvents

These substances have contaminated many
deep-lying  waters, through industrial
discharges, dumping into disused wells and
leachates. These substances are carcinogenic
or mutagenic and it is important to remove
them. Notable are: carbon tetrachloride, 1,2-
dichloroethane, 1,1-dichloroethene and 1,1,1-
trichloroethane.

2.6 5. Phenols and derivatives

Phenols and their derivatives are the mark
of industrial pollution. Their worst effect is
that, in the presence of chlorine, very small
quantities of these products leave a taste of
chlorophenol. Normally there is no taste if the

pure phenol content is kept down to 1 pg.I™
but there is sometimes a slight taste of
chlorophenol with a content of 0.1 to 0.01 ug'l

When chlorophenols are first detected
organoleptically, they are still far below the
threshold where they pose a danger to the
health of the consumer; these substances must
be removed until they can no longer be tasted.

2.6 6. Hydrocarbons

The hydrocarbons likely to pollute surface
or groundwater supplies come mainly from oil
refinery wastes, industrial effluents of various
kinds, gasworks effluents, fumes, etc.
Aromatic hydrocarbons are especially soluble.
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Such wastes may contain petroleum,
kerosene, petrol, fuel oil, other oils or
lubricants.

Biodegradability is slow. Accidental
pollution is short-lived at the intake of a
river purification plant but can last a long
time in the case of groundwater (up to
several years because of the soil's power of
retention). This is why groundwater
supplies have to be strictly protected
against the risk of hydrocarbon
contamination.

¢  Harmful and toxic effects

- formation of a film which interferes with
the re-oxygenation and self-purification of
surface water,

- interference with the operation of
drinking water  treatment  plants;
flocculation and settling are affected and
the hydrocarbon is likely to remain in the
filter material for a long time,

- the taste and smell threshold varies very
widely according to the product involved
(from 0.5 pgl! for petrol to 1 mg.l'1 for
oils and lubricants),

- toxicity: there is a danger of toxicity in
drinking water at concentrations above
those at which taste and smell appear. Skin
troubles have been caused by fuel oil
additives.

2.6.7. Polycyclic aromatic hydrocarbons
(PAH)

Some of these substances are very
carcinogenic and it is important to remove
them completely before the water is
distributed. Noteworthy are
benzo(3,4)pyrene, benzo (11,12)
fluoranthene, benzo (1,12) perylene, benzo
(3,4) fluoranthene and indeno (1,2,3Cd)
pyrene.

2.6.8. Polychlorobiphenyls (PCB)

These products have been developed
over the past few years for various
uses: plasticizers, solvents, lubricants,
hydraulic heat transfer fluids. They are
mainly used in the manufacture of
transformers and capacitors. In France
they are known by their brand name,
Pyralene.

Through combustion or pyrolysis,
they can give off products suspected to
be very toxic: polychlorodibenzofurans
("furans") and
polychlorodibenzodioxins  ("dioxins®).
These products are especially stable,
and as such, are dispersed in the
environment. They are assimilated by
living organisms and may be carried in
the food chain. Although it has not yet
been formally demonstrated, their
toxicity is strongly suspected.

2.6.9. Detergents

Detergents are synthetic surface-
active compounds which enter the
water with municipal and industrial
effluents.

Commercial products contain active
compounds in the form of surfactants
and aids.

e  Surfactants: their structure
modifies the physical properties of
surfaces by lowering surface tension
and gives them cleaning power. There
are various types:

- anionic surfactants: for a long time
the most commonly used substances
were "hard," slightly biodegradable,
branchedchain products, such as the
alkylbenzene
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sulphonates (ABS), which have been mainly
responsible for the problems created by the
presence of detergents in water. They have
usually been replaced by at least 80%
biodegradable, linear-chain detergents.

The concentration of anionic surfactants can
be measured easily by methylene blue
analysis; their biodegradability over a period
can then be followed without difficulty,

- non-ionic surfactants (those now used have
an alkylphenol or even polyethoxyl alcohol
base). These are being used on an increasing
scale, but problems have still to be solved as
regards dosing,

- cationic surfactants, consisting of
quaternary ammonium salts, are little used
and are reserved for special uses linked with
their biostatic properties.

e Aids

These include:
- aids proper such as polyphosphates,
carbonates, silicates,
- chelating and
(polyphosphates),
- reinforcing agents to improve the action of

the active constituents (amino oxides,
carboxymethylcellulose, alkanolamides),

complexing  agents

- additives: bleaching agents, perborates,
optical bleaches, dyes, perfumes,

- mineral salt fillers to improve the
appearance of products,

- enzymes which should be regarded as pre-
adjuvants and help to hydrolyse certain types
of fouling.

e  Concentrations found in water

Before the introduction of biodegradable
products, the concentration of anionic
detergents in river water varied from 0.05 to
6 mg.I"". The figure has dropped since.

Concentrations of non-ionic detergents are
difficult to express because of the many
methods of analysis, their accuracy and
limits of detection.

e  Harmful effects

The harmful effects caused by the
presence of detergents in water are:
- formation of foam, which hinders natural or
artificial purification, concentrates impurities
and is liable to spread bacteria and viruses;
anionic detergent concentrations of 0.3 mg.I"!
and over are sufficient to produce a stable
foam,
- formation of a barrier film on the surface,
which slows down the transfer and
dissolution of oxygen in the water, even
when there is no foam,
- a soapy taste, at concentrations well above
the foam point,
- higher phosphate content due to the
combination of  polyphosphates  with
surfactants, leading to the eutrophication of
lakes and the growth of plankton in rivers; in
some countries, a large proportion of
polyphosphates is replaced by NTA
(nitrilotriacetic acid),
- a gradual increase in the boron content of
surface and groundwater supplies, due to the
large quantities of sodium perborate used in
detergents.

Detergents do not kill bacteria, algae, fish
and other forms of river life, so long as the
concentration does not exceed 3 mg.1".
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Lastly, the enzymes recently added to
detergents have no ill effects either on the
receiving water or at purification plants.

The introduction of detergents which are
at least 80% biodegradable has led to a very
marked improvement, at least in the case of
anionic detergents,

2.7. RADIOACTIVITY

The ingestion of radioactive products can
have a somatic effect on man, causing
malignant tumors, or mutations that might
appear in future generations.

2.8. INDUCED POLLUTION

Introducing a reagent into water can lead
to two types of pollution: impurities from the
reagent itself, and products produced by a
reaction of the reagent with organic matter in
the water.

2.8.1. Impurities due to the reagent

In many countries, the use of a reagent
must be approved by the health authorities.
Regulations may determine, for each
reagent, the maximum concentration of
impurities allowed. A precise analysis of the
products must be undertaken. In the event
that the presence of impurities is established,
it is important to make sure that the planned
chain of treatment will remove them.

e Inorganic coagulants

Some coagulants are made from minerals
in which the level of impurities is
noteworthy: acid attack on bauxite, making

which can be successfully checked.

Non-ionic detergents raise problems
because they stimulate the formation of
foam by anionic detergents and then
stabilize it. The non-ionic products now
used are resistant to biodegradation,
particularly in cold weather.

The water produced must meet regulations
in each country. Treatment of water includes
precipitation by lime, ion exchange or
reverse 0Smosis.

aluminium sulphate; attack on metal
structures, making ferric chloride. This
attack also dissolves impurities (tungsten,
manganese, arsenic).

Other coagulants are made from byproducts
coming from another industry. Chlorinated
copperas made from ferrous sulphate which
comes from the manufacture of titanium,
may contain a substantial amount of
manganese.

e  Polyelectrolytes, coagulant aids

Synthetic polyelectrolytes are made by
polymerization of monomers
(polyacrylamides, polyamines, etc.). In
drinking water treatment, each country's
regulations may establish the type of
monomer that may be used, the maximum
monomer content in the polymer and the
maximum treatment rate allowable (0.5% of
acrylamide monomer in the case of
polyacrylamides, for example).
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e  pH correction

The impurities in the lime and caustic
soda must be analysed to make sure no
mercury is present (caustic soda from a
membrane procedure).

e Disinfection using chlorine

Since disinfection by chlorine is the last
stage in the treatment process, it is
important to verify the purity of the product
before disinfection.
e  Stripping air

The air used in certain stages of the
treatment may introduce undesirable
elements: impurities in the atmosphere,
exhaust gas, fumes, bacteria, etc.

2.8.2. Impurities due to a reaction between
the reagent and organic matter in water

During the oxidation phases which occur
all along the treatment line, oxidants
(ozone, chlorine dioxide, chlorine) can
react on organic matter present in the water.
Chlorine, especially, reacts with certain of
these (precursors) leading to the appearance
of haloforms.

This reaction can occur directly by
means of the chlorine in the water which is
in the form of C107, or by means of another
halogen (bromine or iodine) which could
have been replaced by chlorine (resulting in
XO', which would then react with the
organic matter to form organohalogen
compounds).

The basic reaction to form the
trihalomethane compounds is the following:

0 0
I |
R-C-CH, +30X" — R-C-0 +CHX, + 200"

Carbonaceous  organic  substances
capable of causing this reaction are, for the
most part, methyl ketones, or, to put it more
generally, all organic products which by
means of oxidation can be oxidized into
methyl ketones.

The chlorination of organic compounds
also leads to the formation of other
compounds, some of which, until today,
remain unidentified (see figure 14).

E (FTTETRRY (1
D Halofori

Habskatones - Leich loraiostones

Halomitriles - dechloronmstonitelas THDAM
Haloaliphatic aculs
= bnehlori-scetic acid TCAA
- dichluro-acetic acad THIAA
Halcaramatics
! Vealu i e O

[ Munvatatite 0x

Figure 14, Halomen compourds presenr siter chlor-
imaeion af waeer,

° Hazards

All these products are suspected of being
carcinogenic. It is important that the plant
and its operation be such as to produce
water that contains as few trihalomethanes
and organochlorinated compounds as
possible.

It must be remembered that the attempt
to reduce the level of organochlorinated
compounds must not compromise the
thorough disinfection of water for
distribution.
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2.9.
POLLUTION FROM
EXTERNAL SOURCES

Substances which make up several of
the products used for water treatment can
be a source of pollution. As an example
of this, take the case of ion exchange
resins or that of membranes. Certain
regulations have established a list of
products authorized for wuse in the
manufacture of these resins (or
membranes); tests have been worked out
to ascertain that there is no release while
the product is being used in the treatment
line (removal of nitrates by ion exchange
resins, for example).

Materials making up the supply
system may also be a source of pollution:
solvents used for the painting and coating
of structures, monomers and additives
used in plastic pipe and tube
manufacture, metals used in valves and
fittings or even lead used in the
manufacture of pipes and tubes (which
might cause lead poisoning), especially
in home plumbing systems. Some of
these materials may release organic
carbon which may serve as food for
common bacteria, thus aiding their
proliferation in the supply system; they
may also cause the water to taste bad.
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Figure 13, Cocling sowers
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3.1.
THE USES OF WATER AND
THE QUALITY REQUIRED

The quality of water required by
industry is variable and corresponds to
unequal valorization degrees. If the
needs of small and medium size
companies can often be met with
drinking water or well water, the size
and the situation of large factories may
force them to turn to less expensive
sources of water, possibly even
including sea water.

Moreover, the growing need for
water justifies water recirculation and
the wvariety of functions that water
serves often gives rise to the imposition
of specific quality standards.
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3.1.1. Basic fiunctions of water In
industry
Use Chief applications

Steam Boilers, air humidifiers.

Heat exchange | Condensation of steam,
cooling of fluids and solids,
heating, aqueous cutting
fluids.

Gas scrubbing | Steel industry, incineration
of household refuse, de-
sulphurization of smoke.

Washing of Coal, ore, agricultural

solids products,

Transport of
solids

Surface rinsing

Transport of
ions

Paper pulp, coal, pulp,
agrifood industry, electro-
phoresis pigments,

Surface treatment, semi-
conductors, microelectron-
ics, dye works, agrifood in-
dustry,

Surface treatment baths.

Quenching Coke, slag, granulation of
cast iron.

Maintaining Secondary recovery of oil.

pressure

Kinetic energy.

Descaling steel, granulation
(slag, scarfing).

Manufacture

Beer and carbonated
drinks.

Water can be used (figure 16):

e for a single purpose:

- in open system or as direct make-up,

- in recirculation, with or without water

deterioration;
e for two
purposes:
- reuse.

different  successive

RECIRCTULATION

(IRl 7 AN |
 hypass

Make-up waler Blendowen

REUSE

-
1 Possible
I treatment

Figere 16, Recirowlsdion and reuse of warer,

3.1.2. Recirculation without water
deterioration

Recirculation means the indefinite
reuse of the same water for the same
nonpolluting purpose. Make-up water
replaces various losses in the form of
liquid (leaks, drift loss) or steam in the
case of evaporation, a frequent
occurrence. Normally the water is not
altered with the introduction of foreign
ions, dis solved gases or the diffusion of
organic or inorganic solids during the
process. Only the initial salts condense
and accumulate through evaporation.

Two typical examples of
recirculation are the cooling by means
of a cooling tower, called an "open
recirculating system", and use in a
boiler with the return of condensates
(see pages 49 and 59).
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The recirculation rate may be high and
the increased concentration of various
dissolved salts through evaporation requires
preliminary purification of the less soluble
salts in the make-up water and a blowdown
of the water in the system.

Determining the concentration ratio C in
recirculation is basic and rests on the ratio
between the amount of water supplied, or
make-up water A, and the amount of water
lost as a liquid or through blowdown

A

D

Where E represents evaporation, as an
initial approximation, the concentration ratio
can be expressed as a ratio of the salt
content in the circulating water S to that in
the make-up water s:

The recirculation rate R is also used or
the Q/A ratio of the circulating flow of
water to the flow of make-up water.

In an open recirculating cooling system,
C may vary between 1 and 6 or even 10.
This ratio may be measured, in practice, by
comparing the chloride concentration in
such a system to that of the make-up water
since no chlorides are being introduced. In
a boiler, C is much higher (100, for
example, in a PWR).

3.1.3. Recirculation with water
deterioration

This means the reuse of water in a
polluting  operation  where  foreign
compounds are introduced into the make-up
water. This operation may be:

e done in conjunction with a cooling
process:

gas scrubbing with the presence of HCI

(incineration of household refuse),

- gas scrubbing with the presence of So;
(boiler fluegas),

- gas scrubbing with the presence of HF,
HCN (gas from blast furnaces, etc.),

- descaling of steel and spraying of rolling
mills with the entrainment of oils and
scales,

- prilling of nitrogen fertilizer with
solubilization of ammonia nitrogen,

- transport of slag and quenching of coke
with solubilization of sulphur compounds.

e done without a cooling process:

- rinsing in the electroplating process with a
more substantial addition of soluble salts,

- gas scrubbing in the phosphate industry,

- transport of raw materials with the
introduction of suspended solids as well as
salts (various washing plants,
hydrometallurgy).

The salt concentration ratio is no longer due
solely to evaporation and, in practice, often
becomes difficult to measure if chlorides
are introduced from outside. Moreover,
because of moisture condensation, the input
of make-up water (scrubbing of wet gas)
can be difficult to assess.

The recirculation rate R is the single
measure of the degree to which make-up
water is utilized.

Depending on the amount of pollution
introduced into a system, it may be blown
down by a purification unit placed on the
system or on a by-pass (see figure 16).

If the amount of pollution is considerable
(such as in the case of gas scrubbing), the
salinity and impurities in the make-up water
become a secondary factor and as such do
not require primary purification any longer.
The problem to be resolved is far more
closely related to that of recirculated
industrial effluents (see sub-chapter 5).
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If the amount of pollution is low (an
extreme case is in ultrapure water)
loops), the impurities in the make-up
water justify a thorough treatment of the
latter; the in-line treatment becomes
quantitatively, but not qualitatively, less
important.

3.1.4. The reuse of water

Recirculation may not be a
sufficiently economical use of water in
view of decreasing availability. The
reuse of water is another means which
consists in using water for two
successive but different purposes, which
may be separated by an intermediate
lifting or treatment stage.

The second purpose is usually not as
"noble" as the first, and therefore, an
intermediate  treatment may not be
necessary. For example, the draining of an
open recirculating system of gas from
steel production using oxygen may be
used to directly feed a gas scrubbing
system from blast furnaces:

Table 3. Main industrial uses of water and possible water sources.

Use

Sources of acceptable water
(often after

adequate treatment)

Noble manufacturing

- Pharmaceuticals
- White paper

- Textiles

- Dye works

- Chemicals

- Beers, carbonated drinks
water - Agrifood industry

Water with average mineral content

Drinking water

or

Well water

or

only slightly polluted
surface water

Demineralised water - Pharmaceuticals

- Ultrapure water

- MP and HP boilers
- Preparation of various baths
- Electroplating rinses

- Desalination by reverse osmosis

Well water
or
only slightly polluted surface water

Cooling water in an open
recirculating system

- Cooling towers

- Surface water with a low Cl- con-
tent

- Wastewater after tertiary treat-
ment

Cooling water in a once-
through system

- Condensers and exchangers

- Surface water
- Sea water
- Effluents after treatment

Gas scrubbing

or product wash water and incineration

Transport water - Coal scrubbing

- Scrubbing of metallurgical gas

- Strained and settled surface water
- Wastewater after secondary
treatment
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3.1.5. Choice of water sources

Independent of the economic aspect, the
criteria determining the choice of water,
whenever possible, are the following:

- compatibility of water with its uses:
carbonate balance, hardness, temperature,
and, as regards concentration, levels of SO,
Si0,, Ca®", CI,

- compatibility of water with the types of
treatment that are planned (membranes, ion
exchangers).

3.2. BOILER WATER
3.2 1. Boiler water circuit

For all types of boilers, the water circuit
can be very simply summarized as follows
(figure 17):

The boiler receives feedwater, which
consists of varying proportions of recovered
condensed water (known as "return water")
and fresh water which has been purified in
varying degrees and is known as "make-up
water."

The steam, which escapes from the boiler,
frequently contains liquid droplets (drift) and
gases (in particular, carbon dioxide). At high
pressures, it carries salts volatilized by
genuine "steam carryover" such as silica, and
at very high temperatures, chlorides.

The water remaining in liquid form at the
bottom of the boiler picks up all the foreign
matter from the water that was converted to
steam (except the substances carried over in
the steam).

Table 3 suggests the choice of an available
water source depending on its use. Attention
must be paid to those factors difficult to
correct by means of a simple intermediate
purification process (colour, OM, PAH,
SQq, etc.).

Sea water may be used without reducing
its salinity in the following two applications:
- condenser cooling,

- secondary offshore recovery.

In most cases, desalination is necessary.

The impurities must be "blown down" by the
discharge of some of the water from the
boiler to the drains.

Steam Losses

Make-up
water

Condensed

Return g

Figure 17, Boiler warer arceir,

Assuming that the boiler operates at a
continuous rating and, for simplicity, that the
salinity carried over by the steam is
negligible, the mineral content will be in
stable equilibrium when the weight of salts
discharged to the drains is equal to the
weight of salts brought in by the make-up
water (because the condensed water is
considered to be pure). This gives the
equilibrium state:

Axs=DxS
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A: flow of make-up water, concentration, s
D: blowdown rate,
S: concentration in the boiler.

S=sX é

D
If all the steam is lost and if the purification
problem is stated not in production of make-
up water but in tonnes of steam (T), it must be
remembered that A = T + D and that the
concentration factor will then be expressed by:

S=T+D

S D
In practice, the permissible percentage of
blowdown at a plant is strictly limited by
running costs and initial outlay. The tendency
is to reduce this percentage to an ever smaller
figure.

3.2.2. Nuclear generators and forced
circulation boilers

Certain generators used in nuclear power
plants have no chamber, nor any provision for
blowing down water, so that all impurities
dissolved in the feedwater are found on the
steam generating surfaces or in the steam.
Therefore, the above method of calculation
does not apply, and it is generally essential to
limit the extraneous matter contained in the
water to levels that can be tolerated in the
steam.

The above also applies to all conventional
boilers of the forced circulation type and to
those boilers used in the chemical industry
known as "recovery boilers" which have no
chamber or provision for blowing down water.

3.2.3. Difficulties caused by impurities in the
water

The principal difficulties caused by water in
boiler or turbine operation are as follows:

e Scaling, due to the deposition of
crystalline precipitates on the walls of the
boiler. This interferes with heat transfer and
may cause hot spots, leading to local
overheating. The less heat they conduct, the
more dangerous they are. The values
corresponding to their thermal conductivity
are as follows:

- steel 15 keal/nt.h per degree C
-CaS0, 1-2 keal/nt.h per degree C
-CaC0; 0.5-1 keal/nt.h per degree C
- Si0, 0.2-0.5 keal/nt.h per degree C

Scaling is mainly due to the presence in the
water of calcium salts (carbonates or
sulphates), which are less soluble hot than
cold, or to too high a concentration of silica in
relation to the alkalinity of the water in the
boiler. In boilers giving off a lot of steam
there can be an oversaturation of salts in the
superheated outer film or hide out with a
lesser salinity in the blowdown.

e Priming, which is the carryover of
varying amounts of droplets of water in the
steam (foam and mist) which lowers the
energy efficiency of the steam and leads to the
deposit of salt crystals on the superheaters and
in the turbines. Priming is related to the
viscosity of the water and its tendency to
foam. These properties are governed by
alkalinity, the presence of certain organic
substances and by total salinity or TDS (total
dissolved solids). The degree of priming also
depends on the design of the boiler and its
steaming rate.
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e Carryover in the steam of volatile
minerals at boiling point, the most
harmful of which is silica which is
produced at above 250°C. These salts are
deposited on turbine vanes and cause
serious operating problems. Carryover
increases with pressure and, therefore,
with temperature. The quantity, of
course, depends on the amount of
harmful substances such as silica in the
chamber.

e Corrosion of widely varying origin
and nature due to the action of dissolved
oxygen, to corrosion currents set up as a
result of heterogeneities on metal
surfaces, or to the iron being directly
attacked by the water. Before turning to
corrective measures, it is first necessary
to consider the quantity of the various
harmful substances which can be allowed
in the boiler water without risk of
damage to the boiler or turbine. Starting
from these figures, and allowing for the
amount which can be blown down, the
permitted concentration in the make-up
water is thus defined.

3.2.4. Standards for water for use in a
conventional steam generating plant

Because of the growing tendency to
increase the rate of heat transfer through
the heated surfaces of modern boilers,
only relatively wide ranges can be given
as to maximum levels of alkalis, salts,
silica, phosphates, etc., in relation to
working pressure. The actual maximum
levels must be obtained from the boiler
manufacturer, who will base them on the
characteristics of the boiler in question.

A point constantly debated is the
maximum level of NaOH, which
decreases as the steaming rate per m2 of
tube increases, but which in low-and
mediumpressure boilers can be raised if
antipriming conditioning is applied.

The following are extracts of
recommended levels from APAVE
(Association of electrical and steam unit
owners) (tables 4a, 46, 4c) up to pressures
of 100 bar for medium steaming rates and
for volumes of water in the chambers
sufficient to properly control the
blowdown rates.
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Table 4a. Characteristics of water for firetube boilers (up to 25 bar)

Working pressure =10 bar 10-15 bar 15-25 bar
Conditioned feedwater (pu-
rified make-up water + return
water)
PH =85 =85 =85
TH (French deg.) <0.5 <05 <02

Physical removal of dissolved oxygen by thermal

0O, Deaeration and/or use of reducing reagents or

corrosion inhibitors

Qily substances absence

Boiler water

M alk. (French deg.) =120 =100 =80

P alk. (French deg.) Palk~- Palk. ~ Palk ~
0.7 M alk. 0.7 M alk. 0.7 M alk.

Si0, (mgl™) <200 <200 <150

Si0,/M alk.* =25 =25 =2

TDS (mg.17") =5,000 = 4,000 =3,000

Cr = 1,000 =800 =600

Phosphates

P0,*" (mg.17) 30 to 100 30 to 100 30 to 100

pH 10.5t012 10.5t012 10.5t012

* This ratio must equal that of the feedwater.
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Table 4b. Characteristics of water for watertube boilers. Natural circulation.
Softened or softened, carbonate-free make-up water.

oxygen by thermal deaeration
and/or use of reducing reagentg
or corrosion inhibitors

Working pressure =15 bar 15-25 bar 25-35 bar 35-45 bar
Conditioned feed-
water (purified
make-up water +
return water)
pH =85 =85 =85 =85
TH (French deg.) <0.5 <02 <0.2 <0.1
0} Physical removal of dissolvedPhysical removal of dissolved

oxygen by thermal deaeration
and use of reducing reagents o
corrosion inhibitors

Qily substances absence

Boiler water

M alk. (French)

deg.) =100 =80 =60 =40

P alk. (French P alk. ~ P alk. ~ P alk. ~ P alk. ~
deg.) 0.7 M alk. 0.7 M alk. 0.7 M alk. 0.7 M alk.
Si0, (mg1™) =200 =150 =90 =40
Si0,/M alk.* =25 =2 =15 =1
TDS (mg.17") <4,000 <3,000 <2,000 <1,500
cr =800 =600 =400 =300
Phosphates

PO, (mgl™) 30 to 100 30 to 100 20 to 80 20 to 80
pH 10.5to0 12 10.5t0 12 10.5t0 12 10.5t0 12

* This ratio must equal that of the feedwater.
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Table 4c. Characteristics of water for watertube boilers. Natural circulation.

Demineralized make-up water.

Working pressure 40-60 bar 60-75 bar 75-100 bar
Conditioned feedwater
(demineralized + return
water)
PH =85 =85 =85
TH (French deg.) <0.05 <0.05 <0.05

Physical removal of dissolved oxygen by efficient

0, thermal deaeration (O, <0.02 mg.l'l) and use of

reducing reagents or corrosion inhibitors.

Oily substances

(mg-17") <0.05

Total max Fe (mg.1™) <0.05 <0.05 <0.03
Total max. Cu (mg.1™") <0.03 <0.03 <0.01
Boiler water

M alk. (French deg.) <15<10<5

P alk. P alk. = 0.5 M alk. imperatively

Si0, (Mg.1™) =15 =10 =5
Si0,/M alk.* <1 <1 <1
Free NaOH (mg.I'") <20 <10 <5
pH 10to 11 10to 11 9.51t0 10.5
TDS (mg.17) <500 <300 <100
Phosphates

P0,* (mg.1™") 10 to 60 10 to 40 5 t0 20

* This ratio must equal that of the feedwater.
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Other recommendations for feedwater
quality

Experience has shown that it is advisable
to also limit other pollutants liable to enter
the boiler:

Characteristics Working pressure
in mg.1" <40 bar 40 to 70
bar
Total iron <0.2 <0.1
Copper <0.020 <0.010
Organic matter
(expressed as KMn0y) <5 <5
TOC <5-7 <5-7
Oils and <0.2 <0.2
hydrocarbons
SS <1 <1

Supervision of LP and MP boiler water

With the

development of automatic
control of boilers, a manual check of the
following items may be cut back (once a
day for LP and once per shift for MP):

Purified Boiler Boiler
water feedwater

PH X X X
TH X X
P alk. -
M alk. X X X
Si0, X X X
P04 X
N2Ha/
SO32> X

3.2.5. High pressure or high heat flow
boilers

For very heavy-duty boilers, dissolved
salts must be reduced as much as possible
and thus, phosphate conditioning must be
eliminated.

Limits for TDS and alkalinity in the boiler
cannot, therefore, be defined because the
thorough silica removal from the make-up
water simultaneously reduces the TDS to
that of a trace product. Under these
conditions, the alkalinity and TDS of the
boiler water are determined essentially by
the conditioning method.

The manufacturers of boilers must be
consulted for they, themselves, may set
very restrictive conditions concerning
feedwater or boiler water.

Return condensates can introduce
impurities into the feedwater, such as:

- dissolved salts (from condenser leaks or
boiler priming);

- corrosion products from the introduction
of oxygen.

Thus, condensate treatment is, at times,
justified.

3.2.6. Plants with a pressurized water
reactor (PWR)

3.2.6.1. Organization

These pressurized water reactor plants
have two separate systems (see figure 18):

- a primary system that handles the
extraction of heat from the core of the
reactor; this system is called "active",

- a secondary system, where steam is
produced, comprising the turbine, the
condenser, the reheaters, the feed pump and
possibly the treatment of condensates;
except in the case of generator leaks, this
system is not active.

In the primary system, water is
maintained in a liquid state under a pressure
of about 150 bar, at a temperature leaving
the reactor in the neighborhood of 320°C
(return temperature of 280°C).
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The primary system is conditioned with
two reagents:

- lithium hydroxide to maintain a basic pH
and prevent corrosion;

- boric acid which acts as a moderator in
the neutron flow and allows the power
furnished by the reactor to be controlled.

E.D.F. (Electricité de France) system
terminology
A.P.G.: Steam generator blowdown system.

G.V.: Steam generator.

P.T.R.: Reactor cavity and spent fuel pit
cooling and treatment system.

R.C.V.: Chemical and volume control
system.

T.E.P.: Boron recycle system.
T.E.U.: Liquid waste treatment system.

REACTOR
HOUSING

PITS |

3.2.6.2. System control

Corrosion must be brought under control
completely in the two systems as the water
must satisfy strict standards. The principal
parameters for EDF chemical standards are
shown in tables 5a and 5b.

e Primary system

Table 5a. Make-up water in a primary

system.

Parameter Unit Expected Limit

value value

Oxygen mg kg’ <0.10
Chloride
+ mg.kg’ <0.10
Fluoride
Sodium mg kg’ <0.015
Total <1.0
conductivity pS.lcm'
at 25°C 25
Total or
ionized mg.kg' <0.1
silica

TURBINE

Secondary system

[ ] conDENSER

Treatment of condensates

NUCLEAR
HOUSING

PWR plant systems

Figure 18. PWR plant systems.
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The circulation cycle takes about 1
minute. Various radioactive impurities
coming from micro-leaks in the fuel ducts
or resulting from the activation of corrosion
products may accumulate in the pressurized
water. For this reason, several purification
systems are installed in parallel on the loop
of the primary system.

Table 5b. Main primary system (normal
operating power).

Expected | Limit

Paramete Unit value value

r
Boron mgkg' | 0t02,500
Lithium mgkg! | decrease curve
Oxygen mg-4"! <0.010 | <0.10
Chloride | mgkg' <0.05 <0.15
Fluoride | mgkg' <0.05 <0.15
Hydrogen | mgkg' 25t035 | 25to

50

Sodium mgkg' <0.1 <0.2
Tonized mgkg' <0.2
silica

e Secondary system Tables 6a, 6b
and 6¢ all show the principal parameters
of chemical standards as established by
EDF.

Table 6a. Secondary system make-up

water (conditioned, demineralized
water).
Expected | Limit

Parameter Unit value value
pH at 25°C <9.2
Sodium pgkg! <2 <5
Cationic
conductivity | uS,.cm’ <1
at 25°C
Total silica | ugkg' <50
Tonized silica | pgkg' <20
SS pgkg! <50

Table 6b. Steam generator feedwater (normal operating power P > 25% rated P).

Volatile conditioning | Morpholine | Ammonia |
Parameter Unit Expected Limit Expected Limit Parameter
value value value value
9.1t09.3 9.0t09.2 presence of
copper
pH at 25°C
9.1t09.7 9.6t09.8 absence of
copper
Total 3to5 2.7t04.2 presence of
conductivity at copper
25°C
pS.cm’!
3to 13 10to 17 absence of
copper
Oxygen pgkg! <5 <5
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Table 6¢c. APG - Steam generator blowdown system (operating at P > 25% rated P).

Parameter Unit Expected Limit Observations
value value
Cationic pS.cm™ <0.6 <1.0
conductivity
at 25°C
Sodium <5 <20 sea water condenser
pgkg! <10 river water feedwater
9.0t09.2 8.9t09.3 [|presence of copper
pH at 25°C 9.0t0 9.6 8.9t09.7 |absence of copper | morpholine
8.8109.0 8.7t09.1 [presence of copper | ammonia
9.41t09.7 9.3t09.8 |absence of copper
2.5t05.0 presence of copper
Total 2.5to 14 absence of copper | morpholine
conductivity pS.em-1 | 1.8t02.6 presence of copper ammonia
25°C
at 6.7 to 12 absence of copper
Ionized silica mg kg <1
SS mg kg <1
3.3. COOLING SYSTEMS - type of water circulation (internal,

3.3.1. Types of cooling systems

Appliances that have to be cooled vary
extensively:
- condensers and heat exchangers,
-oil, air,
systems,

gas and liquid refrigeration
-motors and compressors,

- blast furnaces, steel furnaces, rolling
mills, continuous casters, converters, etc.,

- chemical reactors.

The operation of these appliances depends
on:

- type of construction (shell-and-tube,
plate, etc.),

external, velocity, etc.),

- type of metals in contact with water
(steel, stainless steel, copper and alloys,
aluminium, etc.).

The materials used in the auxiliary
equipment of the system (concrete, wood)
that come in contact with water must also
be considered.

There are three possible conditions
(figure 19):

- the hot water is discharged into a river or
drain; this is a once-through system,

- it is cooled by contact with a secondary
fluid (air or water) and is returned to the
appliance which has to be cooled without
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coming into contact with the atmosphere;
this is a closed recirculating system,

- it is cooled by partial evaporation in a
cooling tower and then returned to the
appliances; this is an open recirculating
system.

Hat flwd

Caid fluid

\Fver ]/
A ONCE - THROUGH SYSTEM /A

Cold water

Pump

CLOSED RECIRCULATING SYSTEM

Evaporation Hat Qud

Make-up
1

boc'blin‘g tower |

Cold (tnd

OPEN RECIRCULATING SYSTEM

Evaporation Hot fluid

Cold fluid

Pump

CGMBINED OFEN RECIRCULATING SYSTEM

Figure 19. Different cooling systems.

In other combined open recirculating
systems, the water can also come into
direct contact with pollutants given off
by various processes (for example, gas
scrubbing), thus, this makes the
conditioning of the water more difficult.

In closed recirculating systems, that is,
without evaporation, very little make-up
water is required and it may have to meet
conductivity levels related to this
process. Complete and  virtually
permanent protection can be obtained
with  corrosion  inhibitors.  Open
recirculating systems are, however, the
most commonly used type.

3.3.2. Open recirculating systems

The main operating parameters of the
system are:
V(m3): total volume of water in the
system, i.e., in:
- the hot water tank,
- the cold water tank,
- the heat exchangers,
- the connecting pipes, etc.
Qm3.h™"): the Aow of hot water
delivered to the cooler.
?T(°C): difference in temperature
between the water entering and leaving
the cooler.
T max.(°C): temperature of the film of
water ("skin" temperature) in contact
with the hottest wall of the system.
Wi(keal.h™): power of the cooling tower;
this is the product of the two preceding
figures, L.e.:

W=1,000 Q. ?T

E@m’.h™"): evaporation Aow, ie., the
quantity of water evaporated to cool the
flow Q.

This evaporation flow consists of pure

water which does not entrain any
dissolved salts. Assuming a latent heat of
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evaporation of 560 th per m’, the

following equation results:
" E= Q. AT
(560)

Ev(m3.h'1): Drift flow. This is the water
carried over in the flow of air in the form
of liquid droplets. Drift therefore consists
of water with the same composition as
the water circulating in the system.
Manufacturers are progressively reducing
the amount of drift loss. The figure is
now about 0.05% Q with the possibility
of being reduced to 0.01 %; in practice,
the following equation can be used:

Ev=0.1%Q

D(@m’.h!'):  total blowdown flow,
calculated in order to maintain a
maximum admissible concentration of
dissolved salts. To prevent deposits from
forming, some of the water in circulation
(P) must be blown down in addition to
the amount of water lost Ev, such that:

P+Ev=D

A(m’.h™"): make-up flow.
This must make up all water lost from

the system, chiefly by evaporation and
total blowdown:

A=E+D

t(h): residence time t at the end of which
the concentration of an injected reagent

reduces by one half, because of the
blowdown:

t=Y12~07 Y
D D

C: concentration ratio.

This is the ratio between the
concentration of dissolved salts in the
circulating water and in the make-up
water respectively (see page 47).

Other ratios between the preceding
values may be useful. If s stands for the
salinity of the make-up water, for
example, this same salinity in the circuit
becomes s x C. Establishing a balance
between the amount of salts entering and

leaving the system results in the following
relation:

sxA=DxsxC
D = E/(C-1)

3.3.3. Problems connected with cooling
systems

whence:

They may be due to:
- fouling,

- scaling,

- corrosion,

- biological growths.

3.3.3.1. Foulin
This term covers all substances (other

than scale) that may deposit or form in a
system.

Types

Direct problems

e  Suspended solids and colloids
- dust from the air

- oxides, silts and clays ~ }

- vegetable refuse

- algae and bacteria

- mushrooms and yeasts } }

¢ Dissolved substances

- organic matter j }
- nitrogen and phosphorus

Deposits, erosion, overconsumption of an inhibitor
Blockage of orifices

Formation of mucilage
Attack on wood

Growth of algae and acidification

e  Hydrocarbons (leaks) Films




Fouling can come from a number of
sources:

- make-up water,

- air from the atmosphere,

- manufacturing processes.

e  Make-up water
It may contain:

- grainy materials which can be removed by
suitable treatment to prevent their being
deposited at points in the system where the
flow is lowest,

- unstable colloidal matter: this may be
transformed into an adhesive and adsorbent
gel by a slight rise in temperature or by
concentration, the colour of which varies
according to the matter contained. Only in
concentrated open recirculating systems is it
usually possible to remove most of this
matter.

e Air from the atmosphere

A cooling tower is an excellent air
scrubber; all matter entrained by the cooling
air is transferred to the circulating water:

- air-borne sand (desert regions, ore storage
areas),

- NaCl-rich spindrift from coastal regions,

- dust from oxides and lime used in steel and
cement manufacture,

- FIG and S0, downwind from incinerators or
combustion machines,

- NH;3 and NH4NO; from fertilizer factories.

Soluble gases or salts can permanently
alter the chemical make-up of circulating
water, often in ways that vary according to
the direction of the wind. Therefore, these
sources of pollution and their location should
be known when planning the conditioning of
a system if only to provide the necessary
equipment for stricter control (pH, for
example).
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e  Manufacturing processes
There are two different cases:

- simple open recirculating system: the
pollution is usually accidental and comes from
leakages of oil, fluids (solvents) and cooled
gases (NHj); their accumulation in the system
is noxious and must be avoided (prevention,
control, etc.),

- combined open recirculating system: the
permanent pollution comes during the second
usage of water (scrubbing or transport).

3.3.3.2. Scale formation

Scale formation is the precipitation of
sparingly soluble salts of calcium and possibly,
silica, on metal surfaces. The chief conditions
that control scale formation are:
- temperature, a rise in which usually

reduces the solubility of these salts,
-1on concentrations,
- mixing.

e Calcium salts

The main soluble  salts

encountered are:

- carbonates, the principal cause of scale
formation (see page 273) which can be
redissolved by chemical means,

sparingly

- sulphates, which reach maximal solubility at
40°C and can precipitate in the cold to form
gypsum CaS04.2H,0 or in heated conditions to
form anhydrate or hemihydrate (see page 497).
In an open recirculating system the
concentrations of mineralized water and sea
water must be limited particularly when there
is high heat transfer.

Once formed, calcium sulphate redissolves
only very slowly in circulating water.
- orthophosphates Ca3(PO4), in which scale,
powdery and non-adherent in its pure state, can
crystallize with calcium carbonate to form a
hard scale.
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62 (crust)

. Silica

It must be remembered that silica is
found in various forms in water:

- ionized Si02,

- colloidal Si02,

- calcium or magnesium
aluminosilicates (clay).

The solubility of silica depends on the
pH and on the temperature (see page
497). Silicated scale is hard, very
adherent and insulating.

e Damage caused by scaling

SCALING

Insulating film Narrowing of Possibility of
(crust) sections of pas- corrosion un-
sageways der the deposit
(by differential

cell reaction)

Lessening of Reduction in
heat exchange flow rates

Rise in tem- Increase in the Pitting

peratures headlosses and
temperatures
3.3.3.3. Corrosion

Corrosion is the alteration of various
metals which carry water. The processes
are described in Chapter 7. Thinning by
means of so-called acid, uniform
corrosion, is rarely seen. More frequently
seen are formations of deposits or
'surface  penetration' (heterogeneous
corrosion or that

caused by differential cell mechanism)
which may lead to pitting.

Due to various anodic and cathodic
reactions, these deposits may contain a
substantial amount of CaC0s.

Deposits due to bacterial growth are
called tubercles and lead to both rapid
narrowing of passageways and pitting.

e Damage caused by corrosion

CORROSION
Thinning Deposits of oxides
— deposits and clog-
ging
pic I~ heat exchange dis-
;“;lng turbance
of the metal — pitting
1 nutrients for iron
bacteria
Leaks overconsumption of
inhibitor

3.3.3.4. Biological growth

A cooling system is an ideal medium
for the growth of living organisms. It
provides air, heat and light. Either care
must be taken not to supply any nutrients
that are rapidly assimilated or organic
compounds that are easily biodegradable,
or a bacteriostatic treatment must be
envisaged.

Over and above the problem of
obstruction, the progressive formation of
an insulating film caused by fouling
reduces the exchange coefficients and
raises the head losses. In the long term
this leads to the proliferation of corrosion
under the deposits which can produce
leaks.
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3.3.4. Amount of water involved
3.34.1. Cooling electric power station
condensers

(a) Circulation flow
- Conventional thermal power stations
running at maximum level (600 MW):

e full speed circulation
(?T=8.7°C): 2021 n?’.s™!

e low speed circulation
(7T = 12°C): 14-15m’.S"!
- Nuclear power plants running at maximum
level (1,200 MW):
(?T=12°C): 47-48 m3.s'

(b) Supply in open recirculating

systems

With a concentration ratio of 3 to 4 and
depending on the relative humidity of the
air:

- thermal power plant: 1.2 to 2 m3.h! per
MW,
- nuclear power plant: 2.2 to 3 m3.h™! per
MW.

3.3.4.2. Various cooling operations in

industry
The orders of magnitude of the volumes

3.4.

WATER FOR MANUFACTURING
PROCESSES

The need for boiler water and cooling
water is common for most industries and it
has been seen that this need can be
determined quite accurately by professional
studies. In the case of water for
manufacturing purposes, the need has been
determined for only a few industries.

in circulation can be listed for several
processes (other than gas scrubbing):

fertilizer factories

NH; 250 to 350 m?® pert
Urea 65 to 100 m’ per t
NH4NO; 80 to 100 m’ per t

methanol (from petroleum products)

100 to 250 m’ pert

coking plants 30 to 40 m’ per t of coke

20 to 30 m’ per t of cast
iron

blast furnaces

converters 2-3t0 10 m’ per t of
steel, according to the
production, or not, of
steam

continuous 10 to 25 m’ per t of steel

casting

hot strip mills 30 to 50 m’ per t of steel

wire mills 5t010m’ per t of steel

As long as the temperature does not drop
excessively, cooling by an air-cooled heat
exchanger can be wused instead of
atmospheric cooling, thus reducing the
amount of make-up water.

3.4.1. Water for breweries and carbonated
drink plants

3.4.1.1. Breweries

e Uses
- the brewing of beer,
- washing of vats, equipment and brewing
floors,
- cooling, -possible washing of bottles.
¢ Quality of make-up water
The professional standards for the
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Make-up water are closely tied to the
quality of beer produced. Thus, in brewing
beer, it is important to prevent the
precipitation of bicarbonates when malt,
which is rich in calcium phosphate, is
added.

To start with, the following rules should
be kept in mind:
- systematically remove bicarbonates,

- keep the Mg concentration as low as:
possible (< 10 mg.l'1 ),

- maintain an S04/Cl ratio higher than 1
(mellowness of beer),
- maintain an Na concentration lower than
100 mg.l'1 to minimize bitterness,
- keep NO3 < 50 mg.l'1 and NO, <1 mg.l'1
(limits of toxicity during fermentation and
of potability).

Examples of mineral analyses of beer
may be noted:

Concentration Pale Ale Lager Stout
Mg Burton Light Strong Munich
Pilsen Dortmund

Na+K 15-30 0 20 10
Mg 80 1 24 20
Ca 370 7 260 70
Cl1 34 3 107 2

S04 895 3 290 18
Dry residue 1,800 51 1,100 270

e  Amounts required
5 to 6 hl per hl of beer, which can be
reduced to 4 to 5 by recirculation:
- brewing of beer: 1.5,
- various washings: 3 to 4,
- cooling: 1 to 2.

3.4.1.2. Carbonated drinks

Water used to manufacture drinks must
systematically conform to the standards for
drinking water.

Although manufacturers often determine
their own water treatment processes
themselves, especially the holding time,
there has been a tendency recently to look
for specific qualities in water. Among these
is an alkalinity below 5 French

degrees and a TDS content below 500
mg.l'l. For water used for washing, on the
other hand, an excess in residual chlorine
of several mg.I" is in order.

Requirements are 31 of water for 1 1 of
drink.

3.4.2. Dairy industries

Water is used for:

- disinfecting the equipment and tanks,

- cleaning the ground,

- washing the products,

- reconstituting milk,

- cooling.

The various uses of water correspond to
4.5 to 8 1 per litre of milk.
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3.4.3. Sugar mills and refineries

3.4.3.1. Beet sugar mills

The treatment of industrial water is
involved in the purification of make-up
water and of the juice itself.
e washing of beets: polluted water is
recirculated through scraper type settling
tanks to recover the water,
e diffusion of cossettes (preparation of
raw juice): treatment of condensed ammonia
liquor recirculated to the head of the
diffusion battery,
e treatment of thin juice:
- purification of second carbonation juice
(protecting evaporation units against scale),
- demineralization of the juice (to reduce the
level of molasses),
- decolourizing of syrups through activated
carbon or adsorbent resins.

e _evaporation of juice, crystallization of
sugar: conditioning of juice in evaporators,

e treatment of by-products (mother
liquor or molasses) in order to reduce the
level of molasses:

- treatment of mother liquors through
cationic resin regenerated with magnesium
chloride (Quentin process). Replacing the
Na and K ions by Mg ions reduces sugar
remaining in the molasses;

- deionization of mother liquor or molasses
by ion  exchange, with  possible
complementary treatment to obtain liquid
sugar.

e Make-up water:

- boiler make-up at the beginning of the
campaign or where condensate return is
insufficient,

- permanent make-up to the cooling system
of the turboalternators and when the 65
beets are received (5 to 101 per tonne of
beets).

The sugar mill has an extra cycle: water is
brought in with the beet and blown down
with the waste wash water or sludge (figure
20).

300 to 600 1 per t beets

v

Beets

1

300 to 4001 of

condensates per t beets

Juice

Excess water

Pulp

with 23%
dryness

Figure 20. Water cycle in beet sugar mills.
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3.4.3.2. Cane sugar mills

in the purification of raw juice, clarification
methods similar to those used for water are
required:

- accelerated clarification of the lime
defecated juice

- flotation of the purified juice in order to
separate the bagasse

- disinfection of the circuits (essential).

3.4.3.3. Sugar refineries (beet or cane

Remelts and liquid sugars must undergo
more or less thorough decolourizing
treatments.

3.4.4. Vegetable and fiuit canneries

Partial softening of process water is generally
essential (for fruit, hardness of

10 to 20 French degrees). A reduction in
TDS may also be helpful.

3.4.5. The textile industry

Water is used for boilers (often involving
large make-up volumes), for manufacturing
(dyeing, rinsing), and for conditioning the air
(humidification and dust removal). These
industries require large quantities of water
which call for the following treatments:

- softening or demineralization of water used
when making yarn, particularly in the case of
artificial fabrics,

- softening, frequently preceded by carbonate
removal, of the water used in the bleaching
and dyeing of fibers,

- demineralization of the water used to
condition the air in spinning or weaving
shops (reverse osmosis, ion exchange).

The quantity of water needed, for
manufacturing  processes alone, may

represent 80% of the total required and be
divided as follows:

m’ per t

finished product
degreasing of wool 20 to 40
Finishing and 70 t0200
dyeing of wool
finishing of cotton 100
and synthetic
fabrics
dyeing and printing 70
of knits

3.4.6. Pulp and paper industries

These industries (see page 98) use large
quantities of water for the following:

- steam production,

- pulp preparation,

- making of paper and transport of fibres

3.4.6.1. Water quality

Paper mills basically need to remove
turbidity and colour from the raw water as
well as the temporary hardness. The National
Council of the Paper Industry (USA) has laid
down certain standard qualities for the
various types of pulp (see table 7).

3.4.6.2. Use of make-up water

Around 1975, make-up water stood at
between 100 and 300 mi per tonne of pulp.
Since then, thanks to a strict policy
controlling  discharge and  increased
recirculation, the quantity has been
considerably reduced, while the water
volume required by each product has
remained high:
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Table 7 - NCPI standards for water in the paper industry.

Maximum concentration in process water

Characteristics fine kraft paper mechanical

quality bleached unbleached pulp

paper paper
Turbidity
(Mg.I"" Si0,) 10 40 100 50
Colour
(mg.1" 5 25 100 30
platinum/cobalt)
TH (French deg.) 10 10 20 20
CaH (French deg.) 5 - - -
M alk. (French 75 7.5 15 15
deg.)
Fe (mg.l™) 0.1 0.2 1.0 0.3
Mn (mg.I") 0.05 0.1 0.5 0.1
Chlorine residual
(mg.I™) 2.0 - - -
Soluble silica
(mg.I™) 20 50 100 50
Dissolved matter
(mg.17") 200 300 500 500
Free C0, (mg.1™") 10 10 10 10
Chlorides (mg.I'") - - - 75

Pulp and paper mills m pert 3.4.7. Secondary oil recovery
Pulp production
-unbleached kraft 25 t0 60 The following requirements must be
- bleached kraft 40 to 80 met:
- bleached sulphite 80 to 150 -non-clogging of the reservoir rock,
_ semichemical 12 t0 20 - non-corrosion of the tubing,
_CTMP 12 t0 25 - no bacterial proliferation,
Deinking 50 to 80 - chemical compatibility with the water in
Paper production the reservoir.
- kraft paper 20 to 40 ) .
- newsprint 40 t0 60 Depepdmg upon the permeability of the
_ fine quality 40 to 100 Teservoir, the temperature anq the amount
of SS in the water, the following treatment

- cardboard/packaging 31040 criteria are often desirable:
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S.S 94 to 97% removal of particles
with dia. > 2 pum or final levels of
0.5to 1 mg.I"

O, content: |- cold water: 80 ug.I" to 10 pg.I”

- lukewarm water (30°C): < 10
ou.t’

3.4.8. Steel industry

Using vast quantities of water, this industry
has for many years installed open
recirculating systems adapted to specific
working conditions (see page 63).

There are two important ways in which water is
used in this industry:

- indirect cooling by exchangers which are
extremely varied and often subjected to water
heated to high temperatures, sometimes
necessitating closed systems.

Make-up water may undergo carbonate removal
or demineralization, depending on the case,

- direct cooling, whether it be from the
scrubbing of gases or from the granulation of
products or descaling, during which the water
becomes dirty and must

be constantly treated in the system. The quality
of make-up water is, therefore, much less
important.

e Coking plant

- Indirect primary condensation of gases or
direct final condensation.

- Wet dust removal system for gases in the
charging of preheated coal.

- Wet dust removal system for smoke in the
discharging of coke.

e Blast furnaces
- Cooling of blast furnace components such as
the tuyeres, tymps and wind boxes.

- Quenching of slag, in gutters, in pots,
in spools or filter beds with circulating
water in the order of 10 to 4 m per
tonne.

- Scrubbing of blast furnace gases.

e Direct reduction

This new process uses large quantities
of water:
- In scrubbing and cooling gases released
by the reduction process or in cooling
iron sponge The volumes of water used
(12 to 30 m per tonne of sponge) are
higher than in blast furnaces and,
because of the high temperature of the
gases, the water is very hot when it
leaves the scrubbers (50 to 70°C).
- In the cooling of machinery
(compressors and oil coolers) and the
cooling of gases. A considerable amount
of demineralized water is required to
produce steam in the reforming of the
reducing gas.

e  Converters

The predominant use of LD, LWS,
LD-AC or BOS processes requires
large-scale water systems:
- cooling of the hood and the lance
(sometimes by spraying),
- scrubbing of gases: heat is recovered by
partial combustion and vaporization of

gases in the L.P. boiler making it
necessary to add demineralized water.

e Electric furnaces and ladle

metallurgy

High quality steel is produced in
electric arc furnaces (UHP, i.e., ultra
high power and other methods) or in
ladles (STEP), heated by induction or by
arc; it can be completed by vacuum
degassing of the steel. Water is used in
three ways:
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- normal cooling of furnaces and ladles,

- production of steam for the vacuum
injectors,

- cooling of the ingot mould and electrodes
with demineralized water.

e Continuous casting of blooms and
billets
There are normally three types of systems:
-for cooling the ingot mould in a closed
recirculating system with demineralized
water make-up,
- for cooling the machine in an open
recirculating system with careful inhibitor
conditioning,
- for spraying the machine and the bloom

or billets (the wastewater contains scale
and flame cutting slag).

e Hot rolling mills
Two types of systems must be fed:
- for the indirect cooling of furnaces,
compressors, motors, etc.,
- for the direct cooling which is threefold:
cooling of the metal, cooling of the rolling
mill housings and descaling of steel.

Descaling systems are designed for the
prior removal of various oxides (wurtzite,
haematite) by washing with water. The
water collects fine flakes or scale, in
varying quantity and fineness according to
the kind of mill and the hardness of the
steel.

Rolling mills are of widely varying
types:

(a) Strip mills

The chief ones treat between 200 and
500 t.h™" of steel as blooms.

Circulation flows involved:
- direct cooling: 10 to 20,000 m.hl,
- indirect cooling: 20 to 30,000 m’.h™".

Separate cooling systems supply the
motors, the oil tanks and the heating
furnaces.

In addition to these processes, others
used include:

- automatic scarfing which produces
large quantities of granular slag,

- cooling of the blooms in pools, in
tunnels or by sprays, using large
quantities of water without heavy
pollution.

b) Other hot mills

- plate or four-high mills,

- blooming/dabbing mills,

- section, rail and merchant mills,
- rod or wire mills,

- tube rolling mills.

e Cold rolling mills

The manufacture of thin rolled and
galvanized steel products involves metal
pretreatment  processes such as
degreasing and pickling. The latter
process uses sulphuric acid and, with
increasing frequency, hydrochloric acid,
regenerated on site.

Demineralization plant either in a
once-through or a closed recirculating
system is needed for the supply of final
rinsing water to galvanizing and tinning
works. Water of a very pure and soft
quality is also required for the
preparation of soluble oil baths.

3.4.9. Copper production

The metal can be obtained by either
dry or wet processes, according to the
nature of the ores. Hydrometallurgical
processes, which usually involve
leaching
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with sulphuric acid and electrolysis, are
used on an increasing scale, because they
allow the treatment of low-grade ores and
flotation residues.

Copper wire bar is rolled to make
sections, cables and wires.

Roughing involves descaling the surface of
the metal with water; valuable copper
oxides are left in suspension in the water
and these are usually worth recovering. The
processes used in making descaling and
cooling systems are similar to those used in
steel manufacture.

3.4.10. Automobile and aeronautical
industries

The automobile industry includes plants
that build motors, engines and gear boxes,
those that build bodies and do the
assembling, and numerous workshops, often
independent, that are subcontracted. The
demand for make-up water varies greatly
depending on the procedure. However, three
general areas for its use may be noted:

- in cooling, particularly of compressors and
air conditioners,

- in the preparation of various electroplating
baths and paint baths that usually require
demineralized water,

- as feedwater that is soft or low in minerals
for machining and truing.

A description of the various workshops
involved is given on page 110.

The needs of the aeronautical industry are
much the same.

3.4.11. Manufacturing using ultra pure
water

This refers to the manufacture of semi
conductors. Make-up water for this use must

be made ultrapure and further refined in the
distribution loops.

Quality of the make-up water

The recent increases in the amount of
memory from several k-bytes to 256 k-
bytes, if not 1 M-bytes, have led to the need
for even stricter standards for the quality of
ultra pure water for rinsing components. Of
particular importance is the physical and
biological purity.

Worthy of note are the recommendations
of ASPEC 86/17 (Association for the
control and study of contamination), shown
on table 8.

A plastic loop, usually with a storage
reservoir, ensures a supply of water while
maintaining a relatively constant circulation
rate.

3.4.12. Manufacture of chlorine

This is based on the electrolysis of NaCl-
saturated brine, the quality of which
depends on the procedures used (diaphragm
and mercury cells). The purification of brine
takes place either in the make-up water
system or in a closed recirculating system.
The first elements to be removed are Ca2+,
Mg>*, Fe**, possibly followed by S0,>, and,
when recirculation takes place, Hg2+.
In using diaphragm cells, Ca>" + Mg>* <5
mg.l'1 should be maintained. For the
development of membrane cells and an
increase in current density to 7000 AmZ,
calcium and organic matter must be
completely removed. An extra polishing
following purification may have to satisfy
the following requirements:

-Ca?" < 50pgl’

-SS<lpgl’
and possibly: - Sr*" <50pg.1”!
The stripping out of excess chlorine and the
reduction of possible iodates pres-
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Table 8. Ultrapure water for the electronics industry

(Integrated circuits and sensitive surfaces).

Level of Level of Level of
Procedure 1 Procedure 2 Procedure 3
Resistivity greater than 18 MO.cm at 25°C
pH 6.5t07.5
Temperature 20°C+ 1°C
Evaporation residue 1 0.5 0.25
(max., mg.l'l)
Silicon (Si) 0.02 0.02 0.01
(max., mg.l'l)
Sodium (Na) 0.01 0.01 0.005
(max., mg.l'l)
Metallic and
metalloidal impurities, 0.05 0.05 0.01
each impurit,
(max., mg.l'l)
Organic matters (TOC) 1 025 0.05
(max., mg.l'l)
Particulate membrane class 0 _ -
(NAS 1638)
contamination, optical 10,000 per 1 1,000 per 1 100 par 1
max. counter dia. =0.5 um dia. =0.5 pm dia. =0.5 pm
Microorganisms( 370C/24 h 40 10 1
number of
colonies per100 220C/72 h 300 30 3
ml)

ent may also be necessary in the system
after the electrolysers.

3.4.13. Hydrometallurgy

This industry focuses on the extraction
of uranium, gold and aluminium by
means of the following basic procedures:

- extraction of the metal using acids or
alkalis (leaching),

- solids/liquid separation: filtration or
settling,

- concentration of metals:
extraction or ion exchange,

- various precipitations.

These procedures have the advantage of
being done cold and of overcoming
corro-

solvent
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sion. The processes used are often similar to
those used in the treatment of water and may
thus benefit from the knowledge gained in
that field. The most important parameters, in
particular for the clarification of liquors, are:

e Suspended solids: after settling, the
liquors still frequently contain 100 to 200
mg. I' of SS, sometimes several g.l'l. This
residual matter is just as trouble some in the
direct extraction of the metal as in
purification by organic solvent or resins.
Many users want to reduce it to less than 10
to 20 mg.I".

e Colloidal silica: silica is present in
water in an ionized form (siicic acid or
fluosilicic acid) in concentrations that may
be as high as 200 to 500 mg.l”, or in a gel
form as sparingly ionized polysilicic acid.
This colloidal dispersion is electropositive
and thus does not coagulate but is relatively
adsorbable. Silica may precipitate on resins
or with solvents.

e Calcium sulphate: limestone and
dolomite ores treated with sulphuric acid
give rise to liquors supersaturated with
CaS04, causing formation of scale and
precipitation. Supersaturation must be
reduced by neutralization with lime or it
must be prevented.

e Organic compounds:  these  are
troublesome in two ways:

- in liquid-liquid extraction: the residual
solvent inhibits precipitation of the metal,
particularly during electrolysis,

- in carbon adsorption: certain organic
compounds bound to the carbon may not be
eluted during chemical regeneration. Others
react with metals to form complexes that do
not adsorb onto carbon






4. MUNICIPAL WASTEWATER

4.1.
SOURCE AND
COLLECTION METHOD

Municipal wastewater is made up of:

-domestic wastewater or sewage,

- rainwater.

Municipal wastewater is mainly domestic
(sewage, etc.); the industrial portion
generally keeps pace with population
growth.

Factories which discharge an
unproportionally large amount of pollution,

or pollution requiring special treatment,
usually have their own purification system.
Depending upon the level of this
treatment, the industrial effluent will join
the receiving medium or the collection
system and treatment system.

The daily volume and pollution of the
industrial ~ effluents are  frequently
expressed in population equivalents and
correspond to the per capita amounts of
domestic wastewater (see pages 74 and
76).

Sewerage comprises collection,
transport and treatment of urban effluents.
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Freuee 21, Eron (Feange).

The main two collection systems used in
sewerage are of the continuous operation
type:

- the combined system conveys domestic
wastewater and rainwater in the same line;

- the separate system is made up of two
different pipe networks: one for rainwater,
which is about the same size as the
combined system, and the other, smaller in
size, for the wastewater per se.

The first sewerage systems were
combined; the separate system is a more
recent development. The collection
systems found in densely populated areas
are seldom all of one type.

The partially-separate system refers to
a separate system in which water from
roofs and backyards is conveyed to the
wastewater network.

The combined systems are equipped
with storm overflows that discharge some
of the flow directly into a river during
rainy periods. In this case, only part of the
pollution flow reaches the purification
plant. This discharge of pollution into a
river during rainy periods constitutes,

along with poor self-cleansing of the
lines during dry periods, two of the
main disadvantages of combined
systems. However, their construction is
easier to control. An essential property
of a network is that it is watertight and
keeps out parasites from groundwater or
from surface runoff.

Effluents are conveyed, as far as
possible, by gravity, however, the
topography of a terrain often means that
intermediate pumping stations must be
installed. These can then be followed by
mains of considerable length under
pressure. In special cases, the effluents
may be collected at the point of
emission under pressure or even under
vacuum; these methods, developed for
small installations, allow pipes to be
laid at a higher level.

There are two types of sewerage that

do not involve the collective network of
sewers:
- individual or grouped sewerage
serving one residence or several
residences situated very close together,
often called
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self-directing sewerage. The domestic
wastewater is conveyed directly to a
water purification facility, "flowing"
normally into the ground (usually a
septic tank and subsurface disposal -
figure 22),

- the treatment of night soil in a
centralized plant. This method of
sewerage consists of storing the most
concentrated effluents from each house
in watertight pits which are regulary
emptied into tank trucks and conveyed
to a central treatment plant. This method
is still used in some areas where the
houses are very old and/or the ground
relief such that a wastewater collection
network is not feasible. It is sometimes

used to drain off septic tanks. In Asia,
this type of collection and treatment of
night soil is still in use. The delay in
constructing sewage systems is often
due to the great density of the
population.

It must be mentioned, also, that some
countries in Asia follow the ancestral
custom of spreading fecal matter
directly on crops. Thus, wastewater
collected in a sewerage system would
have a relatively weak concentration in
spite of a low water demand.

Lague Gaclor

Figure 22, Sepric rank: and suhsrface disposal

4.2. WATER QUANTITIES TO
BE TREATED

4.2. 1. Wastewater

The per capita volume of wastewater
discharged per day usually increases with
the population as a result of changes in
life style and a larger participation by
secondary and tertiary sectors. The
volume also varies according to the area
of the world and its level of
development. The method of determining

Bacterial layer

the consumption rate of drinking water

may also have a bearing on it.

Although it accounts for less than
1501/person per day in many rural areas,

the amount of municipal wastewater
produced during dry periods today in

France is about 200 1/person per day in
towns with populations in the several tens
of thousands. The volume i over 300 1/

person per day in Paris where large

amounts of water are used to wash the
streets. In many American or Swiss cities,

the volume rises well above 400 1/person
per day. Frequent catchment in combined

sewerage systems of rainwater collected in
small streams inflates these ratios. Infil-
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tration water, which very often enters the
system unchecked, has the same effect.

These variations can be costly, for the
sizing of a purification facility depends
very much on its hydraulic capacity

The amount of municipal wastewater varies
throughout the day. In less densely
populated towns there are two flow peaks;
in more heavily populated towns there is
only one. Sociological development is
causing the latter type to become more
generalized (see figure 23). The shorter the
sewerage system and the smaller the
population served, the greater the size of the
peak. The presence of numerous pumping
stations on a system may have a
comparable effect.

= amall population
3G v mm larze population
i s

25 av. |

G av.

Figure 23, Daily vararions of wasrewaper fow () in
& muncpal Sewerage Sysiem,

In many countries, an average diurnal flow
during dry weather may be represented by
Qd. If Qj is the daily flow, Qd lies most
often between:
Qj/14 and Qj/18

The peak dry weather flow Qp in a separate
system can be calculated by the formula:

Qp=0Qm (15 + \/255— ) in Is™
m

with Qm = daily average =

Qj (in )
86,400

and up to a peak coefficient

Qp/Qm < 3

Besides the daily variations, substantial
seasonal variations in wastewater flow are
becoming more frequent, even in large
cities. These variations are closely tied to
vacation periods during which there is a
large exodus of city dwellers heading for
vacation spots. In very developed countries,
many city dwellers leave their principal
residence during the winter sports season as
well as in summer; in this case, they use
three different sewerage systems each year.
This is not without consequence on the
demand for collective facilities.

4.2.2. Rainwater

The rainwater flow depends:
- on the incline and on the surface of the
drainage area,
- on its degree of imperviousness,
- on the rainfall.

Various formulas have been put forth,
one of which is Caquot's.

For European urban areas of several
hundred hectares, the maximum amount of

run-off water over a five-year period is
about 2001/s.ha.
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4.3
ASSESSMENT
OF POLLUTION

4.3.1. 8§

Suspended solids loading contributed by raw
sewage, per head per day, is generally
estimated as follows:

- separate system: 60 to 80 g, including 70%
volatile solids,

- combined system: 70 to 90 g, including
65% volatile solids.

The per capita quantity of pollution
increases as the standard of living rises and
usually as the population grows. However
the sewage flow increases faster than the
loading, so that the sewage tends to become
less concentrated. If the sewerage system is
badly constructed, infiltration water can get
in and aggravate this tendency. The figures
cited above are for SS after Screening grit
removal and do not include material
collected during preliminary treatment,
which is roughly as follows:

screening:

-2 to 5 dnt of screenings per person per
year in the case of screens with bars
approximately 40 mm apatt,

- 5 to 10 dnd for screens with bars
approximately 20 mm apart,

- 10 to 15 dnt for screens with bars
approximately 6 mm apart.

The water content of these screenings is
about 70 to 80% after natural drainage and
pressing.

grit removal:

In a combined system, the volume of grit per
head per year is about 12 dn? for an area of
detached houses, and 5 dm?® for areas with
high-rise apartment buildings

e Rainwater

It is interesting to make an assessment of the
pollution conveyed by rainwater alone. It is
difficult to establish an overall rule since
there have not been many in-depth
investigations into the matter and on site
conditions play a large role. The pollution
varies considerably during the course of the
precipitation; it is usually more concentrated
at the beginning of a storm. The matter
entrained in the rain than that found in
sewage, does, however, contain
hydrocarbons; lead, from motor fuel, is also
frequently present.

A study made in France by the Service
technique de 1'Urbanisme (S.T.U.), assesses
the yearly pollution flow at 300 to 1100 kg
SS per hectare of drainage area and from
800 to 2650 kg SS per hectare of watertight
drainage area.

4.3.2. Carbonaceous organic pollution
the BOD loadings contributed by sewage,
per head per day, can be estimated, dter
preliminary treatment, as follows:
- separate system: 50 to 70 g,
- combined system: 60 to 80 g.
Roughly one third of this pollution is
dissolved; the remaining two thirds are tied
to particles (settleable or not). In combined
systems the percentage of organic pollution
that is settleable is usually higher than that
found in separate systems.

The COD/BODs ratio in sewage is usually
between 2 and 2.5.

The TOC, due to the nature of the analytical
method, cannot identify  particulate
components.
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e Rainwater

The aforementioned S.T.U. study
proposes the following assessment of
annual pollutant flow in rainwater:

Drainage | Watertight

area drainage
area
BOD kg per head 30-85 80-210
COD kg per head 160-460 | 470-1,100
4.3.3. Other components
e Nitrogen
The total nitrogen content (TKN)

amounts to about 15 to 20% of the BODS5
in  domestic effluents. The daily
contribution of TKN is between 10 and 15
g per head.

e Phosphorus

The daily contribution of phosphorus is
about 4 g per head. It is essentially due to
human metabolism and the use of
detergents. Moreover, the amount varies
according to the day of the week.

e  Surfactants

Widespread wuse of biodegradable
detergents has lessened the operating
problems plants have had with foam; but
their use continues to grow.

e  Micro-elements

The most harmful elements are heavy
metals. Their main source is industry.
Copper, zinc, cadmium, chromium, lead,
mercury and nickel are the pollutants most
frequently encountered. The level of these
elements is usually less than 1 mg.l'l.
Discharging toxic products into sewers and
especially into natural receiving waters is
prohibited by law (e.g., cyanides, cyclic
hydroxyl compounds).

Table 9 gives the value ranges for
average characteristics of MWW in

France:
Table 9. Characteristics of French
MWW.
Parameters Variation | Settleable
range fraction

pH 1.5t0 8.5
Dry solids mg.I'" [ 1,000 to 2,000 10%
Total SS mg.I"! 150 to 500 | 50 to 60%
BOD; mg.I'! 100 to 400 | 20 to 30%
COD mg.I'! 300 to 1,000 | 20 to 3096
TOC mg.1"! 100 to 300
TKN mg.I"! 30 to 100 10%|
N-NH," mg.I’ 20 to 80 0170
N-NO, mg.l'! <1 0%
N-NO; mg.1"! <1 0170
Detergents mg.1"! 6to13 0%
P mgl' 10 to 25 10%)
4.3.4. Pathogenic agents

MWW conveys many

microorganisms, some of which are
pathogenic: bacteria, viruses, protozoa,
helminths (see chapter 6). The
pathogenic  bacteria most often
encountered are salmonella, the level of
which is somewhere between 10* and
10* per 100 ml.

The  process of  identifying
pathogenic organisms in water is a
lengthy one; indicator germs are used
for routine counting. The most common
indicator germs used are the total
coliforms and the fecal coliforms
(primarily ~ Escherichia  cosl) and
sometimes also the fecal streptococci.
In 100 ml of domestic sewage, between
107 and 10® total coliforms and between
10° and 107 fecal coliforms have been
counted most often.



The fact that coliforms are not found
in an effluent does not mean that it does
not contain any pathogenic germs. In
MWW, indicator germs are used, above
estimate
decontamination
disinfection); this is expressed by the
number of logarithmic units (power of
10) which a treatment has been able to
reduce from the initial count in the raw

all, to

water.

4.3.5. Oxidation-reduction potential-

Septicity
Domestic

sufficiently

reduction
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the
(or of

wastewater
fresh has

level

potential of about 100 mV, corresponding,
for a pH of about 7, to an rH of about 17 to
21 (see page 249). A potential of +40 mV
(let tH = 15 at pH 7) or a negative
potential indicates a reducing medium
(septic wastewater, putrid fermentation,
presence of chemical reducing agents). A
potential exceeding 300 mV (rH = 24 at
pH 7) reflects an abnormal oxidizing
medium.

The septicity of the effluent leads to the
formation of sulphur (Sz') and causes
release of H,S.

Figure 24 diagrams the evolution of water

that is
an oxidation-

depending on its pH and its rH.

= +0.4
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Figure 24. Diagram of redox potential — pH of wastewater
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4.3.6. Night soil

The characteristics of night soil may

vary greatly, depending on its origin; it
comes primarily from two types of
watertight pits:
- those with a "water effect" (very small
volume of water mixed in with fecal
matter), usually emptied once a year;
night soil is very concentrated (COD
comprised between 12 and 30 g.I'"),

- those equipped with a water flushing
unit; they are emptied more frequently
and night soil is much more diluted
(COD about 2 g.l'l).

The available volume of the cesspool
space determines the frequency of

Table 10. Composition of night soil.

emptying and does or does not ensure
preliminary digestion of the effluents.
Table 10 gives the characteristics of these
products in several countries.

4.3.7. Pollution peaks

Usually the pollution level varies at the
same time as the flow, so that variations
in the pollution flow are greater than
those of the flow alone. This
phenomenon is particularly noticeable
with SS in combined systems.

Parameters Usual variations Special cases
(concentration in g.l'l) in France in Japan Saudi Arabia (Taif)
pH 7.7t0 8.5 6.4t07.9 6.2
COD 21030 8to 15 1.75
BOD 1.5t0 10 5t09 042
SS 2t0 10 20 to 35 0.66
Total Kjeldhal nitrogen 0.5t02.5 35t06 0.17
of which ammonia 04to02 3to4 0.12
nitrogen
swimming, drinking  water). They
4.4. correspond to the classification of rivers
in the example in table 11.
THE PURPOSE Keepingp in mind the hazards of
OF TREATMENT - hydrological variations in rivers, these
QUALITY OBJECTIVE quality objectives must be respected in

The purpose of the treatment of
effluents before discharge is to protect
the natural receiving waters. Regulations
have progressively diversified the
tolerable discharge levels to bring them
into line with the objectives of river
water quality set down by the authorities
in charge of water management. The
quality objectives take into account the
primary uses of river water in the reaches
downstream (fishing,

the case of every flow that is less than the
flow of a given frequency (French
method), or during a minimum number of
days in the year (English method).

In the case of discharge into estuaries
and into the sea, the conditions of
discharge that have been adopted take
into account the particular activities that
take place in that coastal area (bathing,
shellfish farming).
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Table 11. Overall criteria for appraising the quality of river water. (Grid used by the

Agence de Bassin Adour-Garonne, France)

1A 1B 2 3
Conductivity uS/cm at
20°C =400 400 to 750 | 750 to 1 500 1500 to 3 000
Temperature =20 20 to 22 22t025 2510 30
pH 6.5t0 8.5 6.5t0 8.5 6t09 5.5t09.5
SS (mg.I'h =30 =30 =30 30 to 70
Dissolved 0, (Mg.1'") >17 S5to7 3to5 aerobic medium
Dissolved 0, > 90% 70 to 90 50 to 70 to be

permanently

in saturation % maintained
BOD; (m.I'") = 3t05 5to 10 10 to 25
PV (mgl") = 3t05 5to0 8
COD (mg.I') =20 20 to 25 25 to 40 40 to 80
NH, Mgl =0.1 0.1t0 0.5 0.5t02 2t0 8
NO; (Mg.I'h <44 44 t0 100
Total N (Kjeldahl) =1 1to2 2to3
Fe (mg.1") =0.5 05t01 l1to 1.5
Mn (mg .I') =0.1 0.1t00.25 0.25t0 0.5
F(mgl™") =0.7 0.7 to 1.7 0.7to 1.7 >1.7
Cu (mgl™) =0.02 0.02 to 0.05 0.05to 1 >1
Zn (mg.l'h) =05 0.5t01 1to5 >5
As (mg.I™h =0.01 =0.01 0.01 to 0.05 >0.05
Cd (mgl™) =0.001 =0.001 =0.001 >0.001
Cr (mg1") =0.05 =0.05 =0.05 >0.05
CN (mg.I'") =0.05 =0.05 =0.05 >0.05
Pb (mg.I") =0.05 =0.05 =0.05 >0.05
Se (mg1'!) =0.01 =0.01 =0.01 >0.01
Hg (mgl™) =0.0005 =0.0005 =0.0005 >0.0005
Phenols (mg.1'") =0.001 0.001 to 0.05 0.05t0 0.5
Detergents (mg.I™") =02 =02 0.2t0 0.5 >0.5
S.E.C* (mgl!) <02 0.2t00.5 0.5t01 >1
Coliforms (count 100 ml) =50 50 to 5000 | 5000 to 50 000
Esch. Coli (count 100 ml) =20 20 to 2 000 |2 000 to 20 000
Fec. strep. (count 100 ml) <20 20 to 1 000 | 1 000 to 10 000
Diver Divergence of 1 20r3 4or5 6or7

biotic Index** from the
normal index

Notes :

(*) Substances extractible with chloroform.

(**) See page 31.
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Note on the use of table 11.

The quality of water depends on many
parameters (temperature, ammonium (NH4),
mercury (Hg), etc.).

- It is usual to judge water quality on the
basis of its least favourable parameter.

- This quality is that which, according to
the limits in the table, is achieved by at least
10% of the worst samples in this parameter.

Class 1A: This characterises water that is
considered free from pollution and is of a
quality to meet the most exacting
requirements.

Class 1B: Slightly lower in quality, this
water may, nonetheless, meet all needs.

Class 2: "Acceptable" quality: suitable
for use in irrigation and industry, it may be
used for drinking after extensive treatment.
It is generally tolerable for the watering of

4.5.
THE REUSE OF SEWAGE

4.5.1. Agricultural use

The use of sewage in agriculture is very old
and land disposal was the first purification
system. The ground is an efficient filter and
one hectare contains up to one or two tonnes
of microorganisms. Today the main reason for
reusing sewage in cultivation is, more often, to
supply water so necessary to arid areas, rather
than to purify it in the ground or to contribute
nutrients.

Measures must be taken in order to avoid
deposits and corrosion in the distribution
system; it is advisable, in any case, to have
raw sewage undergo preliminary settling.
Preliminary biological treatment

livestock. Fish may live in it with no ill
effects but their reproduction may be
impaired. It may be used for water sports as
long as there is not excessive contact with
the water.

Class 3: "Mediocre" quality: barely
suitable for trigation, cooling and leisure
boating use. This water may support fish
culture but it may be hazardous to fish life
in periods of low flow or high temperatures,
for example.

Unclassifiable: Water which exceeds the
maximum tolerable limit in class 3 for one
or more values. It is considered unsuitable
to most uses and may constitute a danger to
public health and the environment.

is also often recommendable. In particular,
it substantially reduces the risk of bad
odours.

Two categories of risks ate associated
with the reuse of sewage:

. Health  risks for close-lying
neighbourhoods and for consumers of the
produce.

The risks vary greatly depending on the
local state of sanitation in the area, farming
methods, customs and climate. However,
generally speaking, sewage should not be
used on or near vegetables that are eaten
raw. The risk is reduced with proper
management determining when and when
not to spread sewage and the drying of the
crop. The use of sewage on hay meadows
does not seem to pose any great problem,
which is not the case for grazed pasture.
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Arboriculture, cereals, beets and oleaginous
crops are the types of cultivation most suited.
Surface irrigation is preferred to spray
irrigation

¢ Risks to the soil and crops: clogging the
soil, increased salinity, introduction of toxins.

Land disposal can alter the physical properties
of the soil. In particular, the introduction of an
excessive amount of sodium and the absence
of leaching (especially in areas of low
rainfall) can destroy the soil structure.
Knowing the SAR (sodium absorption ratio)
of the effluent is, therefore, imp ortant:

" (NaY)

\ / (Ca*) + (Mg?)
2

RAS =

If the SAR nears 10, it signals danger; usually
this only happens in certain concentrated
effluents (distilleries, sugar mills, cheese
factories).

An effluent that has an excessive salinity
level (> 2 g.I'") also causes trouble and leads
to a stricter control on the quantity of water
that is spread and the level of salinity as it
develops in the crop soil. The C/N ratio
remains essential for crop requirements. The
N/P/K usually shows a very excessive amount
of nitrogen in domestic sewage. One of the
drawbacks to using sewage in agriculture is
that it may raise the nitrate level of the
groundwater.

Tables 12 and 13 present an example of
guidelines for irrigation water adopted in
California.

Table 12. Table of guidelines for the main characteristics of irrigation water.

Limits to use
Characteristic None Moderate Strict
Salinity mg.I"" <450 450-2 000 >2 000
Specific conductivity pS.cm™ (EC) <700 700-3 000 >3 000
SAR =0-3 > 700 700-200 <300
=3-6 >1200 1 200-300 <300
=6-12EC >1900 1 900-500 <500
=12-20 >2900 2 900-1 300 <1300
=20-40 > 5000 5 000-2 900 <2900
Na
Surface irrigation SAR <3 3-9 >9
Spray irrigation mg.1"! <70 >70
Cl
Surface irrigation mg.I'! <140 140 - 350 > 350
Spray irrigation mg.1I"! <100 > 100 -
pH 6.5t0 8.4
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Table 13. Table of guidelines for trace
elements in irrigation water (1).

Characteristic Limit value
mg.l'1
Al 5
As 0.10
B 0.75
Be 0.10
Cd 0.010
(674 0.10
Co 0.05
Cu 02
F 1
Fe 5
Li 2.5
Mn 0.2
Mo 0.01
Ni 02
Pb 5
Se 0.02
Va 0.10
Zn 2.0

(1) These values pertain to land under continuous
cultivation with a yearly amount of water of about 1.20
m. For shorter cultivation periods, these values may be
raised.

Wastewater may also be used to irrigate
leisure areas such as golf courses and parks,
etc. This irrigation is often done by
spraying. The treatment required is there-

fore extensive and must end in disinfection
after the removal of suspended solids and
organic pollution.

4.5.2. Use in industry

Following treatment, urban wastewater
may be a source of water that is completely
suitable for industrial needs, especially for
cooling and washing. Such reuse has
nowadays a large number of applications.

Very often, exhaustive removal of organic
pollution is necessary and Dbiological
treatment is then followed by a finishing
treatment.

After very thorough tertiary treatment
involving, among others, a demineralization
phase, wastewater can be used as feedwater
for low-pressure boilers. Prolonged studies
have shown that this solution is also
workable for mediumpressure boilers.

4.5.3. Domestic and municipal use

The reuse of treated wastewater in the
home or at the city level § possible for
various levels of quality and in accordance
with a number of working plans:
- partial recycling inside buildings. This
use, which has been undertaken in the Far
East, involves supplying flushing water for
toilets from recirculated wastewater that has
been treated,
- supplying municipal systems with wash
water (streets, trucks, etc), and water for
fire-fighting. Its usage must not cause
impairments to the system (deposits,
bacterial proliferation, corrosion, etc.) or
cause unacceptable health hazards,
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- partial aquifer recharge (filtering beds,
etc.),

- setting up underground hydraulic barriers
to prevent the intrusion of sea water into
coastal aquifers,

- reinjection into the drinking water system.
This usage requires a very complete chain
of treatment but does not arrive at a
technical impasse. It is being used in

deserts and has been under study for use in
spaceships. Because of the salinity level in
the reused water, it is often necessary to
mix it with fresh water to meet drinking
water standards. If this is not possible, it
must undergo desalination. Great care must
be taken to remove organic pollution,
ammonium and bacteriological pollution.
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Figure 25, Indusceial efffuents,

5.1.
TYPES OF EFFLUENTS

Whereas the nature of domestic wastewater
is relatively constant, the extreme diversity
of industrial effluents calls for an individual

investigation for each type of industry and
often entails the use of specific treatment
processes.

Therefore, a thorough understanding of the
production processes and of the system
organization is fundamental.
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5.1.1. Origin of the effluents

There are four types of industrial
effluents to be considered:

5.1.1.1. General manufacturing effluents

Most processes give rise to polluting
effluents resulting from the contact of
water with gases, liquids or solids.

The effluents are either continuous or
intermittent. They even might only be
produced several months a year
(campaigns in the agrifood industry, two
months for beet sugar production, for
example).

Usually if production is regular,
pollution flows are known. However, for
industries working in specific campaigns
(synthetic chemistry, pharmaceutical and
parachemical industries), it is more
difficult to analyse the effluents as they are
always changing.

3.1.1.2. Specific effluents
Some effluents are likely to be separated
either for specific treatment after which
they are recovered, or to be kept in a
storage tank ready to be reinjected at a
weighted flow rate into the treatment line.
Such is the case in:
- pickling and electroplating baths; spent
caustic soda; ammonia liquor from coking
plants,
- condensates from paper production,
mother liquors from the agrifood industry,
- toxic and concentrated effluents.

5.1.1.3. General service effluents
- Wastewater (canteens, etc.).

- Water used for heating (boiler blowdown;
spent resin regenerants).

- Sludge from the treatment of make-up
water.

- Refrigerating water blowdown.

5.1.1.4. Intermittent effluents

These must not be forgotten; they
may occur:
- from accidental leaks of products
during handling or storage,
- from floor wash water,

- from polluted water, of which storm
water may also give rise to a hydraulic
overload.

5.1.2. Characterization of effluents

For the correct design of an industrial
effluent treatment plant, the following
parameters must be carefully
established:

- types of production, capacities and
cycles, raw materials used,

- composition of the make-up water
used by the industrial plant,

- possibility of separating effluents
and/or recyling them,

- daily volume of effluents per type,

- average and maximum hourly flows
(duration and frequency by type),

- average and maximum pollution flow
(frequency and duration) per type of
waste and for the specific type of
pollution coming from the industry
under consideration.

It is often helpful to be informed
about secondary pollution, even if is
rare, since it can seriously disturb the
working of certain parts of the
treatment facilities (glues, tars, fibres,
oils, sands, etc.).

When a new factory is being
designed, these parameters will be
ascertained after analysis of the
manufacturing processes and compared
with data from existing factories.
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Knowing the composition of the make-
up water is often necessary.

5.1.3. Specific pollution factors

The principal types of pollutants are set
out below, classified in accordance with the
types of treatment to which they may be
subjected:

Insoluble substances which can be
separated physically with or without
flocculation
- Floating greasy matter (greases, aliphatic
hydrocarbons, tars, organic oils, resins,
etc.).

- Solids in suspension (sands, oxides,
hydroxides, pigments, colloidal sulphur,
latexes, fibres, filtration aids, etc .).

Organic  substances separable by
adsorption
- Dyes, detergents, miscellaneous macro-
molecular compounds, phenolated
compounds, nitrated derivatives,
chlorinated derivatives.

Substances separable by precipitation
- Toxic and nontoxic metals, Fe, Cu, Zn,
Ni, Al, Hg, Pb, Cr, Cd, Ti, Be, which can
be precipitated within a certain pH range,
and sul hides.

-P0,>, S04, S0.%, F.

Substances separable by deaeration or
stripping
- H,S, NHj, SO,, phenols, light or aromatic
hydrocarbons, chlorinated derivatives.

Substances which may require a redox
reaction
-CN, Cry;, 8%, Cl,, NO*".

Mineral acids and bases

- Hydrochloric, nitric, sulphuric and
hydrofluoric acids.
- Miscellaneous bases.

Substances which can be concentrated
by ion exchange or reverse osmosis
- Radionuclides such as I*, Mo*, Cs*.
- Salts of strong acids and bases, ionized
organic compounds (ion exchange) or non-
ionised organic compounds (reverse
0SMosis).

Biodegradable substances
- For example, sugars, proteins, phenols.
After  acclimatization, some  organic
compounds such as formaldehyde, aniline,
detergents and even aromatic hydrocarbons
as well as some mineral compounds (82032',
S05%°), may be oxidized.

Colour

Industrial effluents may be heavily
coloured. This colouration is due to colloids
(pigments, sulphides) or to dissolved
substances  (organic  matter, nitrated
derivatives).

From an analytical viewpoint, the
following should be pointed out:

(1) The ratio of COD to BODs in
industrial effluents often differs very
substantially from that of MWW. It changes
during the stages of treatment, the final
COD sometimes reaching a value more than
ten times that of the corresponding BODs.

(2) The presence of very active toxic
substances  may  conceal that of
biodegradable substances and thus seriously
falsify the measurement of BODs.

Basic information on the biological
treatabiliry of wastewaters is given in
Chapter 4, page 287.
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5.2.
DISCHARGE STANDARDS

Discharge standards vary greatly:

- pollution factors are more numerous than
in MWW and must be determined industry
by industry,

- regulations concerning specific factors
(hydrocarbons, heavy metals, F, CN,
phenols in particular) rely on different
methods of measurement and are enforced
to different degrees depending on the
country.

Effluents may be discharged directly into
the natural receiving waters or into city
sewers which convey them to biological

facilities where they should not impair
normal operation.

If it is now common practice to set
limitations on the concentration of effluent,
then regulations concerning maximum
quantity of effluent produced per day or per
unit manufactured are becoming more
common. Monthly averages and daily
maxima should also be considered.
Sometimes a certain amount of leeway is
foreseen in the application of standards in
the case where strict compliance would lead
to an economic "impossibility®. In any case,
the standards must take into account the
sensitivity of measuring methods and the
technical possibilities of treatment.

Tables 14 and 15 demonstrate the
complexity of this problem.

Table 14. Measuring methods and the range of standards possible for some organic

compounds.
Compounds Range of standards
encountered (mgI™h)
Free cyanides (Epstein) -T90.108 (F) 02-1
-ASTM D 203682 C
Total cyanides (except SCN) -T90.107 (F) 2-6
-ASTM D 203682 A
Phenols transportable in - T 90.204 05-5
steam (DAAP) - AP1 71657
Total phenols 5-10
Insoluble hydrocarbons - T 90.202 (F)
(precipitation on floc, - HMSO 1972 (UK) 2-10
extraction, gravimetry) - API 73253
Total hydrocarbons - T 90.203 (F)
in refinery (spectro- - CONCAWE /72 15-30
photometry, IR, 2 peaks) -SM. AWWA 502 B
Anionic surfactants - ASTM D 2330 2-10
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Table 15. Examples of standards relating to metals (mg.l-1).

These norms often apply to total metal, sometimes to ionized metal.

Total FRANCE NETHERLANDS F.R.G. SWITZERLAND
metals Electroplating Garbage Sulphur removal Discharge into
surface incineration from smoke lakes
treatment (GSE) (GSE)
Ag - 0.1 - 0.1
Al 5 - - 10
Cd 0.2 0.05 0.05 0.1
Crin 3 0.2 0.5 2
Cry 0.1 - - 0.1
Cu 2 - 0.5 0.5
Fe 5 - - 2
Hg - 0.01 0.05 0.01
Ni 5 0.5 0.5 -
Pb 1 1 0.1 0.5
Se - - - 2
Zn 5 0.5 1 2
vd - - - -
53 fibreboard. This is feasible as long a
the main pollution is insoluble and can
EFFECT OF WATER be remox?ed by a simple physical -
RECIRCULATION AND CLEAN chemical procedure either in the system
TECHNIQUES or on a by - pass.

Their development in two successive
stages has, in many cases, led to a
reduction in the volume of effluents and in
the pollution flow.

5.3.1. Recirculation

Recirculation, first used in cooling units
to reduce the amount of water used, was
subsequently used to control effluents. It
has been used very extensively in the iron
and steel industry (whose previous
consumption of 200 nt per tonne of steel
has now been reduced to 5 m® per tonne, if
not 3), in paper production (reduction from
more than 50 - 100 nf per tonne to less
than 5), and in the manufacture of

3.3.2. Clean techniques

Pollute less by producing more
efficiently is the environmentalist's
challenge to industry which must be
taken up in order to optimize
manufacturing processes.

The many measures undertaken and
their successes are known; only the
most significant examples involving
just liquid effluents are mentioned.

The replacement of a gaseous
emission by a liquid effluent thanks to
scrubbing must not entail a transfer of
pollution and should result in a simpler
way of puri
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fying the effluent or in a direct recirculation
of the wash waters into the process line
(ammonium nitrate factories for example).

This may be carried out by several
means:

e Eliminating  the effluents by
developing new "dry" procedures such as
may be the case in surface treatment:

- replacing chromium baths by hot ionic
nitriding,

- replacing cadmium baths by the
application of aluminium in ionized steam
form,

- replacing galvanization by Rilsanising
(plastic).

e Separation and possible recovery of
dissolved raw materials which are toxic or
costly. For example:

- solvents separated by distillation: the
manufacture of paint (HC), of sulphonated
resins (dichloroethane), pharmaceuticals
(ethanol), tawing of hides (petroleum),

- chromium bound to resins: stabilisation of

5.4.
AGRIFOOD INDUSTRIES
(AF.L)

The characteristics common to all effluents
from foodstuff industries are essentially
organic and biodegradable pollution, and a
general tendency to rapid acidification and
fermentation. All these effluents are treated
primarily by biological methods, but the
medium often becomes deficient in nitrogen
and phosphorus.

5.4.1. Piggeries

The amount and degree of pollution
depend on the methods of stock breeding, the
method of cleaning the sties, the time spent
in the sties and the type of feed used.

chromium baths by fixing of Cr’" ions on
resins, double ion exchange on rinse water
after passivation with recycling of the
eluates in the baths.

e  Separation of suspended compounds
from  manufacturing processes, and
reintegration, whenever possible, into the
process:

- sludge after settling in cardboard
production,

- oils from foodstuffs and margarine
refineries,

- greases and proteins from
slaughterhouses.

e  Separation of dissolved compounds
synthesised during processes:

- phenol from spent soda with liquidliquid
extraction by a recycled oil cut,

-ammonium from formation water in
coking plants or from amino acid
production, separated through steam
stripping and later recovered through
condensation or sulphation.

Discharge Cleaned Cleaned dry
per pig
per day hydraulically
Water 17-251 11-131
BOD; 100-200 g 80-120g
TKN 18-35¢g
COD 300-500g

In hot countries, spraying of the pigs raises

the above volume of water.

Manure analysis in g.1"!
SS 30 to 80
COD 25 to 60
BOD; 10 to 30
TKN 2t05
Total NH, 3to4
Cl 0.8
S04 1.5t02
M alk. 1400 to 1500 Fr. deg.
PH 7t08
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35.4.2. Slaughterhouses and associated
industries

5.4.2.1. Livestock slaughtering plants
Included here, besides the slaughter of
livestock, are tripe and offal processing
shops and the evacuation of stercoral matter
which makes up over 50% of the pollution.
This depends on:

- the blood recovery rate (BODS: 150 to 200
gl!, COD: 300 to 400 gI', TKN: 25 gl)
which can reach 90% in the Ilarge
slaughterhouses,

- the method of evacuation of stercoral
matter, given that hydraulic means are not
used,

- the size of the tripe and offal operation,

- associated shops (salting-canning).

As a result, there is less discharge in modern
slaughterhouses. In Europe, these amounts
may be estimated at:

-6 to 9 1 per kg of cattle carcasses (320 to
350 kg),
-5to 11 1 per kg of pig carcasses (80 to 90
kg).

According to a study by CEMAGREF, the
volume of water consumed is distributed in
the following manner:

Shop or facility Volume in litres
per kg of carcass
Slaughter chain:
- cattle 4.8 incl. paunch
washing

- slaughter of pigs 4.1
- pig paunch 2.0
washing
Cattle tripe 24
processing
Cattle offal 0.4t00.7
processing
Truck washing 0.21t00.6

According to the same study, the average
pollution loads were the following:

g per kg of carcass Cattle slaughterhouses pig slaughterhouses
and various
COD 323+52 273+9
BOD;s 13.2+£22 132+43
Fat (SEC) 52+1.5
Total N 1.6+£0.3 1.6+0.5
SS 11.8+25 93+34

It is noteworthy that:

- the tripe and offal processing shop

contributes more than 50%

of the COD

pollution from the entire slaughtering plant,
- the high SS levels sometimes found relate

to non-biodegradable
matter,

cellulosic

- the BODs loads of associated industries
(salting and canning) range from 10 to 20 g
per kg of finished product.

3.4.2.2. Poultry slaughterhouses

The polluting operations are, for the most
part, the following:
- bleeding,
- scalding and plucking with wet or dry
(pneumatic) transport,
- evisceration and transport, hydraulically or
by dry means, and washing.

Whether the transport water is recycled or
not can have a bearing on the water
concentration. The shop in which the by
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products are cooked and dewatered (animal
feed) contributes a pollution load of about one
tenth that coming from the slaughterhouse
itself.

Even with a separate collection system for
process water which allows for the recovery
of proteins, measurement is often dispersed
due to the complexity of the shops and the
inertia of the sewage. The separation of hot
effluents may permit a cooling process that is
less expensive and an easier way of isolating
an effluent with a high fat content with a
specific pretreatment.

The CEMAGREF studies carried out in
five plants show the following average values
per kg of carcass (average weight 1.4 to 1.5

kg):

Poultry Measurements
Volume of 8.1+0.9
wastewater in 1
CODing 21+6
BODsing 93+25
SSing 45+1

5.4.2.3. Hides, glue and gelatin industries

e Tanneries and taweries

These workshops perform a usual
preliminary treatment of hides which consists
of soaking and hair removal in a bath of lime
with sulphides, followed by rinsing; the
effluents from this process can contain up to
3/4 of the pollution load (workshop on a
river).

The last phase of the treatment is the
tanning which can take place:
- in tanneries using vegetable tannins or
especially chromium salts that are found in the
corresponding wastes,
- in taweries using a brine of NaCI and alums
(mainly mineral pollutants).

Evaluation of the wastes: the volumes vary:
- from 20 to 120 mi per tonne if tanning is

done with chromium (2 to 3 kg Cr’" per tonne
of hides),

- from 20 to 90 m per tonne if vegetable
tanning is done,

- from 200 to 250 kg COD and 75 to 150 kg
SS per tonne of hides (about 30 kg for a
CoOw).

An attempt is made in large plants to

collect separately:

- the preliminary treatment effluents,

- the tanning baths (3 to 6 g1 Cr’" pH 3.5),
- sulphurized alkaline water.

The wastes contain protein colloids,
greases, hairs, colouring matter, chlorine
and sulphur compounds from hair removal
shops.
¢ Glues and gelatins
In this industry, the raw material is the hides
provided by the tanneries and the bones
from the slaughterhouses which are
subjected to acid solubilization followed by
alkaline hydrolysis in a lime slurry. Pig
skins undergo a single acid washing of the
hide before grease flotation.

The volume of wastewater can measure
between 60 and 70 n? per tonne of bones
and correspond to 50 kg BODS per tonne of
glue produced.

5.4.2.4. Reuse of proteins in effluents
from slaughterhouses

For 1,000 tonnes of cattle, the amount of
proteins lost in the effluents may be in the
range of 2 tonnes which are recoverable in
the form of protein-rich sludge by primary
purification after screening and grit
removal.

The physical-chemical treatment with
inorganic or organic flocculants results in a
reduction of BODs and SS in the effluents
of 80 to 85% and 85 to 90% respectively.

Sanitary wastes and water from shop and
truck washing must, of course, be separate
from that coming from the slaughterhouse.
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5.4.3. Dairy products industries

e Origin of the wastes

- Pasteurization and packaging: milk losses,
dilute wash waters with a pH that varies
widely.

- Cheese dairies and casein factories:
deproteinized serum which is rich in
lactose.

-Butter dairies: buttermilk which is rich in
lactose and proteins but poor in fats.

Table 16. Dairy industry wastes.

Overall pollution depends greatly on
the recovery of whey (minimum losses
of 7%).

e  Evaluation of the wastes

The  volume  depends upon
recirculation (cooling and recovery of
condensates).

The concentration also depends

upon the type of dairy product
discharged.

Shop or facility Volume of water BOD SS-1
1 per 1 milk mg.l'l mg.l'l
Liquid milk and yogurt 1-25 120-300 50
Powdered milk
and butter dairies 1-3 80-300 30
Casein factories 2-4 400-500 100
Cheese dairies 2-3 400-900 100
Multiproduct dairies 3-6 300-750 120
Table 17. Analysis of dairy products (in g.l'l).
Component Full cream milk Skim milk Whey Buttermilk
Cow Goat
BODs 90-120 50-73 34-55 60-70
Ca 1.25 1.3 1.2 1.2
K 1.5 2.0
P 0.95 0.9 0.9 0.8 0.95
Cl 1.1 1.3 1 1
SS 130 114 60-45
FOG. 39 33 0.8 0.5-2 3
SNM* 33 29 35 7.9 30
Lactose 47 43 50 47-50 44
Lactic acid 2-6 1
Ash(gkgh)| 89 8 5-7

(*) SNM= Soluble nitrogenous matter + proteins.
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Notes on the characteristics of the effluents:
- The COD/BODS ratio is about 1.4 in milk
and 1.9 in serum.

- The discharge of TKN varies between 1

and 20 g per 1001 of milk.

- The BODS in the effluents in general may
vary between 700 and 1,600 mg.l’l.

- The pH, after homogenization, is usually
between 7.5 and 8.8.

5.4.4. Breweries

e  Origin of the wastes

- Filling of bottles.

- Cleaning (returned bottles, fermentation
and storage vats, floors).

- Filtration of wort and separation of
suspended substances or yeast.

e Pollution: caused by the beer, the
yeast, and various particles of draff,
kieselguhr, diatoms).

o  Evaluation of the wastes

- 200 to 7001 per hl of beer, with 500 as
average, coming chiefly from bottling and
from pouring the beer into casks,

- 400 to 800g BODs per hl of beer after
internal recovery of yeast and draff,

- pH usually alkaline.

Shop or facility BODs SS

mg.l'1 mg.l'1

Bottle washing 200 to
400 100

Washing of fer-
mentation vats and 1,000 to
Filters 3,000 500
Washing 5,000 to
of storage vats 15,000 <50

Note: COD/BODS ratio after settling is about 1.8.
Nutritional deficiency as BOD/N/P is about 1000/10/1.

5.4.5. Potato processing industries and
starch factories

The potato contains from /2 to 20%
starch, 70 to 80% water and much protein.
Therefore, BODS5 discharge is high in
starch whereas the common pretreatments
by washing lead to a more mineral
pollution.

e Origin of the pollution

It is related to the following
shops:
- common: washing and transport of tubers
(earth and vegetable debris), peeling by
soda or steam (strong concentrations of
recoverable pulp and starch and proteins),
- specific : production of French fries and
crisps (heavy quantity of grease), bleaching
(strong BOD).
e  Evaluation of the wastes
Table 18 shows the characteristics of the
wastes.

5.4.6. Starch factories

Starch works extract starch from the
tubers of manioc and potatoes; a wet
process is used to extract it from the richest
cereals (wheat, rice, corn).

The nature of the effluents depends on the
specific treatments used on the raw
materials after common washing.

Raw Volume of BODs
Material water kg per t
m’ pert

Corn starch 2-4 5-12
Wheat starch
(gravity
separation) 10-12 40-60
Rice starch 8-12 5-10
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The effluents are rather acidic which
is due either to lactic fermentation or to
sulphitation (pH 4 to 5). When a wet
technique is used to extract starch, the
pollution comes from the evaporation

Table 18. Potato processing wastes.

of water and is made up of volatile organic
acids.

A notably soluble protein-rich pollution
may, on the other hand, come from the
glucose shop.

Shop or facility Volume of water SS BODs
m’ per t kg pert kg pert

Preparation
- Transport and washing 2.5-6 recyclable 20-200 -
- Peeling and cutting 2-3 5-10
Flakes
- Bleaching and cooking 2-4 10-15
Crisps
- Bleaching 22-5 5-10 5-15
Starch extraction
- Washing, grating, 2-6 Recyclable
Grinding (red water) 20-60%*
- Pressing - refining 1 pulp

(*) Including preparation water.
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5.4.7. Effluents fiom other AFI (agrifood industries).

meals

Industry Origin Wastes and pollution
m’ per tonne kg COD per tonne
Edible oil Extraction of olive oil 0.8-7 50-80
production Palm nut pressing 5 80
Edible oil Condensers and deodorizers 0.2%** 0.5-1
refining Oil washing by centrifugation 0.15 3-5
(pH 10,
50-80°C)
Pulp washing 0.6 2-6
(PH 1-2) (2.5 g1 P04)
Margarine production 0.1 (30°C) 0.2-0.5
Fruit and
vegetable Washing, peeling, 15-30 8-38
canning Blanching 5-10 -
and freezing
Fruit juice Pressing 0.15-0.25 0.3-1
pH 3-4
Beet sugar Washing and transport 0.4-1.2%%* 2-3
mills (200-600 kg SS)
Water from pressing 0.2
Excess condensates 0.1 (NHy)
Regeneration eluates - (salts)
Cane sugar Washing of cane 5-10
mills Barometric condensers -
Excess 0.5-1.5 14-25
Excess condensates 0.1
Distilleries **  |Grape marc - Phlegmas 3-6 6-12
Wine lees 2-3 60-200
Wine 0.6-1.2 25-35
Cane or beet sugar molasses 1.2-1.8 80-100
Cane or beet sugar juice 0.8-1.6 25-40
Grains 0.1-0.2 2-8
Fish, flour Washing, cooking 15-30 40-60
and canning Preparation 1-5 15-25
Sauerkraut Washing 20-40
production
Ready-to-eat  [Preparation, cooking 15-45

(*) Values per hl juice.

(**) Values per hl pure alcohol.

(***)With closed recirculating system.
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5.5.
TEXTILE INDUSTRIES

These industries are very diverse; it is
easier to characterize the chief polluting
activities than the effluents themselves.

5.5.1. The scouring and combing of wool

Raw wool contains many impurities (250
to 600 kg total SS per tonne) which are
divided into:

- 25 to 30% grease (suint and fatty acids),
- 10 to 15% soil and sand,
- 40 to 60% organic salts and suint.

A substantial amount of pollution which
comes from the scouting process (non-ionic
detergent) is discharged. The COD can
reach 60 g.l'l.

Parameters Pollution
contributed
kg per t raw wool

COD after 100-200
BODS grease 24-40
removal

Grease 100-150

SS 20-30

The water is hot (40 to 50°C) and has a
pH of between 8.2 and 8.4. Its specific
volume per tonne of raw wool should be

reduced from 7 to 3 nr'.

5.5.2. Preliminary treatments before textile finishing

These essentially involve natural fibres.

Preliminary textile treatment Volume BODs Remarks
m/t kg/t
Cotton mercerizing 60 20-60 pH 12-14
Hot scouring and rinsing 5-6 60-150 pH 11-13
Bleaching of cotton and flax (grease)
Desizing of cloth (starch removal) 10-20 20-50 COD/BOD = 1.5
5.5.3. Textile finishing -acrylic fibres: 35m3tl
This activity, which is usually very -wool: 70 m3.t™
polluting, is made up of the following - cotton: 100 m3.t™
processes: bleaching, dyeing, printing - sponge cloth: 200 m3.t™!

and final finishing.

The amount of wastes varies widely
depending on the combination of
finishing treatments, and a comparison
of amounts can be given:

A waste of 100 nt per tonne from the
various manufacturing activities is the
goal of the profession as regards
environmental protection.
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The pollution load depends upon:
- the type of fibres: natural or synthetic,
- the dyeing processes (jiggers, continuous
dyeing, kiers), and printing process,
- the products used according to their
solubility in water (see table 19).

With the pretreatment effluents, the
wastes are more diluted and are typically
characterized by the following values:

- pH: 4 to 12, most often basic; 4.5 for
woolen knits; 11 for cotton,

- COD: 250 to 1,500 mg.I"" (50 to 150 kg.t™),

- BODs: 80 to 500 mgl'; COD/BOD; ratio
usually between 3 and 5,

- colour: 500 to 2,000 Pt-Co units,

- SS: 30 to 400 mgl! (sparse, fibre, flock,
down), but may sometimes reach 1,000 mg.I’
! (in the case of cotton),

Table 19. Dyes and wastes in textile finishing.

-Crvj: 1 to 4 mg.l" and $* 0 to 50 mg.I",
- a rise in temperature with a planned
reduction in volume.

5.5.4. Industrial laundries

Depending on their size, laundries can
discharge high pollution loads which are
composed mainly of washing products
(sodium carbonate, tripolyphosphate,
various soaps, biodegradable detergents,
bleaches, chlorine derivatives).

The amount of wastewater in modern
countercurrent washing units is 2m’ per
100 kg of washing and corresponds to
1.5kg to 2kg of BOD:s.

The washing of jeans with pumice

stone (1kg per kg) can entrain substantial
discharge of SS.

Products Water-soluble

Water-insoluble

Minerals Mineral acids

Organic acids (acetic,
citric, formic, tartric)
Oxidants (NaC10, H,0,,
borates)

Reducing agents

Dyes Acid (wools)

Basic

Leuco vat esters
(indigosols)
Direct* (cotton)
Metal-bearing dyes
(Ni, Co, Cr)
Chrome dyes
Reactive dyes*

Pigments and disperse dyes

With sulphur* (pH < 8.5)
Azoic dyes* + Naphthols

Aniline black

Auxiliary Alginates (printing)
textile C.M.C. (printing)

products Retarding agents

Detergents

Gums
Starch

(*) These dyes cause substantial water leaks that can exceed 20%. Direct dyes and
reactive dyes are prepared in NaCI or Na;S0,4 brines.
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C - Chloration Lo, éventuel
C/D - Chloration + Dioxyde de chlore

C/D
Pate
blanchle
T-l [F] T
C12

E - Extraction a]calme
F - Filtre

Figure 24. Séquences types de blanchiment.
Figure 24. Typical bleaching sequences

5.6.
PULP AND PAPER
INDUSTRIES

These industries cover two types of
manufacturing, that of paper pulp and that of
paper. The effluents contain very different
pollutants. Some companies can integrate the
manufacture of both products.

5.6.1. Paper pulp factories

5.6.1.1. Production processes

The composition of wastewater depends on
the manufacturing process and on the nature
of the vegetable fibres used (wood, bagasse,
straw). There are five broad process classes,
each of which produces unbleached or, more
frequently, bleached pulps. Bleaching (figure
24), which allows a more intensive attack on
the lignin residues (mainly by alkaline
dissolving  of chlorolignin), makes a
substantial contribution to pollution, as table
20 shows.

e  Chemical processes are used to make
pulp for fine paper (printing, writing).

The kraft process, based on alkaline

cooking (NaOH, Na,S) of wood dissolves 40
to 50% of the dry solids in the wood: this
organic matter reappears in the form of
cooking liquors (black liquors) and then of
pulp wash waters. When a pulp of this kind is
bleached, overall efficiency is reduced by
about 10% and the bleaching process
contributes considerably to the colour
discharged by the effluents.
¢  The bisulphite process is based on acid
cooking of wood (solubilization of lignin by
Ca, Mg and NH4 bisulphites); these pulps are
almost always bleached, overall efficiency
reaching 50%.
e Semichemical processes combine
chemical and mechanical action: the best
known is the NSSC (Neutral Sulphite
Semichemical) process, which has an
efficiency of 75%.
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Table 20. Pollution values per tonne of pulp.

Process Water BODs* SS Colour
consumption kg per t kg per t Pt-Co
m’ per t kg per t
Mechanical 30-50 15-30 10-30 -
Bisulphite
- unbleached 40-60 25-50 10-110 10
- bleached 50-100 40-80 20-50 75
Kraft
- unbleached 40-60 8-20 10-20 20-50
- normally bleached 80-90 20-40%** 10-40 100-240
- bleached with pure 02 10-20
CTMP
- bleached 10-30 30-60 10-20 -
Notes:

(*) The COD/BOD:; ratio varies between 6 and 2.5 depending on the type of wood.

(**) Values based on a complete recovery of the black liquor. The alkaline extraction phase of

bleaching contributes an excessive amount of COD and colour.

The mechanical and thermo-mechanical
processes (TMP) of wood have a 90 to
95% efficiency and are used in the
manufacture of pulp for newsprint.

The new CTMP process is used to
manufacture pulp for writing and printing
paper and has a high extraction efficiency
(90%). This process uses less water but
more energy and does not emit malodorous
gases.

5.6.1.2. Wastewaters

Black liquors are wusually treated
separately (evaporation, incineration or
recovery).

In a modern mill there are three sources
of effluents:

- bleaching,
- washing and emptying,
- evaporation condensates.

The effluents from these mills are
characterized by the following:

- high flow: from 30m’ per tonne
(mechanical pulp) and 150 nt per tonne
(chemical pulp),
- high insoluble pollution (fibres and
fibrils, CaC0’, clays) characterized by a
noteworthy content of non-settleable
solids (about 10 to 30% SS),
- variable soluble pollution according to
the processes:
e BODs: between 100 and 1,000
mgl™.
e COD: between 300 and 4,000 mg.I
! (biodegradability depends heavily on
the type of wood: pines, deciduous
trees).
e Colour: prominent and resistant to
biological processes.

Table 20 shows normal values of
pollution per tonne of finished product
in a modern mill.
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than 10% of the volume of wastes while

e Black liquor evaporation condensates
contributing 30 to 50% of BODs These

Black liquor evaporation condensates

which are sources of concentrated pollution, clcindensa.t °s may have the following
may be treated separately from the characteristics
preceding effluents. They may make-up less
Characteristics Bisulphite pulp Kraft pulp
PH 1.8-2.2 89
COD gl! 4-10 4-7
BOD gl 2-5 12
SO, g1’ 0.2-2 0.4-1
Acetate gl! 2.5-4
Methanol gl! 0.2-12
Formic acid gl 0.15-0.5

In general, the removal of COD and of
colour is interrelated and it is difficult to

e Discharge conditions
In the pulp industry, purification standards

are often expressed in relation attain a high efficiency rate that is
to the mass of material produced (see table economically feasible.
21).
It is also common to find standards relating
to colour in which the efficiency of
decolouration is most often cited.
Table 21. Paper and cardboard: French discharge standards for new mills (in kg per
tonne). Technical instructions of January 3, 1989.
Without filler With filler or With filler and
coating mix coating mix
Composition
of paper Criteria Monthly Monthly Monthly
or cardboard
Class 1 Class 2 Class 3
Over 90% SS 0.7 0.7 0.7
new fibres BODs,v, 0.7 1 14
COD,,, 2.5 3 3
Class 4 Class 5 Class 6
Over 90176 SS 0.7 0.7 0.7
of recovered BODS5, 1 14 1.8
fibres COD,, 3 4 4

Note: rw (raw water): measured in unclarified water sample. The maximum allowed
daily discharge is twice the maximum monthly discharge.
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5.6.2. Paper and cardboard mills

Manufacture: Paper is made from new pulp,
waste papers from which the ink has or has not
been removed, or rags.

These raw materials, whether separated or
combined, are used to manufacture products
ranging from fine paper to packaging paper and
corrugated cardboard.

Depending on the quality desired, various
additives and coatings may be introduced:

- mineral fillers: kaolin, CaC0s, talc, TiO,,
- organic fillers (starch, latex),
- dyes, aluminium sulphate, retention agents.

Deinking may be carried out by two means:

- by backwashing with a high flow of water,

- by mechanical flotation with a lower flow of
water but with more reagents (caustic soda,
sodium silicate, fatty acids, mnon-ionic
detergents) and with the discharge of a very
great amount of suspended solids.

When using waste papers, certain refuse
such as staples, plastic, strings, also appears in
the water to be treated.

These effluents are therefore characterized
by varying amounts of pollution in the form of
fibres and additives which are usually sparingly
soluble.

Modern  machines are  generally
equipped with two internal systems (see
figure 25):

- a primary system (called "short") which
allows for immediate reuse of fibrerich
water drained from the table,

- a secondary system, which receives
water from suction boxes, press rolls and
rinsing sections, and is usually fitted with a
device to recover fibres.

The system on the outside of the
machine (tertiary) receives excess water
from the secondary system as well as
auxiliary water.

Water treatment, which takes place on
this system, may be structured to recycle
water or sludge, depending on the quality
of the paper being produced. Recirculal01
tion may involve up to 100% of sludge and
between 50 and 100% of water used in a
mill using waste papers. The rate of
recirculation achieved depends on the
competence of the mill in producing paper
and in treating water.

The COD of these effluents is usually
two or three times higher than the BODs.

The concentration of dissolved organic
pollution is especially high where waste
papers are used in manufacturing.

Fygnire 23, Induserial efffuents,



Chap. 2: Treatment. What type of water and why?

Table 22 shows the characteristics of pollution from "tertiary" systems.

Table 22. Pollution values per tonne of paper and cardboard.

Manufactured Water SS BOD
product consumption kg per t kg per t
m’ pert

Newsprint 20-30 8-20 2-4
Magazine paper 20-30 10-20 2-5
Printing/writing paper 30-50 12-25 3-6
Kraft packing paper 10-20 8-15 1-3
Flat cardboard
(from new pulp) 20-30 2-8 2-5
Paper for corrugated
cardboard 3-15 10-25 5-12
Fine and special papers Very dependent on the type produced

5.7.
PETROLEUM INDUSTRY

There are four groups of activities likely to
produce specific effluents:

5.7.1. Petroleum production

Discharge from production is made up of
produced water and drilling sludge. Offshore
drilling imposes narrow location
contingencies.

5.7.2. Transport of crude oil and refined
products

At terminals, tanker ballast water must be
treated as must sometimes tanker cleaning
water.

5.7.3. Refineries

There are simple refineries and complex
refineries which often have a fluid cracking
unit which increases the volume of wastes and

pollution. A small discharge of spent caustic
soda translates into a substantial polluting
flow (caustic soda, S*, RSH, phenols).

In these three groups, pollution comes
chiefly from hydrocarbons (see table 23).

The proportion of dissolved organic
pollution (oxygen compounds, phenols,
aldehydes) increases with cracking whereas
the increasing refining of heavy and
sulphurous crude raises the discharge of
sulphides.

5.7.4. Petrochemical industry

Three types of petrochemical complexes
exist (see figure 26):
- synthesis gas complexes, based on steam

reforming; this is at the development stage
(includes the synthesis of NH; and methanol);
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Table 23. Production and refining. The nature of the chief effluents.

Origin Volume of water as % | Hydrocarbons Other
of processed petroleum in mg.I"! pollutants
Production: 0-600 200-1,000 NaCl, sands,
oil-field following three- clays
produced water phase separator
Drilling: Salts, bentonite,
residues and lignosulphonates
sludge
Transport: (25 to 30% of After storage NacCl, sands
- Ballast water tanker capacity) average 50 - 80
paraffins-waxes
- Tanker cleaning 500 - 1,000 Detergents
water Emulsions Alkalinity
Refining:
Desalter 5-6 50-150 NaCl, phenols,
light HC possibly S*
Fluid catalytic crack- 6-10 100-150 Sz', RSH,
ing (FCC) NH,", phenols
Rainwater Variable Sands
Condensates from 2-25 50 Phenols, NH4 "
atmospheric
distillation
Condensates from 1-15 150 Phenols, NH4"
vacuum distillation

Other sources

Pollutants in g.I"

Spent caustic soda from desulphurization
FCC: phenolic caustic soda

Phenols: 10 — 60

RSH, $*:0.3-10
Merox steam cracking units:
sulphurous caustic soda $?:10-40
RSH: 0.3 - 20
Phenols: 0.2 -2
Lubricating oils: Furfural
Aromatic and non-paraffin extraction Methyl ethyl ketone
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- olefin complexes, the best known,
are based on the steam cracking of
naphtha, gas oil or petroleum,
- aromatic complexes, based on
catalytic ~ reforming  with  BTX
synthesis and their derivatives.
Polymers are usually produced in
plants separate from those where the
preceding complexes are processed
except in the case of polyethylene and,

on occasion, polypropylene.

The effluents are polluted by raw
materials, solvents, catalysts and the
polymers themselves in suspension or

Large amounts of inorganic salts are
discharged with:

- NaCI when chlorine compounds are
synthesized (PVC and solvents),

- CaClp, in the case of propylene oxide as
well as ethylene oxide,

- (NHy4)2SQy, in the case of caprolactam and
acrylates.

Discharges of AICI1;3 corresponding to
alkylation reactions occurring during
refining (petrols) and during the production
of ethylbenzene and cumene (with H;PO,4
acidity).

Table 24 shows the nature of the chief

emulsified. organic pollutants from various processes.
Basic derivatives Plastics Synthetic itrogenfDetergents
I* gen. !2““ gen rubber fibres ertilizers
-
Natural Hyd mgm: . t t #Urea |
gas P | : : I' # Nitrates |
Steam | - .
l e —PAmmonuq . i i Ammon u| n salts
! Acryls n|tl' »Pol yurylahxmle (plnsl-c and fiblel |
7 SMetbancliFormol - Urea-formol § ! : i
Methane " | Phenol-formol| ) | |
| | I | |
Ethane : I | | | |
I Polyothylene | | | |
Propane /Flhylenn 1 PYC | : } :
s Ethylede oxide 4 : 1 PNon-ionic
: b | i | |
cracking —bPropylelui ? Polypropylene (plastic ﬂn#; i i
N t pylede cxide SI-olyieopreap i
Butadient : _hPolybulndln:%x {
Naphth : i IllNeoprcne l| :
|
| 1
Gas oil | gBtyrene |\ ¥ SBR I :
Benzene Cyclr.hexal Polystyr. };&:ljlvzswrs ; i I
Phencl |IL' Mre [ |
T Catalyti Tol TR | ¢ A
a i oluenc
3 I
rcfomnng ‘?\"mlyumthnnu : | : {
Cl:ixlde Xylenes Ay Terephthalic acid } } ! :

Figure 26, Classification of petrochemical production

(document from Institur Frangais du Pétrole).

Figure 26. Classification of petrochemical production (document fiom Institut Frangais du Pétrole).



Table 24. Chief petrochemical products and corresponding pollutants.

5. Industrial effluents

(isobutene etherification)

&0 Dissolved organic .
g _5 Product/process pollution Other pollution
0
7] .L“: Ethylene, propylene, Phenols, organic acids $*, RSH,
Y | butadiene hydrocarbons
Methanol (steam reforming [ Methanol, heavy alcohols
of naphtha and partial
a oxidation)
-1
.E: -2 | Utea CO(NH2)(CONH:),NH Urea 1 to 10 g.l 2
é 3 NH4OH 0.1 t0 0.5 g.l
50 E; Treatment of olefin cuts C4 and C5
[}
5 | MTBE Methanol, isobutene

MEC (butene 1 hydration)

Butanol

Sulphuric acid, catalysts

Oxidized
or chlorinated by-products

Ethylene oxide
(direct oxidation
of ethylene)

Ethylene glycol,
acetaldehyde, CO,,
hydrocarbons

Hydrocarbons

Propylene oxide
(chlorohydrin)

Dichloropropane,
di-isopropylic ether

Alkaline water, CaCl,,
CaCO; sludge

Tertiary butanol TBA

Propylene oxide, isobutane,
acetone

Acetaldehyde
(ethylene oxidation)

Acetaldehyde, acetic acid,
oxalate

Acidic water

Acetic acid (oxidation
of acetaldehyde,
methanol, Co)

Formic acid, acetates,
acerone

Acidic water, iodides,
rhodium

Phenol (cumene oxidation)

Benzene, cumene

Bentonites, AlCls,
hydrocarbons

Vinyl
monomers

Vinyl acetate
(from acetylene)

Acetaldehyde, acetone,
acrolein, FeCls

Vinyl chloride (ethylene
chlorination)

Dichloroethane

HCI, NaCl, hydrocarbons

Acrylic acid, acrylates,
metacrylates (propylene
oxidation)

Acetic acid, acrolein

Catalysts, (NH4)2SO4

Acrylonitrile (propylene
ammoxidation)

CN", acetonitrile

Catalysts, (NH4),SOq4
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Table 24. (Cont.)
Prod Main organic .
roduct pollutants Other pollution

» | Caprolactam (nylon 6) Cyclohexane, lactam amine,| (NH4);SOy4,

— EE'; via hydroxylamine hydroxylamine mainly acidic

>

E 8 Adipic acid Cyclohexane, benzene Nitrates, NaOH
g Terephthalic acid Acetic acid, aromatic acids, | Catalysts

(propylene oxidation)

xylene

Polyethers
Polyols

Polyethylene glycol
Polypropylene glycol

Butadiene (butane
dehydrogenation)

Olefinic hydrocarbons

Neoprene, polychloroprene

Chlorinated derivatives

Monomers
Elastomers

Styrene (ethylbenzene
dehydrogenation)

Benzene, ethylbenzene

AlCl;, oils, diatoms

Polyesters: — Fibres

Terephthalic acid, ethylene
glycol,

Mainly acidic

Polymers
and resins

- Resins Adipic and maleic acids,
ethylene glycol
Polyethylene:
— LDPE Oils, parasites,
- HDPE PE dust, catalysts
Polypropylene Hexane, non-ionic Slight acidity,
(dry method) detergents AP*, Ti**, dust/pigments
Polystyrene Styrene Strong acidity,
NaCl, H,PO4, PS dust,
detergents
PVC Methanol, Strong acidity,
PV acetate polyvinylic acid, very fine
PVC particles
Rubbers:
- SBR Styrene and butadiene SoaPs, catalysts,
~ Polybutadiene Acrylonitrile butadiene, AP, coagulated latex,

oxygenated compounds

catalysts, Ti'*, NHi", latex

Epoxy resins

Epichlorohydrin, aromatic
phenols

Acrylic resins

Dimethyl metacrylates

CN

Polyurethane resins

Di-isocyanates
and etherpolyols,
polyesters-polyols

Phenolic resins

Acetaldehyde,
formaldehyde, phenols

H>SOy4, non-ionic
detergents
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5.8.
IRON AND STEEL INDUSTRY

There are four groups of activities: some
(coking, pickling) produce effluents with a
high level of dissolved pollution and are thus
not recylable after treatment (table 25); others
(rolling and gas scrubbing) produce effluents
with a high level of suspended pollution
(oxides, SS, insoluble hydrocarbons) and are
almost entirely recylable (table 26).

35.8.1. Coking

This generates ammonia liquors which
come from coal moisture (8%) and from
formation water (4%). These are weak
ammonia liquors that are rich in phenols. Gas
scrubbing, itself, generates strong ammonia
liquors which are rich in free NH4.

5.8.2. Pickling

Pickling produces rinse water with a high
content of Fe?" and H,S0y if it is sulphuric. If
it is hydrochloric, thermal regeneration of
HCI can eliminate a large part of the acid and
dissolved iron wastes. The lubrication of high
reduction rate stands produces alkaline
wastewater that is rich in animal or vegetable
fats. The same holds true for electrolytic
degreasing before tinning. The spraying of
low reduction rate stands is accomplished
with aqueous fluids (usually, conventional
soluble oils) in which a small fraction will be
treated in the blowdown.

5.8.3. Gas scrubbing

This is used in balling, agglomeration,
blast furnaces, direct reduction and steel
works. The pollution consists mainly of
suspended solids except in the case of some
direct reduction procedures and of slag
granulation. In almost all mills, the systems
are of the open recirculating type and small
amounts of blowdown remain to be treated.

5.8.4. Rolling

From the continuous casting of steel and
the scarfing of blooms to product finishing
(hot strip mills, section mills, fourhigh mills,
tube rolling mills), water plays a role in a
whole series of mechanical operations
(descaling, granulation, spraying). It entrains
oxides (scale) or slag which can be joined by
small quantities of hydrocarbons from the
lubrication of mill housings or the steel.

The presence of dissolved pollution is
unusual (hydraulic fluid leaks from
continuous casting). All the systems may
therefore be of the open recirculating type
with a small blowdown to be treated.

In an iron and steel complex well
equipped with a recirculation system, make-
up water may equal 3 to 6 nf of water per
tonne of steel, based on an overall
concentration factor of 3 to 4, and the total
volume of effluents from open recirculating
systems is then 1 to 1.5 m per tonne of
steel.
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Table 25. Effluents from iron and steel mills

(not recylable by simple and economical means).

Workshop 1 ;Ie(;h:rcr:)ie Main pollutants
Weak ammonia liquors*| 110 to 160 |Tars
(WAL) Phenol 1-4 gI”
Free NH;' 26 gl
Bound NHs" 0.5-4 gl
H.S, CN7, SCN
‘ g Strong ammonia liquors (SAL) | 30 to 60 |Free NH4" 8-14 gI™!
% HCOy 1-4 gl
&} gz
By-products and final conden-| 10 to 100 |Phenol 0-50 mg!™
sation blowdown workshops CN- 100-400 mg.I™
Dust removal blowdown from| 50 to 300 |SS
coal charging
m’ per t
steel
H,SO4 pickling 2 Fe** 50-300 mg.I™
ian HCI pickling 0.1
g
35 | High reduction rate rolling 1 SS 0.2 gl
g Oils 0.4-0.6 gl
e COD 0.7-12 g
O
Electrolytic degreasing before| 1.5to2 |SS 0.5-1 gl
tinning Oils 0.1-0.2 gI”
COD 031 gl
Silicates

(*) The WAL salinity depends on how rich they are in CI': nearly non-existent in South African coal
and concentrated in Saar-Lorraine coal.
(**) In the first case, the water is recylable.

As a reminder, electrogalvanizing, chromiumplating, tinning (see page 110).



Table 26. Blowdown of systems in iron and steel mills where the effluents are recirculated.
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Specific Pollutants
Workshop Origin volume (mg-1-1)
(1 pert)
1. Gas scrubbing
Blast Blowdown of the 50 -300 Dust 200-1,000
furnaces gas scrubbing NH, " 0-500
system or sludge CN- 0-20
filtrate Zn? * Pb** 5-20
Slag granulation 200 - 500 s> 0-600
$,03% 100-400
Si0O, - slag dust
Direct Gas scrubbing and 500 NH4HCO;
reduction cooling KHCO;
S0,°7/805°- 500-5,000
SS, oxides
Steel pro- System blowdown 20- 100 CaCo0;
duction or sludge filtrate Ca(OH), or K,C03
with oxygen Oxides 1,000-5,000
2. Rolling and granulation
Continuous System blowdown 50 - 100 Scales - HC -
casting or filter wash Hydraulic fluid, F
Bloom water 20-50 Scales - slag
scarfing
Wire mills 100 - 200 Scales - HC
Tube rolling 50 - 100 Scales

mills
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5.9.
AUTOMOBILE AND AERO
NAUTICAL INDUSTRY

Depending upon the finished manufactured
product, the wastewater is from:

- blowdown of the aqueous cutting

fluids,

- pickling and degreasing effluents,

- demineralization eluates,

- blowdown from washing machines,

5.10.
SURFACE TREATMENT
INDUSTRIES

e Origin and nature of the wastes
Surface treatment is applied mainly to metal
parts, but also to certain synthetic materials.

- blowdown from paint spray booths,

- blowdown from cooling systems,

- effluents in general (sanitary and shop floor
washing)

Moreover, machining centres, painting
workshops and washing equipment have
closed recirculating systems which can
convey up to 500 to 1,000 nt.h of a liquid
the quality of which must be kept constant
throughout the whole or a part of the flow.
The figure (opposite) describes the various
stages concerned.

It involves the following

- a preliminary preparation of the surface
(degreasing, pickling),

- a coating by means of electroplating,

- a coating by chemical means.

These procedures must be followed by
rinsing.

The effluents must be separated into three
categories (figure 28):
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PURFPOSE
OF
ORIGIN LIGQUIDS TREATMENT TREATMENT POLLUTION
True e
emulsions Upkeep p=e Biocides
Pseudo- : | ki
R Discharge Breaking
Evapora- COD 15-80 g1t
. HRegener- - o
Synthetie o tion | | HC 0.5-20 gl
ur
[|hlembrane
— ] Flotation [=
P e
08 Upkeep || Filtration
Mig' d? Flotation ™ pH 7to 9
S 1 I S5 151t
High dry : Clarifi- |} COD2-20gl?
o D1s::harge B
Water-soluble
or
Water-thinned SS2.5 gl
Dischargg— Flotation - DCO 5-10 gll
PhL 50-300 g.11
Regener- L_| UF
ation MMembrane
Discharge Metals Cr,,.CN
Regener- Ion
ation [ | exchange
pH 8-10
; || Clarifi- | )} PO«Greases
Discharge == cation ["] Detergents
COD 5-10 g1
Filtration
Repener- MMembrane
~_aftion Microfilt.
v

Figure 27. Organizarion of bachs and wastewarers in the auromobife industry.

Figure 27. Organization of baths and wastewaters in the automobile industry.




Chap. 2: Treatment. What type of water and why.

- concentrated spent baths,

- wash waters containing an average
concentration of substances likely to
precipitate (soaps, greases, metallic
salts),

- dilute rinse water that may be
recyclable after treatment.

To secure and facilitate treatment, the
acidic and chromate-laden effluents
must be separated from the alkaline and
cyanide effluents.

e (lassification of pollutants

Pollution may be divided into several
families:

- toxic pollutants such as CN’, Cry, F, -
pollutants which change the pH, i.e.,
acidic or basic substances,

- pollutants which raise the SS level such
as hydroxides, carbonates and phosphates,

-pollutants covered by a particular
regulation, Sz', Fezt
- organic pollutants (EDTA, etc.),

especially from degreasing.

All the constituents of baths are found in
the rinse water which may also contain
metallic ions dissolved from the parts
treated.

5.10.1. Discharge conditions

Standards vary greatly depending on the
country and are rapidly becoming
increasingly  strict as to pollution
concentration as well as the flows of rinse
water.

Parts

[I'Dbe treated] I Treated I Chemicals
4

—_ Raw water

SURFACE FINISHING WORKSHOP | €= == ==="1

Continous I
e o] : Lo 1t
cover
of baths | Polluted effluents | %5 g
Dilute effluents Al é Scisab Concentrated :
Rinse water effluents-Spent baths i
v T 1
g forkrens y !
Polluttio? . 1
cor;tﬁ'gl:‘gahmn -:.)L Regeneration eluabes1-> Reco;ilg;f;[:;;)sducts o
ion exchangers ; ]
Continous Intermittent
Recireul detoxication detoxication
treatment, treatment
Open circuit Batch treatment

DISCHARGE

Figure 28. Effluents circuit in surface treatment.
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In France, for example (decree of
November 8, 1985):
- Effluent volume limited to 81 per mz of
treated surface for each fraction of rinsing. -
Metals: Zn + Cu+ Ni+ Al+ Fe +Cr+ Cd +
Pb + Sn < 15 mgl'. In particular, the
following thresholds should not be exceeded
(mgI™):

CRy; 0.1 Zn 5.0
Cryyp 3.0 Fe 5.0
Cd 0.2 Al 5.0
Ni 5.0 Pb 1.0
Cu 2.0 Sn 2.0

Other metals and metalloids, likely to be
used in workshops (zirconium, vanadium,
molybdene, silver, cobalt, magnesium,
manganese, titanium, beryllium, silicon,
etc.) may be subject to special limits.

Notes

(1) In the case of workshops where more
than five metals are used (among which iron
and aluminium), the 15 mg.l" limit may, in
certain cases, be raised to 20 mg.I™".

(2) Cadmium presents a special case.
Regulations limit not only the concentration
in cadmium wastes but also the mass flow:
less than 0.3 g of Cd discharged per kg of
Cd used.

(31) Thresholds for other pollutants in
mg.

SS 30| P 10
CN 0.1 | COD 150
F 15| Total

Nitrites 1| Hydrocarbons : 5

(4) Certain arrangements can be made to
meet the standards relating to F, PO,> and
COD. Each case is taken individually to
determine which method is the best one
available and the most economically
feasible.

Pollution prevention and product
recycling is essential if detoxication
standards are to be met economically.

5.10.2. Prevention

The aim is to reduce the emission of
pollutants at the workshop level by:
- reducing the bath-to-bath carryover
(assembly line set-up, workpiece
mountings, optimizing drip times),
- modifying the characteristics of baths
used.

5.10.3. Reclamation
e  Water

Usually, an effort is made to
recover and reuse, if possible, a certain
amount of water that is commonly
lost.

The first aim is the rationalization
of water use in the workshops. It can
be shown that for a given operation
with equal rinsing and manufacturing
quality, there are rinsing structures
which allow substantial savings of
water by:

- static or recycling rinsing facilities,

- cascade rinsing facilities, possibly
recirculated on ion exchangers.

e  Raw materials

It may be possible to recover them

"in situ" by:

- membrane treatment (salts of Ni, Cu

or other metals),

- ion exchange (chromium salts, acid
from pickling baths),

- electrolysis (Cu, Zn, Cd, Ag).

This system, which is under
development, is the best from the point
of view, of cost and the environment



Chap. 2: Treatment. What type of water and why?

’ Addmves 2
. - oils

Emulsifiers
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Mineral

Amides
Sulphonates

PSEUDO - EMULSIONS

Fatty
acid salts

corrosion
agent

TRUE SOLUTIONS

The three families of aqueous cutting fluids.

The three tamilies of aqueous cutting fluids.

5.11.
AQUEOUS CUTTING
FLUIDS

They are involved in the mechanical,

automobile and aeronautical industries and
in rolling mills.
The discharge of these fluids which are
sometimes called "soluble oils" or "cutting
oils" and contain 90 to 97% water and a
high COD level, presents a problem for
treatment because they may contain
various organic compounds that are
neither biodegradable nor can be
flocculated. Therefore, it is important to
distinguish three product groups (see
above and table 27).

These fluids are circulated by power
units with capacities of 10 to 500 m .h™".
The following types of pollution cause
their deterioration:

- metallic dust and oxides,

- foreign oils or parasites,

- oxidized or polymerized organic matter,

- biological sludge and organic acid from
fermentation.

They must be regenerated (SS and
foreign oil reduction) and stabilized in a
closed system: the volume discharged for
treatment can vary from some in 3.h™' to
some m3.d”".

Table 27. Characteristics of aqueous cutting fluids.

Type Composition Solute | Optical | COD

content | density g.l'l

True emulsions
+ emuls ifiers

Dispersed mineral oils

(15-20% of oils)

5-15% | 20-150 | 20-100

or semi-emulsions

Semisynthetic fluids [Mineral oils, emulsifiers, 3-6% 1-20 40-50
non-ionic detergents, sulphonates,
fatty acid amides

Synthetic fluids Salts of short chain fatty acids 3% <1 40-50
or true solutions and acrylsulphamido-carboxyl,
glycol polyethers

Possible common additives:
. Anti-corrosion and anti-foam agents

. Bactericides and fungicides, dyes




5.12.
ENERGY

5. Industrial effluents

Table 28. Main effluents connected to energy production.

Energy

Origin of wastes

Pollution

Thermal
power stations

Fuel storage

Hydrocarbons, SS

Cleaning of air heaters

Cleaning of boilers

Oxidizing alkaline baths,
Fe, Vd, Ni, Cu

Citric acid, NaF or H,SO*
NH,F

Ash removal - Transport of fly-ash
and slag

SS, Ca(OH)z or KOH alkalinity,
rare S02 acidity, Ca(OH)2

Flue gas
scrubbing

Desulphurization: GSE NOx
NOx removal

HCI + H,S0,4 acidity - heavy
metals, H,S03, gypsum, HCOOH,
NH,", strong salinity

Coal gasification

Formation water and GSE:
Ist gasifier generation

2nd generation

Phenols, NH,", CN", SCN, acids,
tars

NH,", CN", SCN, HCOOH,
hydantoins

Coal mines

Washing plants

SS 10 - 100 g.I-1

Incineration of
household refuse

GSE

HCI, CI', S0,* - heavy metals

PWR nuclear
power plants

Wash-houses, floor washing,
laboratories

Sampling

Steam generator blowdown (APG)

Radioactivity < 10 am

to be reduced to 2.10° Ci.m™
Salts, SS

APG: very accidental
radioactivity

Reprocessing of
irradiated fuels

Effluents that may be treated

by chemical precipitation or
adsorption:

Hazardous effluents or with little ac-
trvrry

Moderately active effluents

Fuel storage pools

Colloids, activity

<107 Cim™

10 to I Cr.m™: P°Sr, 1¥7Cs, Salts
1073 Cim™: few salts
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5.13

METALLURGY AND
HYDROMETALLURGY

Table 29. Principal effluents from metallurgy and hydrometallurgy.

Industry Origin of wastes Pollution
Aluminium GSE from cryolithe S0, acidity, HF, C dust and
electrolysis cryolithe

Crushing of lining F and CN’, C dust
Manufacture of prebaked Acidity, Al3+, F’, tars
anodes
Cooling of castings in ingot Kaolin and grease
moulds
Gold (hydro- Cyanide process NaOH, CN-
metallurgy) Thiourea process H,S04, Fe*", thiourea
Uranium Water pumped out from Water is usually acidic, rich
(hydrometal- mines in sulphates and dissolved
lurgy) metals (Fe, Ur). Sometimes

radioactive: 50 to 100
picocuries (Radium-226)

Extraction by Refined product slightly
ion exchange or solvents acidic (SO42") and radioactive
(radium), solvents
Sterile sludge facility SS
Zinc Roasting and reduction: GSE Water is slightly acidic -
(metallurgy) Zn, Pb, Cd, sometimes Hg
and Se.

In these types of industry, presence of  and sulphated by biological oxidation of
pumped out water which has been the sulphides present.
acidified
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5. Industrial effluents

GENERAL CHEMISTRY

Table 30. General chemistry effluents.

Industry Origin of wastes Pollution
Chlorine Gas scrubbing and Essentially Hg pollution
industry floor washing (metal and ions); possible Hg
(Hg cells) Brine losses recirculation
NH; Condensates 1 m’ per tonne 1-4 g.l'1 NH4HCO;,

0.2-1 g.I"" methanol
NH4NO; Basic condensates 2-3 g.l'1 NH4NO;,
synthesis 0.5 m’ per tonne 0.2-0.8 g.l'1 NH40H
Workshop washing NH4NO;, SS
Urea Condensates 0.6 m’ per Without hydrolyser,
tonne concentration of from 0.1 to
Floor washing 0.5 g.I"' NH,,
0.5-2 g.l'1 urea
Super- GSE Very acidic water: H, S0y,
phosphates SiF¢H,, HF, H;P0,, gypsum
of
High quantity
sludge
H;P0,4 GSE SiO,, CaF, and Ca;(POy),
Pharmaceuti- Wash water Often high dissolved organic

cal industry

pollution. Possible antibiotics
and biocides

Dyes Manufacture D.N.T., D.N.B., chlorinated
solvents, nitrophenol, nitro-
aniline

Detergents Manufacture ABS - LAS - tripolyphos-

Washing phates, borates, sulphated or

powders etoxylated fatty alcohols,

SO4*




5.15.

Chap. 2: Treatment. What type of water and why?

OTHER INDUSTRIES

Table 31. Effluents from various other industries.

Industry Origin of wastes Pollution
Glass- and Glass frosting, High acidity: HF,
mirrormaking decoration and shape ammonium bifluoride
Sawing, polishing, Corundum, pumice and
finishing emery powders, cerium oxide,
garnet
Glass fibres Fibre manufacture, oiling High SS, BOD and COD due to
dextrin, gelatin, silicones,
miscellaneous acetates, phenolic
resins
Cosmetics Packaging High levels of grease, anionic
and non-ionic detergents.
Dissolved, readily biodegradable
COD
Abrasives Preparation of adhesive Phenol-formaldehyde and

on supports

mixtures

urea-formaldehyde resins,
gelatins, starch, epoxy resins
and solvents

High COD, average BOD and SS

Ceramics

Drying of ware
Floor washing

High SS level
Possible crystallization
reactions

Fibreboard

Wood fibres
High dissolved COD

Glues and
adhesives

Vinyl copolymers

Glues and gums, high COD,
emulsifiers

Possible compaction

Tyres

Body manufacturing

Iron and copper
Lubricating oils, soluble oils
Pickling effluents

Rubber synthesis

Tyre manufacture

Soaps and metallic salts,
solvents
Hydraulic fluids, greases
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Table 31 (cont.). Effluents from various other industries.

and explosives

Industry Origin of wastes Pollution
Manufacture of High sulphuric and nitric
nitro compounds acidity; colouration and

Powders non-biodegradable COD

Prilling and
impregnation of
simple-base powders

Ethyl acetate, nitrocellulose,
nitroglycerin, Na, S0y, glues,
plasticizers. Relatively
biodegradable effluents

Aircraft and
airport
washing

Cleaning of painted surfaces

High concentrations of COD
and detergents, silicates,
phosphates, chromic acid,
fatty oils, phenols.
Kerosene




6. SLUDGE

The great majority of solid pollutants,
and the converted substances they
produce, removed during the liquid
phase of all types of water treatment,
finally collect as suspensions which can
vary in concentration and are known as
"sludge."

The characteristic common to all these
sludges is that they are still very liquid
and are of little or no commercial value.
Some sludge is chemically inert, but
that  originating from  biological
treatment processes is fermentable and
often has an offensive smell.

All organic sludges require a special

6.1.
CLASSIFICATION

applicable to it, and to forecast
performance of the equipment to be used.

form of treatment, whether they are
recycled, reused or discharged into the
natural environment. This is more and
more frequently the same case for
sludges  which  are  essentially
mineralized.

Urbanization and the protection of
the environment are making it more and
more difficult to return sludge as is,
without a previous conditioning
treatment, back to the natural
environment. Sludge treatment has
inevitably become a corrolary of water
treatment, and, as such, calls for
technical and financial input that
sometimes exceeds that needed for
water treatment.

Table 32 endeavours to classify the
various types of sludges according to
their origin and to their composition.

It is essential to classify a sludge in
order to select the treatment method
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Loading sludge on a truck

The composition of a sludge depends

both on the nature of the initial pollution
of the water and the treatment processes
to which that water has been submitted,
whether physical, physical-chemical or
biological.
e Hydrophilic organic sludge: this is
one of the largest categories. The
difficulties encountered in dewatering
this sludge are due to the presence of a
large proportion of hydrophilic colloids.
All types of sludge resulting from the
biological treatment of wastewater and
whose volatile solids content may be as
much as 90% of the total dry solids
content (wastewater from the agrifood
industry, organic chemical industry, for
example) are included in this category.

Hydrophilic inorganic sludge: this
sludge contains metal hydroxides formed
during the physical-chemical treatment
process as a result of the precipitation of
metallic ions present in the raw water
(Al, Fe, Zn, Cr) or due to the use of
inorganic flocculants (ferrous or ferric
salts, aluminium salts).

e Oily sludge: this is characterized by
the presence in the effluents of small

quantities of mineral (or animal) oils or
fats. These oils are in emulsion form or
adsorbed onto the hydrophilic or
hydrophobic  sludge  particles. A
proportion of biological sludge may also
be present in cases of final activated
sludge treatment (e.g., treatment of
refinery effluents).
e Hydrophobic inorganic sludge: this
sludge is characterized by a preponderant
amount of particulate matter with a low
amount of bound water (sand, silt, slag,
rolling mill scale, crystallized salts, etc.).
e  Hydrophilic-hydrophobic
inorganic sludge: this sludge comprises
mainly hydrophobic substances, but
contains a sufficient amount of
hydrophilic substances so that when
sludge is dewatered they exert a
preponderantly  negative  influence.
These hydrophilic substances are often
metallic hydroxides (coagulants).
e Fibrous sludge: this sludge is
generally easy to dewater, except when
the intensive recovery of fibres makes it
hydrophilic because of the presence of
hydroxides or biological sludge.



Table 32. Classification of sludge.

6. Sludge

Main
dil::ich)efr' Origin-Industry Water treatment Constituents

sludge
1. MWW 1. All biological or Predominant organic

physical-chemical
treatments

2. WW from agrifood

2. Settling and/or

matter:
OM/DS: 40 to 90%
- Protein substances
often very fer-

amounts of mineral
oil and grease

industry: biological purifica- mentable
. Breweries tion among which: - Vegetable or
) . Slaughterhouses extended aeration, animal waste
E 9 . Potato processing aerobic srabiliz;tioq - Animal and some-
Q, g‘) . Dairies' or anaerobic digestion times mineral oils
2 o - Canneries and greases
T . Stock rearing - Hydrophilic
o (piggery manure) hydroxides (Al, Fe)
3. WW from textile 3. Physical-chemical in physical-
industry, organic (flocculation-sertling) chemical treatment
chemical industry and possibly = Hydrocarbon_s
biological (petrochemical
4. Any polishing 4. Biological industry)
biological treatment
9 1. WW from refineries - Oil removal - Mineral oils
= and greases
'& > |2. WW from engineering |- Flocculation- - Hydrocarbons
o8 works settling-flotation - Hydroxides (Al, Fe)
"g‘ (soluble oils)
an) 3. WW from cold - Biological treatment - Biological OM
rolling mills (refineries) (possibly)
'E WW from steel - Setding - Dense and readily
_8 rolling mills settleable DS
ey (scale, Fe oxides)
g o - Considerable
=
s

Hydrophilic
inorganic

1. Rivers with
few SS (dams
and wells)

1. Clarification
(flocculation-
settling)
Chemical iron
removal

1. Predominantly
hydrophilic sludge
with metal hydrox-
ides (Fe, Al
reaching 60% over
DS. OM content
varies with algae
and plankron content
and can surpass 30%
over stagnant water
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Table 32. Classification of sludge (cont.).

Main
d;:‘rtiicﬁ-r Origin-Industry Water treatment Constituents
sludge
. Rivers with 2. Clarification 2. Hydroxide level
average 8§ (flocculation- of 20 to 30% +
(30-70 mgl™) settling) possibly activated
carbon powder
(10-15%)
. Rivers in 3. Clarificarion 3. Hydroxides
spate and rivers (15-20%)
with input of clays Clays or silt
or silt with hydro- (25-60%)
phobic tendency
. Rivers and 4. Partial 4. CaCO; (50-55%)
well water carbonate Fe and Al hydrox-
: removal ides (20-30%)
OM (10-20%)
=0 . WW from sur- 5. Neutralization
g face treatment: + flocculation-
Q, g‘) . pickling settling
e & . anodizing Detoxication (CN~,
"g 8 . electroplating Crvi) + floc-
o . painting culation-settling
. WW from inor- 6. Clarification -
ganic chemical Neutralization
industry (flocculation-
settling) + pos-
sible biological
treatment
. WW from colour- 7. 1d. 6 7. Mineral + organic
ing agents,
dyeworks
. WW from tan- 8 id. 6 8. Mineral + organic
neries + animal fats and
OM
. Final treat- 9.id. 6
ment of WW for
recirculation
. Well water 1. Biological removal 1. Fe;O3 and MnO;
of iron and manganese
. Rivers and 2. Carbonate removal 2. CaCOs (60-90%)
0 well water Fe and Al hydrox-
B o ides (5-15%)
0= OM < 10%
'& gﬂ . Iron and steel 3. Settling |
o industry (steel- 3.4.5. Low
-‘a g works, foundries) content of
P metallic
e . Coal washing 4. Settling hydroxides.
. Flue gas 5. Neutralization Low OM content
scrubbing (refuse Settling

incineration)
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Table 32. Classification of sludge (cont.).

Main
cl;:rtiaéc;(;_r Origin-Industry Water treatment Constituents
sludge
1. WW from 1. Flocculation 1.a) Fibre content
paper mills 1.a) Settling variable from 20 to
(or flotation) alone 80% over DS + (Al)
hydroxides.
Concentration: 3-5%
if fibre rate > 60%
DS, 10-12% if fibre
rate < 30% DS.
1.b) With biological 1.b) Physical-
treatment chemical sludge/
biological sludge:
75%/25% to 85%/15%
2. WW from papet 2.a) Flocculation 2.a) Primary sludge
pulp mills Settling with high fibre
- content (and some-
3 times lime or
2 CaCOs). DS level of
2 4 t0 6%
[+
2.b) With biological 2.b) If excess
treatment sludge is returned
to the primary
settling tank.
Concentration of
thickened sludge:
3-5% DS.
Phys.chem/biol. #
50%/50%
2.¢) Sludge from 2.¢) 40-60% fibres
deinking Various types of
Flotation fillers
3. WW from card- If no biological Total recirculation,
board mills treatment often in factory
Notes:

It should be noted that in the treatment of MWW, fresh sludge has a 90%
concentration of pathogenic germs and contains:

- enterobacteria 107 to 10'° per ml

- salmonella 10 to 107per ml

- parasite eggs 10 to 10 per ml as well as amoebae and viruses.
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6.2.
THE NATURE
OF SLUDGE

6 2.1. Factors characterizing the
nature of sludge

(A) Dry solids content (DS):
This is generally expressed in grammes per
litre or as a percentage by weight and is
determined by drying at 105°C to a constant
weight. In the case of liquid sludge, it
generally approximates the suspended solids
content (SS), determined by filtration or
centrifugation.

(B) Volatile solids content (VS):
This is expressed as a percentage by weight
of the dry solids content and is determined
by gasification in a furnace at 550-600°C.
In the case of hydrophilic organic sludge in
particular, this is often close to the organic
matter content and is characteristic of the
nitrogenous matter content.

(C) Weight of element contents
(especially in the case of organic sludge):
- C and H to assess the degree of
stabilization or to deduce the net calorific
value,
- N and P to evaluate the agricultural value
of the sludge,
- other contents (e.g., heavy metals). In the
case of inorganic sludge, the Fe, Mg,
Al, Cr, calcium salts (carbonates and
sulphates), and silica contents are often
useful.

(D) Composition of the interstitial
water:
- dissolved substances,
-M alk., P alk.,
- COD, BODs, pH, etc.

6 2.2. Factors characterizing the structure
of sludge

(A) Apparent viscosity in relation to the
rheological behaviour:
Sludge suspensions are non-Newtonian
fluids: the value found for viscosity is quite
relative and depends on the shearing stress
applied.
In the case of some sludges, and with
certain precautions, a viscosity known as
the Bingham viscosity may be deduced for a
characteristic stress TB (see figure 29).
Viscosity may be considered as a
measurement of the intensity of the
interparticulate forces. It also permits
evaluation of the thixotropic nature of a
sludge (the capacity of a sludge to compact
when motionless and to return to the fluid
state  when only lightly stirred). This
property is very useful for assessing the
possibility of collecting, transporting and
pumping sludge.

Figure 29. Determination of the Bingham
VISCOSILY.

(B) Particle size distribution.

(C) Nature of the water contained in the
sludge:
This water is the sum of:



- free water which can be fairly easily
removed,

- bound water comprising: colloidal
hydration water, cellular and chemically
bound water.

The release of bound water requires
considerable energy; for instance, cellular
water, in particular, is only separable by
powerful heat treatment (heat conditioning,
drying or incineration).

The proportion of free water and bound
water is therefore decisive in the suitability
of a sludge for dewatering. An approximate
value can be obtained by
thermogravimetry, i.e., by plotting the
water weight loss curve of a thickened
sludge sample at constant temperature
under definite handling conditions (figure
30). The point of inflexion of the curve may
be determined by drawing the curve V =
f(S) where V is the drying rate and S the
dryness of the sample (figure 31). A
dryness SL is read for each sludge,
corresponding to the first critical point: SL
is considered to be the dryness of the sludge
after loss of the free water: for the sake of
practical interpretation, the free water is
defined, in thermogravimetry, as the
quantity of water capable of being removed
at constant drying rate.

Trie

Fyneee 301 Thermmgravimerne anadsis af s

With the thermogravimetric
method, it is possible to estimate the
hydrophilic tendency of a sludge, and
also to:

- follow the evolution of the
proportion of bound water as a
function of the various conditioning
processes,

- evaluate fairly accurately the
performance of the dewatering units
in the laboratory,

- determine a dryness limit for each
type of treatment by comparative
studies,

- calculate, if required, the binding
energy of the various types of water
with the sludgy matter.

The interpretation of hydroxide
sludge thermograms is more complex
because of the presence of rather a
large proportion of chemically bound
water.

Figure 31. Dewatering curve for
sludge dried by evaporation at
constant temperature.

6.2.3. Factors characterizing the
behaviour  of sludge  during
dewatering

These factors ae specific to the
dewatering techniques used:
- ability to undergo thickening (see
page 158),
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- numerical characterization of
filterabiliry (see page 177),
- numerical characterization of the
compressibility of a sludge

6.3.

SLUDGE PRODUCTION

The quantity of sludge produced
directly depends on the amount of SS
removed and the amount of treatment
reagents used. In biological treatment,
however, a large part of the dissolved
substances is assimilated by the

- determination of a dryness limit,

- aptitude to centrifugation (see page
197).

bacterial population and used in the
synthesis of living matter.
Treatment of MWW leads to the
production of the average quantities of
sludge shown in table 33.

Table 33. Types of sludge produced from MWW treatment.

Treatment" SS Volume ?
g/inh.day 1/inh.day
P.S. 40-60 0.4-0.8
P.S. + An. dig. 25-40 0.35-0.7
PS.+TF. 65-75 1-1.9
P.S.+ T.F. + An. dig. 40-55 0.9-1.8
P.S.+A.S. 75-90 1.3-2.6
P.S.+A.S. + An. dig. 50-65 1.2-2.5

(1) P.S. = primary settling
T.F. = trickling filters
(2) After thickening of fresh sludge

6.4.
DISPOSAL OF SLUDGE

AND END PRODUCT

Sludge is often difficult to dispose of
and its removal is almost always a heavy
item in operating costs. From the
economic standpoint, the real aim is to
limit the cost of sludge treatment and
transport. Optimizing this procedure
depends on the means of sludge disposal,
energy requirements and costs, labour
costs, conditioning reagent cost, etc.

A.S. = activated sludge
An. dig. = anaerobic digestion

On the other hand, the protection of
workers' health and of the environment
calls for methods which will cause the
least nuisance and still be economically
feasible.

Sludge and its by-products are
disposed of as follows:

6.4.1. Soil improvement

Sludge from the treatment of
municipal wastewater and certain
kinds of industrial effluents can be
used. Encouraging studies have also
been run with sludge
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purification plants are expressed as a
percentage of the dry solids as follows:

from the physical-chemical treatment of
MWW. The principal agronomic properties

of sludge from the MWW biological

Table 34.
Primary settling Primary settling + biological| Extended
purification aeration
Fresh Digested Fresh Digested
Organic
matter 55-65 40-55 60-80 40-65 55-70
N 2.5-3 2-2.5 3.5-45 2-2.5 4-5
P 1-1.5 0.5-1 2-2.5 1-1.5 2-2.5
K 0.2-0.3 0.2-0.3 0.2-0.3 0.2-0.3 0.2-0.3
Ca 5-15 5-15 5-15 5-15 5-15

The value of sludge lies generally more
in the humic matter it provides and in the
improvement of the water-retention
properties of the soil than in its nutritive
content alone. The nature of the nutritive
matter is equally important since it
determines the rate at which it is
assimilated: nitrogen, for example, is only
partially assimilated the first year: about 30
to 50% for liquid sludge and 20 to 40% for
dewatered sludge. The annual assimilation
rate then decreases. The use of the sludge
depends on the composition of the soil (in
particular, the pH, the Ca content),
cultivation, what the soil is used for, and
the mode of land disposal.

Because of the cyclical needs of crops, a
policy of sludge use for agriculture will not
be viable until a solution is found that
responds to fluctuations in the need for
nutritive elements throughout the year:
rotation of crops, storage, an alternative
means of sludge disposal. In almost all
cases, a large and satisfactory storage space
is the underlying condition for a solution to
sludge use in agriculture. Consistency in
quality is also an important factor.

Stabilized sludge has an advantage
in that its population of pathogenic
germs is greatly reduced, therefore
avoiding the problem of bad odours
being released during land disposal.
The hazards due to bacteria should not,
however, be overestimated as microbial
decontaminating action in the soil is
important.

In addition to excessive amounts of
grease and fibres in some cases, the
number one potential risk in using
sludge for agriculture is the heavy
metals it contains. These generally
come from industry (in particular,
metal surface treatment). The most
common dangerous cations found are
Zn, Cd, Cu, Ni, Cr, Hg.

The amount of sludge which may be
spread depends on current legal
regulations which, generally, take into
account the duration of land disposal
and the amount of heavy metals already
in the soil. This amount must not
appreciably increase the leachable
nitrogen.
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Sludge should not be spread on soil in
which the pH level leads to a substantial
solubilization of trace elements. After land
disposal, the pH of the soil should not drop
below 6. Although the amounts added each
year should be determined by local
agronomic testing, a dose of 3 t DS/ ha.yr.
may serve as a reasonable guide.

Sludge can be spread:
- in liquid form,
- in a paste-like form (with a thixotropic
structure),

- in a plastic solid state (slight adhesion)
suitable for shovelling and containing
approximately 15% of DS in the case of
biological colloidal sludge and less than 50%
for very thick inorganic sludge,

- in a friable form leading to a crumbling of
residue under mechanical pressure,

- in a granular or powdery form requiring
thermal drying in addition to mechanical
dewatering. In this case, its value for
agriculture may be improved by adding
complementary nutrients.

Liquid or paste-like sludge may be spread
on the surface or injected. The latter method
reduces the release of odours which are
especially bad in the case of fermentable
sludge containing a lot of water.

In general, the greater the quantity of sludge
for disposal, the more it must be dewatered in
order to keep down the costs of disposal. This
concerns large urban centres with farms lying
far outside of town.

6.4.2. Recovery of products

Only some of the constituents of the sludge
are recoverable. They include in particular:

- fibres: in the paperboard and timber
industries,

- proteins: (in particular in the meat industry)
used for livestock feed or pisciculture,

- coagulants: from the treatment of river water
(for example, acidification of sludge of Al
hydroxides),

- calcium carbonate or lime: in the case of a
massive lime treatment. Such is the case, for
example, for the sludge coming from the lime
softening of drinking water which is used for
the conditioning, prior to the dewatering, of

organically rich sludge from the biological
treatment of MWW,

- zinc, copper, chromium: in the case of the
purification of water used in the treatment of
metal surfaces,

- inorganic sludge after thermal drying or ash
from incineration: can be reused in production
of roadsurfacing materials and soil or concrete
stabilizers (such reuse continues to have only
limited application).

6.4.3. Energy recovery

The use of sludge to generate energy is not
generally the main goal of sludge treatment.
Sludge is rarely used as a fuel except in the
treatment plant. Such may be the case for
previously-dewatered sludge obtained from the
settling of some types of wastewater
containing a very large proportion of fuel (coal
dust, for example), or for oily and greasy
suspensions obtained by flotation, or even for
dry organic sludge in the form of grains or
powder. The use of highly organic sludge
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in granular, or even powdery form, &
recommended for the production of
transportable fuel. Energy is recovered
in two main forms:

- production of methane gas by
fermentation. The gas is used for
heating or to generate -electricity
(generator sets) or for the heat
conditioning of the sludge itself,

- use of the calorific value of the dry
matter in incinerators. The energy
generated is used essentially, if not
totally, to pre-dewater the sludge. When
the initial dryness of the sludge permits,
the excess thermal energy may be
transformed into electrical energy.

Any recovery of energy is
accompanied by a partial or total
reduction of pathogenic germs in the
sludge.

6 4.4. Tipping

Sludge is most often disposed of in
this way. The amount of residue varies,
but even after incineration, a substantial
amount of by-products remains which
usually contains all the heavy metals
found in the sludge.

The sludge can be simply discharged
into a "liquid sludge lagoon" containing
stablized sludge, which takes months or
years to drain and evaporate; or dry
sludge which can be compacted much
more rapidly can be used in sanitary
landfill operations (to fill in excavations
or low-lying areas).

An approach which is sometimes
considered, especially for toxic sludge,
is to incorporate solidifying products
(silicates, cements, etc.) with the liquid
sludge before tipping. This method of
treatment has the disadvantage of

permanently condemning a large area of
ground. Furthermore, the risk of leaching
by run-off water cannot be altogether
discounted.

Lastly, a yet more frequent practice is
the tipping of sludge together with
household refuse. The law in this matter
varies according to the country. It is
necessary to maintain the water content
below a maximum level, to keep the
product homogeneous and to take the
necessary  steps to  protect the
groundwater through collection and
treatment of the leachate (see page 591).

6 4.5. Ocean disposal

This expeditious approach usually
involves dumping the sludge at intervals
from barges or lighters into the sea. In
some cases, disposal may involve the use
of a sufficiently long and very deep-lying
submarine outfall.

The choice of ocean disposal requires a
long and detailed prior investigation of
currents as well as very thorough
bacteriological, biological and fish
ecology studies. The destruction of
pathogenic bacteria and the breakdown of
organic matter are slow in sea water.

All floating matter must be removed
from sludge discharged to the sea. Prior
anaerobic digestion is the preliminary
treatment most often adopted.

6.4.6 Reinjection into the ground

This approach, envisaged primarily for
toxic sludge or very concentrated water,
involves injecting liquid sludge into
porous subsoil pockets separated by
pervious continuous strata, at very great
depth. Obviously, a thorough geological
study is essential.
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BASIC PHYSICAL-CHEMICAL
PROCESSES IN WATER
TREATMENT

1. COAGULATION-FLOCCULATION

1.1.
GENERAL

1. 1. 1. Suspended solids and colloids

1.1.1.1. Definitions

Water contains many compounds, which
can be classified in three categories (see
page 5).
. Suspended solids

These products may be mineral in origin
(sand, silt, clays, etc.) or organic (products
resulting from the decomposition of plant
or animal matter, humic or fulvic acids, for
example). Added to these compounds are
microorganisms such as bacteria, plankton,
algae and viruses. These substances, in
particular, are responsible for turbidity and
colour.
. Colloidal particles (less than 1 micron)

These are SS of the same origin as the

above but of smaller size and with a
settling rate that is extremely slow. They
are also responsible for turbidity and
colour.
. Dissolved substances (less than several
nanometres)

These are usually cations or anions. Part
of the organic matter is also dissolved.
Gases are also present (O,, CO,, H,S, etc.).

1.1.1.2. The role of
coagulation-flocculation

The coagulation-flocculation processes
facilitate the removal of SS and colloids.
This occurs in a final stage of solids-liquid
separation: settling, flotation or filtration
(sub-chapters 3, 4 and 5).

In order to remove dissolved substances,
each type of substance requires a specific
treatment, which may or may not be
preceded by coagulation-flocculation, or
even a solids-liquid separation process.
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1.1.2. Colloidal suspensions

1.1.2.1. Stability of colloidal suspensions
- The necessity for coagulation

Table 35. Settling time for various particles.

Table 35 lists a number of materials and
organisms with their size and an
indication of the time needed for these
particles to settle vertically through one
metre of water, at 20°C, under the
influence of gravity alone.

(According to Stokes' law)

Particle diameter Type of Settling Specific
mm pm A particle time through Area
1 m of water m?m 3
10 104 108 Gravel 1 second 6.10?
1 103 10" Sand 10 seconds 6.10°
10" 102 106 Fine sand 2 minutes 6.10*
102 10 105 Clay 2 hours 6.10°
107 1 104 Bacteria 8 days 6.10°
104 10-1 103 Colloid 2 years 6.107
10°° 10-2 102 Colloid 20 years 6.108
10°¢ 10-3 10 Colloid 200 years 6.10°

The table also shows that the smaller
the particle, the larger its specific area.

Thus colloids are particles that
cannot settle naturally and for which
surface area factors are most important.
These factors determine the stability of
colloidal suspensions. In fact, colloids
are subject to two major forces:

- Van der Waals attraction, which
relates to the structure and form of
colloids as well as to the type of medium
(Ea),

- the electrostatic repulsive force,
which relates to the surface charges of
the colloids (Ep).

The stability of a colloidal suspension
depends on the balance between the
forces of attraction and repulsion, the
energy level of which is:

EZEA +EB

This relation is shown in the diagram in
figure 32:

& E 1'

distance

&
————— Eﬂ' ! Van der Wanls enengy
——————— F'Fl ¢ aleckmslatic snengy
—_— F oz pesultant BREFEY
F. - R bprrier

Figure 32, Seabuliny of a colfoidal sespension
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In order to destabilize the suspension, it is
necessary to overcome the energy barrier
Es. To accomplish this and, thereby,
promote the agglomeration of the colloids,
it is necessary to reduce the electrostatic
repulsive forces. This destabilization is
brought about by coagulation

1.1.2.2. The double layer theory

In raw water, colloids invariably carry a
negative charge (imperfections in the
crystalline  structure, ionization  of
peripheral chemical groups, etc.). In order
to neutralize this negative surface charge,
positive ions, which are present in the raw
water or are introduced into it, come
together to form a layer around the colloid.
Various theories have been put forward
(Figure 33):

The Helmholtz theory: A layer of

positive ions covers the entire surface of the
colloid and ensures the neutrality of the
entire mass (bound layer).
. The Gouy-Chapman theory. The layer
of positive ions is spaced unevenly around
the colloid; neutrality is obtained at a
greater distance (diffuse layer).

. The Stern theory brings together the two
preceding theories and introduces the idea
of a double layer. The first layer, which is
attached to the colloid, rapidly loses its
potential. The second layer, which is more
diffuse, undergoes a slower loss of
potential.

1.1.2.3. The zeta potential

The colloid moves with part of its double
layer. This layer, which is bound to the
colloid, corresponds to the stationary layer
in the Stern theory. In this case, the colloid
has two potentials (Figure 33):
- E: The surface potential of the colloid or
the thermodynamic potential (Nernst, par.
8.1.1).
- Z: The potential at the shear
surface or the electrokinetic
potential.

M

FOTEMNTIAL

0

L]

Il

hoamd A iffuse layer

Figare 33. The double fayer cheory.

Figure 33. The double layer theory.

This Z potential, called the zeta
potential, determines the moving of the
colloids and their mutual interaction. It can
be defined through electrophoresis: when a
particle is subjected to an electrical field, it
almost instantly attains a velocity so that
there is a balance between the electrical
force of atraction and the friction due to
the viscosity of the medium. The following
relationship between the zeta potential and
the electrophoretic mobility is obtained by
calculation:

me: Electrophoretic mobility

€: Dielectric constant of the medium

1 Dynamic viscosity

k : 4 or 6, depending on the hypothesis
Those particles that have the same

electrokinetic zeta potential possess the

same electrophoretic mobility regardless of

their diameter.
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In the double layer  theory,
coagulation nullifies the zeta potential.

The equipment used for measuring the
electrokinetic potential is the zeta meter
(see page 351).

1.1.2.4. The chemical theory

Since the covalent forces of attraction
are 20 to 50 times greater than the
electrostatic forces, a "chemical theory"
has been introduced to interpret the
destabilization of colloidal suspensions.
This theory puts forth the idea that the
primary charge carried by a colloidal
particle is due to the direct ionization of
chemical groups on its surface (hydroxyl,
carboxyl,

Table 36. The stages in agglomeration.

phosphates, sulphates,  etc.). The
destabilization is achieved through a
covalent reaction between these groups and
the polyvalent metallic ions of the
coagulants.

This theory shows that the simultaneous
precipitation of metallic hydroxides and the
interparticular  bridging are significant
factors in coagulation.

1.1.3. The stages in agglomeration

1.1.3.1. Presentation

There are a number of successive or
simultaneous stages involved in the
agglomeration of particles (table 36).

Stage Factors Term
ADDITION OF Reaction with water, HYDROLYSIS
COAGULANT ionization, hydrolysis, polymerization

Double layer compression

Specific absorption of ions from the

coagulant on the surface of the particle
DESTABILIZATION Specific linkage between ions or COAGULATION

species

on the surface of the particle

Inclusion of the colloid in

a hydroxide precipitate

Interparticular linking by polymeric

species of coagulant

Brownian movement PERIKINETIC

FLOCCULATION

TRANSPORT Dissipated energy ORTHOKINETIC

(velocity gradient) FLOCCULATION
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Coagulation is the destabilization of
colloidal particles brought about by the
addition of a chemical reagent known as
a: coagulant.

Flocculation is the agglomeration of
destabilized particles into microfloc, and
later into bulky floccules which can be
settled called floc. The introduction of
another reagent, called a flocculant or a
flocculant aid may promote the formation
of the floc..

Two transport factors determine
flocculation:

.Perikinetic flocculation is connected to
Brownian diffusion (thermal agitation).
The flocculation rate or the var iation in
the number of particles in a period of time
is given in the equation:

dn _ 4KT ,

dt 3n
n: Number of particles per unit volume
o: Fraction of efficacious shocks
k: Boltzmann constant
T: Absolute temperature

1: Absolute viscosity

d: Diameter of a particle

This flocculation only occurs in cases
where the particles are smaller than 1

micron. It promotes the formation of
microfloc.

. Orthokinetic flocculation is tied to
dissipated energy. The effectiveness of
flocculation in this case, which promotes

the formation of bulky separable floc, is
given by:

Laminar Turbulent
flow flow
dn 1 2God? KG n*d®
4 - an
dt 6

The velocity gradient G° can only be
defined in laminar flow, as the difference
in velocity between two adjacent liquid
veins in the orthogonal plane with respect
to their moving:

=%

dz

In practice, a velocity gradient G is used,
which corresponds to the turbulent flow.

1.1.3.2 The importance of the velocity

gradient
The velocity gradient is defined by:

This definition of G is also applicable to
all types of hydraulic processes. G
depends on the temperature in particular:

Temperature °C K
0 23.6
5 25.6
10 27.6
15 29.6
20 31.5
30 354
40 38.9
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The velocity gradient is an extremely
important factor when it comes to
determining the probability of the particles
coming together. It cannot be increased
exaggeratedly. In fact, for the values of G
that are too high, the floc formed undergoes
a mechanical shearing that leads to its
destruction. The values that are usually
acceptable for G are:

- in coagulation: up to 400, even 1000 s ™'

- in flocculation: roughly 100 s™"

1.1.3.3. The time necessary for coagulation
and flocculation

The time required for the coagulation and
flocculation reactions to take place is an
essential factor. The kinetics are influenced
by the type of medium, the temperature, the
concentration in colloids, the presence of
inhibitors, etc.

These reactions may be characterized by
the dimensionless factor G. & (§ = contact
time). The value of & may be determined by
a flocculation test (see page 352).

1.1.4. The coagulants

. Trivalent cations

The neutralization of the negative surface
charge of the colloid is accomplished by the
addition of cations in the case of inorganic
coagulants. The higher the valency, the more
effective the coagulating action will be
(Schultz-Hardy theory: a trivalent ion is ten
times more effective than a divalent ion).
When choosing a coagulant, its harmlessness
and its cost must be taken into account. Thus,
trivalent iron or aluminium salts have been
and continue to be widely used in all water
coagulation treatments.

. The influence of the pH

Inorganic coagulants, because of their
hydrolysis, change the physical-chemical
characteristics of water to be treated (pH,
conductivity):

M** + 3H,0 ~ M (OH);, + 3H'
V

Moreover, the pH is a prominent factor in
the removal of colloids. The optimum pH is
a compromise between the pH necessary for
coagulation (according to the type of colloid)
and the pH necessary for flocculation
(relating to the build-up of iron or aluminium
hydroxide floc). Usually it corresponds to the
minimum solubility of the hydroxide in
question (optimization of the flocculation
stage). The pH and the minimal solubility are
greatly influenced by the ionic strength and
the presence of organic compounds such as
humic acids.

Cation Optimum pH for
coagulation-flocculation
AT 60-74
Fe'' >5

The pH necessary for coagulation may be
adjusted by the addition of an acid or a base.

. The treatment rate
The treatment rate is determined by a

flocculation test. It may be adjusted by a
study of the zeta potential (see page 351).

. Sludge production

The formation of metallic hydroxide
causes the production of a substantial amount
of sludge. This sludge should be removed in
the final solids-liquid separation process.
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Organic coagulants may also be used.
These are cationic polyelectrolytes which
directly neutralize the negative colloids.
Thus the amount of sludge produced is
considerably reduced.

1.1.5. The flocculants

Inorganic polymers (activated silica)
and natural polymers (starches, alginate)
were the first to be used. But the
appearance of the widely varying
synthetic  polymers has changed
flocculation results considerably.

As in the case of the coagulant, the
treatment rate is determined by a floccu

1.2. REAGENTS

The reagents used in coagulation and
flocculation are inorganic products,
natural polymers and synthetic polymers.

1.2.1. Inorganic coagulants

The most widely used coagulants are
with an aluminium or iron salt base. In
certain cases synthetic products, such as
cationic polyelectrolytes which will be
discussed later, can be used.

1.2.1.1. Aluminium salts

The basic reaction, when the Al" ion is
added to the water, is the formation of a
precipitate of aluminium hydroxide with
the release of some acidity:

AT** + 3H,0 ” A1(OH), + 3H*

v

lation test. Of chief importance is the
timing of the introduction of the coagulant
and that of the flocculant. In fact, a
flocculant usually does not take effect
until the coagulation stage is over. The
length of the coagulation stage depends on
the type of colloid as well as on the
temperature of the raw water. The main
factors that should be borne in mind are
the size of the floc, its cohesion and its
settling rate.

The use of synthetic flocculants often
results in a minimum amount of sludge.
Combined with modern separation
techniques, this can lead to the production
of very dense sludge that can be directly
treated in a dewatering unit.

This acidity can react on some species
in solution, especially on the bicarbonate
ions:

HCO,” + H* 7 H,0 + CO,

This acidity can be compensated for by
adding a coagulant in combination with a

base (caustic soda, lime, sodium
carbonate).
Al** + 3 OH - Al(OH),

v
The reactions in this chapter are
summarized in a simplified written form.
All the resulting products are soluble
except AI(OH); and CaCOj;. The added
reagents are in molecular form.
. Aluminium sulphate (liquid or solid)

Al,(S0,); + 6 HCO;~ >

«—

2 A1(OH); + 3 S04 + 6 CO,
v
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Dosage: for the clarification of surface
water, 10 to 150 g.m”, expressed as solid
commercial grade product  (AL(SOy)s.
18H,0), depending on the water quality. For
treating wastewater, from 50 to 300 gni°.

. Aluminium chloride (liquid)

2 A1C1, + 6 HCO3™ ”
2 A1(OH); + 6 C1- + 6 CO,
—

This product is effective but it is used only
under exceptional circumstances.

. Aluminium sulphate + lime

Al,(SO,); + 3 Ca(0H), .~

2 A1(OH); + 3 Ca** + 3 SO%

¥
Dosage: to  compensate for the
acidification, the dosage of lime Ca(OH)z
needed is about one third of the dose of
aluminium sulphate expressed as solid
commercial grade product.

. Aluminium sulphate + sodium carbonate
Two types of reactions can take place,
depending on the neutralization of the

carbonate ions, either as bicarbonates or as
free CO,.

A1,(SO,); + 6 Na,C0; + 6 H,0

2 A1(OH), + 12 Na* + 6 HCO; + 3 SO%
—
2 A1,(SO,); + 6 Na,C0, + 6 H,0

4 A1(0H); + 12 Na* + 6 SOi=+ 6 CO,
B :

Dosage: the amount of sodium carbonate
required is between 50 and 100% of the
amount of aluminium sulphate as solid
commercial grade product.

. Sodium aluminate

In contrast to the preceding case,
aluminium, in this case, is in basic form:

A10,”+2H,0 7 Al(OH), +OH"

V
It can displace bicarbonate ions and
dissolved CO,.

NaA10, + Ca(HCO;), + H,0 ~

A1(OH); + CaCO; + Na* + HCO,~
¥ v

2 NaA10, + 2 CO, + 4 H,0
A1(OH), + 2 Na* + 2 HCO,"
- 1

Dosage: for the clarification of surface

water, 5 to 50 g.m> of commercial reagent
with 50% A1,0;.

1.2.1.2. Aluminium polymers

Aluminium polymers are used both for
neutralization and bridging of the colloids so
that coagulation may take place more
efficiently.

Moreover, using polymers promotes the
agglomeration of crystallized forms of
aluminium hydroxide such as bayerite or
gibbsite. The polymerization of aluminium
hydroxide in solution presents roughly the
same basic structure as these crystals. The
basic  unit would Dbe A16(OH)126+.
Polymerization is initiated by a bridging
reaction (or olation):

OH
Al/ \Al
N/
OH

There is a continuous series of polymers
the size of which increases with the degree of
hydroxylation (molecular ratio R = OH/AI).
The more advanced the polymerization, the
more the floc approaches the crystalline
structure, and the more compact and dense it
becomes. However, when these commercial
products reach a certain ratio, R, they become
very unstable.



1. Coagulation - Flocculation

Commercial products
The overall formula for these products is:

Aly(OH)p(C1)g(S04)r

They are characterized by a molecular
ratio OH/Al between 0.4 and 0.6. They are
less acid than conventional aluminium salts.
Their stability is often ensured by the
presence of sulphate ions which inhibit the
spontaneous polymerization of the product.
Their use often results in a lower treatment
rate than that of aluminium sulphate
(expressed as A13+). Sludge cohesion is
generally better, although adding a
flocculant often proves necessary.

The commercial products that are
available continue to be improved.
Noteworthy are: PAC, WAC, Aqualenc,
Alpodar, etc.

. PCBA (basic polyaluminium chloride)

In order to obtain a more effective
aluminium polymer, it must be prepared on
the spot, just prior to its use (Degrémont
patent). A much higher OH/AI ratio is
obtained by a controlled neutralization of
aluminium chloride with the help of a base.
The ratio, roughly 2.5, may be adapted,
depending upon the nature of the raw water.
The advantages of PCBA compared to a
conventional aluminium salt are:

- rapid flocculation,

- efficient removal of organic substances,

- lower treatment rate (expressed as

Al3+),

- reduced amount of sludge,

- addition of a flocculant

Its preparation in situ is only possible in
large facilities.

1.2.1.3. Iron salts

The reaction principle is the same as for
aluminium salts with:
Fe**+3H,0 ~ Fe(OH); +3H*
The ferric ion can cause colouring in
treated water.
. Ferric chloride (liquid, sometimes crystal
form)

2 FeCl, + 6 HCO,~

2 Fe(OH); +6 C1™ + 6 CO,
— _

Dosage: for the clarification of surface
water, 5 to 150 g.ri 3 of solid commercial
grade ferric chloride FeC15.6H,0.

For wastewater treatment, 50 to 300 g.m-
3 3 of solid commercial grade ferric
chloride.

. Ferric chloride + lime

2 FeCl, + 3 Ca(OH),
2 Fe(OH); + 6 C1” + 3 Ca?*
¢ e .

Dosage: for the treatment of wastewater,
50 to 500 g.m-3 3 of lime for 50 to 300 g.m-
3 3 of solid commercial grade ferric
chloride is necessary.

. Ferric sulphate (solid)
Fe,(S0,); + 6 HCO,~

«—

2 Fe(OH); + 3 SO, + 6 CO,
v

Dosage: for the clarification of surface
water, 10 to 250 g.m'3 of commercial re
gent Fe;(SO4)3.9H,0 is necessary.

.Ferric sulphate+lime

Fe,(S0,); + 3 Ca(OH), ~
2 Fe(OH); + 3 S0, +3Ca®

Dosage: for the clarification of surface
water, the amount of lime Ca(OH), required
is roughly 50% of the amount of
commercial grade ferric sulphate
Fez(SO4)3.9H20
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. Chlorinated copperas (liquid)
2 FeC1S0, + 6 HCO;
2 Fe(OH); + 2 C1™ + 2 SO + 6CO,
¥

Dosage: similar to that of ferric chloride
expressed as iron.

. Ferrous sulphate (solid)
FeSO, + 2 HCO,~ =

P

Fe(OH), + S0,* + 2C0,
- 1

Dosage: for the clarification of surface
water, 5 to 150 g.m” of commercial grade
reagent FeSO,.7 H,O is necessary.

For the treatment of wastewater, 100 to
400 gm® of commercial reagent
FeS0O,4.7H,0 is necessary.

In aerated water, ferrous hydroxide oxdizes
into ferric hydroxide:

2 Fe(OH), +%OZ +H,0 .~ 2Fe(OH);

. Ferrous sulphate + chlorine

2 FeSO, + C1, + 6 HCO,™

-«

2 Fe(OH); + 2 S0,2 + 2 Cl™ + 6 CO,
—

Dosage: chlorine requirements are 12%
of the amount of ferrous sulphate
FGSO4.H20

The ferrous sulphate and the chlorine
may be introduced separately. Ferrous
sulphate, oxidized by the chlorine before
use, results in chlorinated copperas
(Clairtan, etc.).

. Ferrous sulphate + lime
FeSO, + Ca(OH), ~
Fe(OH), + Ca’* + S0,
i
Dosage: for the clarification of surface
water, the amount of lime Ca(OH)z

required, is about 30% of the amount of
ferrous sulphate FeSO47H,0

In wastewater treatment, 100 to 150 g.m’
of lime is required for 250 to 350 g.m”
ferrous sulphate.

3

1.2.1.4. Other inorganic coagulants
. Mixed products A1YFe

Some inorganic coagulants carry both
A1’" and Fe’" ions. This is particularly the
case with AVR, a mixed sulphate of
aluminium and iron (solid). This product is
used essentially in the chemical purification
of municipal and industrial wastewater,
particularly for the removal of phosphates.

. Copper sulphate
CuSO, + 2 HCO;~

Cu(OH), + S0,* + 2 CO,
D
Dosage: 5 to 20 g.m'3 of commercial
grade product CUSO4.5H,O (used in
exceptional cases).
This product is mainly used as an
algicide.

. Ozone

When water contains organic matter that
chelates iron or manganese, ozone can
initiate a coagulation-flocculation process.
The organic complexes are destroyed by
the ozone, and the metal ions which are
thus released are oxidized. With the
necessary pH conditions, the flocculation of
ferric hydroxide results in a floc with a
rather low density and cohesion that may
be retained by in-line coagulation.

. Chlorine

In sea water, free chlorine is necessary to
initiate the coagulation reaction
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1.2.2. "Natural " flocculants

1.2.2.1. Inorganic flocculants

Activated silica

Activated silica was the first flocculant
used. It gives good results, especially
when used together with aluminium
sulphate in cold water. It is added after
the coagulant and is prepared immediately
before use by partially neutralizing the
alkalinity of a solution of sodium silicate.

(I)@
_sli_o_
OH n

The treatment rate is from 0.5 to 4
mg.l'1 expressed as Si0,.

. Aluminosilicate

When the coagulant is aluminium
sulphate (or another aluminium salt), the
acidity of this product may be used in the
place of that of sulphuric acid to activate
sodium silicate. Products similar to
activated silica, such as aluminosilicate,
are obtained. In special cases, sodium
silicate may be used alone.

.Other inorganic aids

Before the settling or filtration process,
other products are used for raw water
containing insufficient suspended solids.
These are not flocculants but they play a
role in the growth and enlargement of the
floc.

Among these are:
- certain types of clay (bentonite, kaolin);
- pure precipitated calcium carbonate;
- kieselguhr (diatomite);
- activated carbon in powder form (used
principally as an adsorbent);
- fine sand.

1.2.2.2. Organic_flocculants (natural

polymers)
These are natural polymers extracted
from animal or vegetable matter.

. Alginates

Sodium alginates are obtained from
alginic acid, which itself is extracted from
seaweed. The main components of this
polymeric structure are mannuronic acid
and glucuronic acid. The gramme-
molecular weight is in the order of 10* to
2x10°.

a

H «—o0
/ b AN
10) H
AN
OH—OH
H H
a b
Mannuronic COOH H
Glucuronic H COOH
These products are particularly

effective as flocculant aids with ferric
salts. They may also give good results
with aluminium salts. The treatment rate
is between 0.5 and 2 mg.l'1
. Starches

Starches are obtained from potatoes,
tapioca or extracts of plant seeds. These
are glucopyranose polymers that are
branched and nonlinear and are
sometimes partially broken down (OH)
or derived (carboxy -ethyl-dextrone). The
are used in amounts of 1 to 10 mg.'l ,
preferably together with aluminium salts.

Starches and alginate are solids that
must be prepared at concentrations of 5 to
10 gI''. Their breakdown in an aqueous
solution may be rapid if the out
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side temperature is high (over 20°C).
The preparation tanks must be cleaned
on a regular basis to avoid the risk of
fer mentation.

. Other compounds

There are many other natural organic
flocculants, but they are mostly used
for specific industrial processes
(hydrometallurgy, paper mills, etc.).
These are basically polysaccharides:

- galactomannans (gums: guar, carob),

- pectins,

- xanthanes (the aerobic fermentation
of sugar by means of a bacterium of the
Xanthomonas;  for example the
Rhodopol).

There are other equally common
products such as the derivatives of
cellulose(carboxymethyl-cellulose),
gelatins and tannins.

1.2.3. Synthetic organic coagulants

These are  synthetic  organic
molecules, cationic in nature, that have
an average molecular weight of 104 to
105. They are only available in liquid
form, in an aqueous medium.

These coagulants may be used
directly (without a preparation stage)
and totally or partially serve as a
replacement for an inorganic coagulant.
They must be injected directly
following in-line dilution.

The use of organic coagulants leads
to a substantial reduction in the amount
of sludge produced. The sludge that is
extracted is denser and also more
sticky. Thus, the organic coagulants are
not suitable for every type of separation
process. An organic coagulant exerts
no more than a negligible effect on the
pH value and carries with it a very
small amount of additional salinity.

1.2.3.1. Classification
Three main groups may be found:
- melamineformaldehyde (or

melamineformol)
N
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i
\

Q
\z—o
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poly  (chlorure de  diallyldiméthyl-
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dimethylamine
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There are also other products which
may be encountered such as various
polyamines of the epi-DMA and the
polyethylenimines, which are basically
used in the clarification process of
industrial wastewater.

1.2.3.2. Applications
. Clarification

For the treatment of water designed
for drinking, it is necessary to refer to
the laws of the country concerned. The
treatment rates that must be used are in
the order of 5-15 gm” expressed in
terms of the commercial grade product.



1. Coagulation - Flocculation

.In-line coagulation

In filtering sea water, for certain
products, the coagulation reaction may be
associated with a premature and detrimental
reaction of precipitation of the coagulant
because of its high salinity.

. Industrial wastewater

This is a major field of application
involving organic coagulants. The treatment
rate (5-50 g.m”) depends substantially on
the type of effluent involved.

1.2.3.3. Synergism with an inorganic is
coagulant

There are cases in which the organic
coagulant alone does not provide the same
quality of water as can be obtained with an
inorganic coagulant.

The use of the two types of coagulant
together provides for a significant reduction
in the quantity of inorganic coagulant that is
required (40-80%), while at the same time
ensuring the production of a minimum
amount of sludge.

1.2.4. Synthetic organic flocculants

These consist of long-chain
macromolecules obtained by the association
of synthetic monomers, certain of which
possess electrical charges or ionizable
groups. These are products that have a very
high molecular weight (10°-107), enabling
them to attain remarkable performance
levels that are usually higher than those
attained with natural polymers.

1.2.4.1. Classification
This is established according to the
ionicity of the polymer.

. Anionic

These are usually acrylamide and acrylic
acid copolymers.

CH,—CH CH,—CH
(I]=O (I::O
O @

NH, Jn

. Neutral (or nonionic)
These are basically polyacrylamides.

£

. Cationic

These are copolymers of acrylamide and
a cationic monomer, which are usually
DMAEM (dimethyl-
aminoethylmethacrylate) or  DMAEA
(dimethyl—aminoethyl-acrylate)

CH —CH CH —(i}
l
0—(CH,) —N<
R CH Madam

Adam

1242, Utilization

Organic flocculants are available in three

forms:

- solid,

- emulsion (an emulsion of a polymer in an
organic solvent),

- solution (at approx. 20 I in an aqueous
medium).

The use of flocculants in solid or
emulsion form always requires special
preparation before being put into solution.
A secondary dilution process of these
products is always necessary.

1.2.4.3. Fields of application

Surface water

In the clarification process, the synthetic
flocculant is used in combination with a
coagulant. The best polymer is
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usually one that is anionic. or non-ionic or
very slightly cationic.

The usual dose is between 0.05 and 0.5
g.m'3 In some special cases where the water
is highly turbid (from sedimentation basins)
up to?2 g.m'3 of polymer may be used.

Industrial wastewater

In the case of treatment involving an
inorganic coagulant, an anionic polymer is
usually used in an amount up to 2 g.m>. In
some special cases (such as surface
treatment, steelworks, gas scrubbing), a
cationic flocculant polymer alone is often
the best adapted (0.5 to 5 g.m'3 ).

1.3.

SOLIDS CONTACT
FLOCCULATION

Flocculation efficiency may be expressed
as follows:

e=kC* G't"
e: flocculation efficiency: this factor relates
to the floc formed or to the quality of the
settled water,
C: sludge concentration in the flocculation
reactor,
G: velocity gradient, t: contact time,

o,B,7>0.

In particular, the increase in the contact
mass (C) increases the probability that
collisions will take place inside the reactor
resulting in a more efficient flocculation.

The solids contact units, which create or
convey a larger mass of sludge into the
flocculation area, utilize this principle.

There are two different techniques that
are used. These involve:

Municipal wastewater (physicalchemical
treatments)

In combination with an inorganic
coagulant, the best flocculant is usually one
. of the anionic type (up to 2 g.rn'3). When
only SS removal is desired, a synthetic
flocculant may be used alone.

Sludge dewatering

Cationic flocculants are usually adapted
to the treatment of organic sludge.
Inorganic sludge requires the use of anionic
flocculants. Between 0.5 and 7 kg of
polymer is consumed per tonne of dry
solids.

- the recirculation of sludge, - the sludge
blanket.

Solids contact units offer a great number
of advantages:
- enhanced flocculation: absence of finely
divided particles, homogeneous floc, and a
shorter flocculation time,
- higher settling rate, hence smaller units,
- completion of specific reactions
(precipitation, adsorption on activated
carbon, etc.),
- higher organic matter removal by
adsorption on the floc,
- savings on chemical reagents (better use,
coagulating and flocculating effect of
recycled sludge).

The field of application involving solids
contact flocculation is very extensive:
clarification, specific precipitations (lime
softening), colour removal, iron or
manganese removal, and aerobic or
anaerobic biological treatments.



1. Coagulation - Flocculation

In the particular case of biological
treatment by activated sludge, the
introduction of sludge into the reactor also
plays another role; it maintains the biomass
required for the purification process.

Note: an excessively high sludge
concentration in the reactor hinders the
settling process.

1.3.1. Sludge recirculation

It is necessary that a regular circulation of
sludge be maintained without excessive
turbulence, in order to bring about an
intimate water-sludge mixture and prevent
any sludge deposit.

A built-in or external system continuously
conveys sludge into the flocculator upstream
from the settling chamber. It is necessary to
recirculate the concentrated sludge that has
settled down on the bottom of the settling
tank. Various recirculation systems are
available: injector, propeller, turbine, air lift,
external pump, etc.

The settling tank is often equipped with a
sludge scraper appliance.

1.3.2. Sludge blanket

In an upward flow unit, an equilibrium is
set up between the water velocity and the
hindered settling velocity of flocculated

1.4.
THE SPECIAL CASE
OF EMULSIONS

The flocculation conditions for the emulsions
of hydrocarbons or oils depend on the nature
of these substances. They are found in two
main forms

particles. When flocculated particles reach a
certain concentration, they form a sludge
blanket that acts both as a flocculator and as
a "fluidized filter", thus ensuring excellent
flocculation.

This blanket presents a certain natural
cohesion and is able to withstand greater
rising velocities than an isolated flocculated
particle could. This property of cohesion
explains the elasticity of the sludge blanket.
It is actually comparable to a spring which
tends to compress when weighted down
(settling of particles), but which stretches out
to a varying degree under the action of an
opposing force (upward flow of raw water).
The spring mechanism will break if the rising
velocity is too great; this must be avoided
choosing a suitable velocity.

When the rising velocity of the water is too
great, the settling velocity of the particles is
no more sufficient to ensure hindered settling
of the total mass, and hence the cohesion of
the sludge blanket. The flocculent suspension
is then carried away with the water.

The cohesion is characterized by the
calculation of the coefficient K of sludge
cohesion (see page 353) which is an essential
factor for the understanding and the sizing of
a settling tank with a pulsed sludge blanket.

- mechanical emulsions which are relatively
unstable and, after preliminary static settling
for one hour, feature a micelle size of a
dozen to a hundred microns and
concentrations of about 100 to 500 mg.1",

- chemical emulsions that are relatively
stable, which is due either to the nature of the
hydrocarbons (asphaltenes,
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naphthenates), or to the simultaneous
presence of dispersing agents (alkaline salts,
detergents, etc.). Following static settling for
one hour, they have a micelle size of 0.1
micron (micro-emulsions) to one dozen
microns, and feature a widely variable
hydrocarbon concentration that ranges from
100 mg.l-1 (petrochemical complex effluents)
to 50 mg.l-' (aqueous cutting fluids).

The coagulation process for these emulsions
includes, just as in the case of colloidal
particles, neutralization of the zeta potential.

However, a coalescence mechanism may
predominate in the case of mechanical
emulsions. The treatment of the latter may
include a phase of destabilization or partial
coagulation directly followed by a coalescent
filtration process.

The treatment of chemical emulsions must
include a complete coagulation process
followed by flocculation and separation by
settling or dissolved air flotation.






2. CHEMICAL PRECIPITATION

The precipitations most commonly used in
water treatment are those of calcium
carbonate and metallic hydroxides.

2.1

REMOVAL OF CALCIUM AND
MAGNESIUM

2.1.1. Main methods

2.1.1.1. Lime softening

The aim is to remove the bicarbonate
hardness (or temporary hardness) attributed to
calcium and magnesium. The noncarbonate
hardness (or permanent hardness: TH - M
alk.) is not affected. .

Basic reactions

The chemical reactions for lime softening
are as follows:

Ca(OH)Z + Ca(HCO 3)2 -
2 CaCO; + 2 H,0
v

Ca(OH), + Mg(HCO ), ~ MgCO, + 2 H,0

These are obtained after the addition of a
specific reagent

As magnesium carbonate is relatively
soluble (solubility about 70 mg.l'l), an excess
of lime will bring about the following
reaction:

Ca(OH), + MgC0, - CaC0, + Mg (OH),
v v

If the amounts of reagents are accurately
adjusted, the alkalinity of the water is reduced
to the theoretical solubility of the CaCO; +
Mg(OH)z system, which is between 2 and 3
French degrees under normal conditions of
concentration and temperature. This limit
value of M alk. may, however, be increased
by the presence of dissolved impurities (for
example, organic acids, ammonium, etc.).

If, on the other hand, the raw water also
contains sodium bicarbonate (M alk. > TH),
the water will retain additional alkalinity in
the form of sodium carbonate or caustic soda
(in addition to the above wvalue), which
corresponds to the value M alk. - TH.



2. Chemical precipitation

. Precipitation mechanism

The reaction of lime in raw water is
extremely slow without crystal nuclei. In static
settling tanks without a solids contact system,
which are hardly ever used these days, the
reaction time is several hours.

On the other hand, if the water and lime are
brought into contact with a sufficiently large
volume of already precipitated CaCOs crystals,
the reaction reaches its equilibrium point in a
few minutes. As precipitation takes place on
the crystals, these tend to grow in volume; the
settling velocities are then increased, and the
size of the equipment can be reduced. This is
true only if the surfaces of the CaCOj crystals
remain sufficiently clean. Therefore, as the
presence of organic colloids is liable to
impede crystallization, it is common practice
to add coagulant reagents to the raw waters
undergoing lime softening treatment in order
to coprecipitate these colloids.

Lastly, it should be emphasized that CaC0s3,
when used alone, tends to form very dense
clusters of crystals which settle extremely
rapidly, whereas Mg(OH),, when used alone,
always appears in the form of very light
floccules. If the percentage of these is
substantial, they promote coagulation, but the
acceptable settling velocity is much lower
than with CaC0; only.

The assessment of lime softening
equipment should, therefore, be primarily
based on its ability to produce a homogeneous
mixture of raw water, reagent and CaCO;
nuclei, in a reaction zone of a suitable size. In
order to increase the settling velocity, an
organic flocculant may be injected following
the growing phase of the crystals. When the
aim is to obtain particularly clear carbonate-

free water, lime softening should always be
followed by filtration.

2.1.1.2. Use of sodium carbonate

The removal of permanent hardness may be
obtained by the cold soda process, with or
without lime precipitation of calcium and
magnesium  bicarbonates. The following
reactions are involved:

CaS0, + Na,CO; ~
Na,S0, + CaCO, (1)

CaCl12 + Na,CO, '

2NaCl + CaC0, (2)
1

This method has some disadvantages;

particularly, alkalinity cannot in this way
be reduced below 3 to 4 French degrees.

2.1.1.3. Precipitation by caustic soda

The precipitation of calcium and
magnesium ions by caustic soda is a variation
of the combined lime-soda treatment process,
described in 2.1.1.2.

The basic reaction is:

Ca(HCO;), + 2 NaOH —
CaCO; + Na,CO; +2 H,0 (3)
1

Precipitation of calcium carbonate is
accompanied by the formation of sodium
carbonate, which will react on the permanent
hardness according to reactions (1) and (2)
above.

If caustic soda is used, therefore, the
hardness of a water can be reduced by twice
the amount of the reduction of alkaline-earth
bicarbonates. The M alk. of the water can be
reduced to around 3 to 4 French degrees only
if there is enough permanent hardness to
combine with the sodium carbonate formed.
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2.1.2. Calculation and monitoring of
precipitation (obtaining a minimum M alk.)

Notation:

CaH: calcium hardness in French degrees
representing the total calcium salts content,
MgH: magnesium hardness in French degrees
representing the total magnesium salts
content, C: free CO, content in French
degrees calculated as:

C= free CO, (mg.l‘i)
44

2.1.2.1. Amount of lime
Positive TH - M alk.: the theoretical amount

of lime required for optimum pre cipitation of calciu

Ca0:5,6 (TAC+C) gm”
or
Ca(OH), : 7,4 (TAC +C) g.m”

To precipitate calcium carbonate and
magnesium oxide simultaneously, MgH being
higher than TH - M alk.:

Mg(HCO3), hardness =M alk. - CaH:

Ca0: 5.6 (2 M alk. - CaH + C) g.m>

or

Ca(OH), 7.4 2 M alk. - CaH + C) g.m>

Negative TH - M alk.:this applies to waters
containing  sodium  bicarbonate. = Good
precipitation of calcium and magnesium is
still possible by calculating the amount of
lime on the basis of M alk. + MgH + C, but
this gives a water containing great quantities
of sodium carbonate and caustic soda, and it
may be desirable to use a smaller amount.

Monitoring of results: in any case, the
amount of lime must be increased (or
reduced) by 5.6 grammes per nt (as CaO) or
by 7.4 grammes per nt as Ca(OH), per degree
of P alk.measured above or below the
theoretical value.

The values 5.6 and 7.4 apply, of course, to
100% pure products. In practice, lime is

always impure and contains more or less
carbonates, and the industrial values must be
increased between 10 and 30% depending on
the situation. To precipitate calcium carbonate
alone, the ideal setting is when:

Palk. = M% + 0.5 French degree

corresponding to a minimum M alk. of about
2 French degrees if the water does not contain
magnesium.

If MgH is greater than TH - M alk,
application of this rule leads to excessive M
alk. values owing to the solubility of
magnesium carbonate; the optimum result is
obtained when:

alk. = M__z;lk_. + 0.5 to 1 French degree

with the lowest possible value for P alk.

2.1.2.2. Amount of sodium carbonate

The required amount of sodium carbonate
is:
10.6 (TH - M alk.) g.m”

. Monitoring of results: theoretically, in a
water containing no magnesium, the following
must be obtained:

TH=Malk. =2 P alk.

In practice, in waters where part of the
permanent hardness consists of magnesium,
this rule may no longer be valid, and each
individual case must then be considered
separately.

2.1.2.3. Amount of caustic soda

The amount of caustic soda (as pure
product) required per degree of M alk. to be
precipitated is:

8 2 M alk. - CaH + C) gm”

Monitoring of results: in order to lower the
M alk. by 1 French degree, the TH must be
reduced by 2 French degrees.

In practice, the amount of caustic soda
introduced into the water is adjusted to give a
minimum residual
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2.2.
SILICON PRECIPITATION

The process involves the adsorption of
silica on a massive floc of Al, Mg, or Fe

hydroxide.
This coprecipitation  may  be
performed either cold or hot. The

process is often combined with the
CaC0; process in the lime softening of
drilling water.

2.2.1. Silica removal with Mg(Il)
This treatment may be performed
either cold or hot.

Usually, magnesium is already present
in the drilling water and precipitates
during te lime softening process with
part of the silica. Mg may be added in
the form of Mg0 powder which
solubilizes by cold carbonation into
MgCO0s, or is simply dispersed at 100°C.

Depending on the analyses of raw
water, the temperature and the desired
level of removal, graphs make it possible
to calculate the amount of Mg0 (see
Figure 34) that is reacting, and, by
difference, how much must be added.

In the cold process, this varies from
3.2 to 1.8 mg of Mg0 per mg of Si0,
adsorbed, for an initial concentration of
20 to 40 mg.1-1.

- Range of water temperature
3 between 20 and 30°C.
E From the water analysis,
-; 40 determine the quantity
a of magnesium
3 hardness to be precipitated
B by the process selected,
o 30 then consult the graph
=
o N
= ~N N For example
N \‘\.‘ - 150 mg.1! (as CaCO,) of MgH precipitated,
£ \\ \ - 8i0, content in raw water : 30 mg I,
— ‘\ \ \“‘\ ~ - 8i0, content in treated water : 11 mg.1?
& 10 Ao . ~ P ::-.k‘
‘-E'N 5 N o N
o el o
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Figure 34. Silica removal with magnesium oxide.
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2.2.2. Silica removal with sodium aluminate

This treatment should preferably be
performed cold (Figure 35).

The residual values obtained are higher
than with MgO.

The amount of aluminium, expressed as
AL O3, in brine, is in the range of 2 to 2.6 mg
per mg of silica coprecipitated.

In the lime-soda softening process for
drilling water, silica removal conditions and
residual contents obtained for initial levels of
20 to 40 mg.l'1 are summarized in the table
below:

L.
E 80
z
= \
5 60 %
P
B N\ b
T 40— ‘N
AN
%ﬂ 20 \Q:\‘:'«. P DN
Mo
10 \‘\- NS \‘:‘“
: N
0 20 40 60 80 ALO,
mgg. 1

Figure 35, Silica removal with aluminare,

Figure 35. Silica removal with

aluminat
Reagent Temperature pH Residual SiO,
C mg.l'1
MgO 50-55 9.6-10 4-6
NaAIO™ 30-35 8.69.5 5-10

The decision as to which of the two
reagents to use will be based on the initial
level of Mg in the water, the cost of the
reagents and the amount of sludge
produced.

2.2.3. Silica removal with ferric chloride

FeCl13 may be used in combination with
aluminate to obtain residual aluminium in
the range of 0.2 to 0.3 mg.l'1 with a pH of
85 to 9, instead of 1 to 3 mg'1 with the
aluminate alone.

2.2.4. Colloidal silica

Even though its chemical nature is
controversial, this would refer to very fine
particles of clay with an electropositive
nature.

The levels that have been detected are in
the range of several hundreds of gg.l"1 in
river water in countries with a moderate
climate. However, they may reach into tens
of mgl-1 in some acidic leachates in
hydrometallurgy.

In natural water, the removal maybe
obtained:
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- by double flocculation with two different
pH values with co-adsorption on a metallic
hydroxide,

- by precoat filtration, or even better,
filtration on an MF or OF membrane

2.3.
PRECIPITATION
OF METALS

This involves the precipitation of dis

solved metals that are mainly found in the
effluents resulting from surface treatment, the
leachates from hydrometallurgy and the gas
scrubbing effluents, after the burning of coal
and household refuse.

The usual procedure consists in precipitating
the metals in the form of hydroxides by
simply neutralizing the acidic effluents. Since
none of the pH values for maximum
precipitation of all the metals coincide, an
optimum reaction zone (see page 516) must
be found for the pH, which may range from 7
to 10.5, depending on the minimum values
desired for the removal of the most harmful
metals.

In the coprecipitation of carbonates in the
form of less soluble hydroxycarbonates, the
removal threshold may be improved, as for
instance in the case of lead.

The residual values of ionized metals may
vary from 0.1 to 2 mg.l'l, depending on the
metal; this is independent of the hydroxides

24.
OTHER PRECIPITATIONS

2.4.1. Sulphates

Sulphate precipitation may be induced
before the effluents are discharged into the
sewers (breakdown of concrete) or recycled

In the case of leachates (in
hydrometalurgylurgy), specific non-ionic
flocculants that are compatible with the
treatments downstream must be used.

that may remain in colloidal dispersion
depending on the quality of flocculation and
settling.

The desirable residual levels for some
metals (Cd, Ag, Hg) are becoming more and
more strictly limited in some countries and
have been reduced to less than 100 ng.17".

Precipitation may thus take place in the
form of sulphur compounds, which are hardly
ever soluble and which allow the
precipitation of weakly chelated metals
(ammonium or other organic chelating
agents) in a narrow pH range.

This precipitation takes place:

- with Na2S and in the form of colloidal
sulphur which requires the copresence of iron
hydroxide in order to be flocculated,

- or with derivatives of organic mercaptans
which facilitate flocculation.

In cases that are in-between, an excess of a
metallic cation, Fe*" or A13+, can be used to
promote adsorption (Cd, Se, as well as B, As)
or a very strong oxidizing agent can be used
as a preliminary step to break strong
chelating agents such as EDTA (see page
156).

(scaling). The sulphates must often be
removed from brine or water before
distillation.

The usual procedure, applicable in the case
of high SO42" contents, involves the cold
precipitation of gypsum CaSO0,.2H;0, by
adding Ca”" in the form of lime (usually done
with acid water) or CaCl, (as in the case of
brine):
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S0, + Ca** + 2 H,0 —~ CaS0,, 2 H,0
v

In both cases, precipitation in the form of
heterogeneous crystals is very slow. To
avoid supersaturation and dangerous post-
precipitations, the reaction must take place
with a very high concentration of nuclei.

The SO42' concentrations obtained
depend on the salinity, the activity of the
medium, and the amount of Ca z+ added,
which in the case of lime, is limited by the
acidity to be neutralized. The residual
levels may be obtained using various
diagrams, e.g.:

-2t03 g.l'1 SO, in brine purification using
CaClz,

- 1.5t 2 g.l'1 SO, in neutralizing acidic
water without using CaCl,.

A second procedure involves the
precipitation of barium sulphate by adding
BaC12. The residual solubility obtained is
less than 20 mgl,, but the reagent is very
expensive and rarely used.

2.4.2. Fluorides

Fluoride removal by precipitation is
applicable to acidic effluents from gas
scrubbing after incineration or from
aluminium metallurgy, as well as effluents
from the phosphoric acid and glass
industries. In the last two cases, the
presence of F is always linked to a high
concentration of silica, which changes the
precipitation conditions. The neutralizing
agent is always lime, to which CaCl, may
be added if it is necessary to obtain low
residual values of F-:

2F + Ca** — CaF,
}

With a mainly fluoride and sulphuric or
hydrochloric pollution, the precipitate has a
CaF, base. Its crystallization and

precipitation show kinetics that lie between
those of CaC03; and gypsum. The size of the
equipment is quite similar to that of the
equipment for lime softening, although the
reaction time is longer.

In the precipitation process that uses
only lime, the solubility of CaF, depends
on the pH for a given salinity (see Figure
36). It also depends on the procedure:

- from 16 to 30 mg.l"1 for electroplating
effluents,

- from 2 to 5 mgl' for phosphoric acid
production effluents, owing, however, to
the adsorption of F  on precipitated
hydroxyapatite,

- from 20 to 40 mg.l'1 for saline effluents.

Dissolved aluminium, when present at a
substantial level, is an unfavourable
chelating element. Conversely, along with
the massive coprecipitation of AI(OH); or
Mg(OH),, these hydroxides adsorb
fluorides and can reduce their residual
solubility.

P Snbindey of wotee 1000 Fr. dog MaCl

I P
: 48 101112 pH

Figure 3. Precipirarion of fuaride be e in an
Nl medium,



2. Chemical precipitation

With a substantial amount of silica present,
a parallel reaction is added:

SiFs" + 4 OH™ - SiOH, + 6 F~
—_

The F- levels obtained depend on the
increase of Ca 2+ in the medium.

The precipitation of great amounts of
strongly hydrated silica gel is slow; it is the
thickening of the sludge that determines the
size of the settling tank.

2.4.3. Phosphates

These salts maybe present in water in
variable forms and concentrations:
- phosphoric acid in effluents from phosphate

fertilizer factories which contain HF and
S102,

- phosphates in domestic wastewater, -
phosphates in boiler blowdowns,
- polyphosphates and hexametaphosphates
from cooling systems (see page 156).

Two types of precipitation must be
considered:
- acidic effluents: by lime,
- non-acidic effluents: by Al or Fe salts
(formation of metallic phosphates).

2.4.3.1. Precipitation by lime
Depending on the initial acidity,
reactions are possible:

two

- calcium dihydrogen phosphate precipitation
at an optimum pH level of 6 to 7:

2 H, PO, + Ca(OH), —
Ca (PO,H), + 2 H,0
—
This compound settles rather rapidly but

produces a hi residual solubility (130 to 300
mg.'l P,05 depending on the temperature),
- tertiary calcium phosphate precipitation at a
pH level of 9 to 12:
2 Ca (PO, H), + Ca(0H), —~
Ca; (POy), + 2 H,0
i

The tertiary calcium phosphate presents a
residual solubility of several mg.l'1 as P,Os,
however, in a colloidal form. It precipitates
slowly without the addition of a flocculant.

The magnesium that may be present has a
more complex action:

- below a pH of 9, the solubility of calcium
phosphate increases with its concentration,

- above a pH of 10, calcium phosphate
coprecipitates with magnesia with residual
values below 1 mg.I"".

2.4.3.2. Precipitation by A’ or Fe **

AlPO4 and FePOy are very scarcely soluble
salts that precipitate, however, into the
colloidal state. The precipitate is removed by
adsorption on an excess of metallic hydroxide
(see Figure 37).

The residual values of P that are obtained
may be below mg.l'l, which implies that the
dosages of iron and aluminium salts are
relatively high.

pH of phosphate precipitation

Reagent pH Notes Type of precipitate
Ca(OH), 9-12 + flocculant Hydroxyapatite
Fe'+ 5 Phosphates

+ excess of hydroxide +
Al3+ 6 metal hydroxide
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Figure 37. Graph of solubility of Fe, Al and Ca phosphates.

2.5.
PRECIPITATION INHIBITORS

Chemical precipitation may be slowed
down by some compounds naturally found
in water. It is this natural inhibition which
stands in the way if precipitation is desired.

If, on the contrary, precipitation is not
desired, inhibition may be induced by
adding inhibitors.

2.5.1. Natural inhibition

Inorganic and organic compounds may

either form relatively soluble complexes -

with ions to precipitate, or else disperse
precipitation products. When found
together they inhibit precipitation by
retarding it or by displacing the solubility.

. In carbonate removal

- at the high pH levels used in carbonate
removal, NH; is converted to NH4OH,
which increases the residual value of M
alk.,

- some organic acids, humic or fulvic, form
soluble complexes with calcium which
increase the residual hardness,

- in the case of surface water which is
polluted by municipal effluents, the
presence of polyphosphates (chelating
agents) slows the nucleation and growing
time of crystals and consequently causes
them to disperse as colloids.

In the treatment of industrial
wastewater, such as gas scrubbing
effluents, the presence of both metallic
cations (Ni*", Zn®*, etc.) and NH*"
determines the formation of metal-
ammonium complexes that are relatively
stable.



2. Chemical precipitation

In the physical-chemical iron removal  Action on the growth rate in modifying
process, the presence of silica considerably the facies of the allotropic variety of the

raises the precipitation time of hydroxide. precipitate, which results in a lower risk of
adhering to the walls and thus forming
2.5.2. Induced inhibition-dispersion scale.

2.5.2.1. Main properties - Dispersing capacity

The products used can have dfferent
actions.

The capacity to maintain solid particles
in suspension in a divided state when the
particles have a tendency to stick together.
This is a result of the adsorption of the

product on the particles or its action on their
Scale inhibiting action on supersaturated electrical charges.

solutions, by the addition of low amounts of
inhibitors of the order of mg.l'l. There is an
extension of the nucleating time and a slow-
down in the growth of nuclei (see Figure
38): this is the threshold effect.

Inhibiting crystallization

Some products that are used in high
amounts have the ability to put back into
solution or into suspension salts that have
already precipitated on the walls (they
enable partial cleaning or help in the
descaling process).

Distortion of the crystalline structure

4Ca AB  Nucleation time
A B Vv Growth rate
BF

Precipitation

Ca,

F

with scale inhibitor

reference solution without scale inhibitor

Ca at equilibrium

time

\ 4

Figure 38. CaCOj precipitation curve.
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. Chelating (or sequestering capacity)

The property of incorporating into their
molecule, anions or cations, in order to form
new stable soluble compounds despite the
presence of a precipitating agent.

Chelating requires great amounts of
product, for example in the order of 50 g of
phosphate per French degree of Ca for 1000
m3 of water at 20 French degrees of TH.

2.5.2.2. Main compounds
. The chelating agents

Those such as EDTA (ethylenediamine
tetraacetic acid) and its sodium salts:
COOH - CH, \N o /CHZ COOH

—CH, — CH,—

COOH — CH, CH* — COOH
They are mainly used for boiler feedwater
water containing traces of hardness or during a
descaling operation; however, using them
properly is a difficult process. For economic
reasons the "threshold effect" is preferably
used in preventive treatments, especially in
cooling systems, by employing products of
other families:

. Polyphosphates

They make up the best known family. Strictly
speaking, the polyphosphates possess a linear
structure and their overall formula reads as
M, 2Pn.O3,+1. The first terms in the series of
sodium salts are the pyrophosphate: Na,P,05,
followed by the tripolyphosphate,
Na4P,07.NaPO; or NasP; 0.

The polymetaphosphates have a cyclical
structure and correspond to the overall formula

(MPO3),. The most familiar terms are
trimetaphosphate (NaPO3); and
hexametaphosphate (NaPO;3)s. Commercial

products sold under these names are often
mixtures in which the prefix represents the
average degree of condensation.

The retarding action is straightforward with
regard to calcium carbonate and a little less so
with regard to magnesium oxide and calcium
sulphate.

Normally, to stabilize water having TH and
M alk. levels in the order of 20 French
degrees,  approximately 2 g.m"3 of
polyphosphate is used. This dosage increases
with the TH, the M alk., the turbidity and the
temperature at which it is used. French law
governing drinking water has set the
maximum level of polyphosphate, expressed
as P,Os, at 5 g.m‘3.

Polyphosphates are available on the market
in three main forms:

- crystalline polyphosphates, which are readily
soluble,

- "vitreous"
polyphosphates.

The polyphosphates can be decomposed
gradually by hydrolysis while giving rise to
orthophosphate ions, PO,". The rate of
hydrolysis increases with the temperature and
the acidity of the medium; a precise threshold,
however, above which the polyphosphates will
be destroyed, cannot be pinpointed. Above
60°C, their scale inhibiting efficiency becomes
questionable. At a high temperature, when
calcium is present, there is also some risk that
slightly soluble tertiary calcium phosphate will
be formed.

polyphosphates,  -liquid

. Organic derivatives of phosphorus

The best known of these are the
phosphonates which are widely used in
cooling systems. These can be divided into
two main types:

- AMP, which 1is amino trimethylene
phosphonic acid
OH
|
N=\CH,—P—OH (3



2. Chemical precipitation

- HEDP, which diphosphonic acidis
hydroxyethane

OH |OH

| |
CH,—C={ P—OH }2

[

0

These compounds are usually sold in the
form of concentrated solutions. They are
stable at temperatures far exceeding 100°C
and are sensitive to the presence of free
chlorine. Although they are non-toxic,
however, their use in drinking water is
governed by standards set by authorities in
the field.

The amounts used vary according to the
nature of the water and the conditions under
which it will be used; however, they also
vary from one commercial product to the
other. Amounts average in the order of 1
gm® as P,0s, to about 10 gm® as
commercial products.

The P-C-P link, which is more stable
than the P-O-P link, makes it possible for
them to be used at high temperatures
exceeding 130°C, such as is the case with
evaporators.

. Synthetic organic polymers

These more recent products have
undergone extensive development in the
field of water conditioning. The main
families involved are:

Acrylic or methacrylic type
H ou CH,
l
—(CH, - 0), —
|
COOH

Maleic type
— (CH—CH), —
I |
COOH COOH

Polymers are mixtures of molecules of
different sizes. The definition of a polymer
depends on the knowledge of its gramme-
molecular weight and the distribution of the
gramme-molecular weights.

Several properties worthy of note are: -
the anionic character,

- the gramme-molecular weights which are
close to 10° for the scale inhibiting
dispersing agents and 10* for the dispersing
agents,

- a better dispersing capacity than that of
polyphosphates and phosphonates,

- adequate stability at a temperature >
150°C and vis -a-vis chlorine,

- easily biodegradable after discharge.

The  formulations often  contain
copolymers or terpolymers in order to
increase the efficiency, depending upon the
desired application.

. Other dispersing agents

The naphthalene and polystyrene
sulphonates possess an anionic character
and may be combined with polyphosphates
and. phosphonates.
Sodium tannate, derived from wood, is used
in low pressure and medium F pressure
boilers at a dosage of 2 g.m™ per French
degree of calcium
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3. SETTLING

Settling is the separation technique ulation
often used for SS and colloids (col lected in

3.1.
DIFFERENT TYPES
OF SETTLING

There are various types of substances that
will settle out:
- discrete particles settle independently of
one another with a constant velocity,
- flocculent particles have varying sizes and
settling velocities. When the concentration is
low, the settling velocity increases as the size
of the floc increases as a result of
agglomerating with other particles; this is
flocculent settling,
- in the case of higher concentrations, the
large quantity of floc causes hindered overall
settling with a clearly marked interface
between the sludge mass and the supernatant
liquid; this is hindered settling.

3.1.1. Settling of discrete particles

This is the simplest process, which is the
easiest to describe by equations.

3.1.1.1. Theory

When a discrete particle is left alone in a
liquid at rest, it is subjected to a driving force
FM (gravity) and to a resistant force FT (the
fluid drag), resulting from viscosity and
inertia:

the form of floc after the coagulation-
flocculation stage).

v

Fy=1[(s—0)g T F,
2
FT=CSQ1V

2
Qs, Q: densities of the discrete particle and
the fluid,
d, s, v: diameter, area and volume of the
discrete particle,
V: settling velocity of the particle, g:
acceleration of gravity,

| Fu

C: drag coefficient (dimensionless).

An equilibrium is rapidly set up and the
settling of the particle, assimilated to a
sphere, takes place at a constant velocity Vo:

vzt (0 — ) gd
3 Co,
3.1.1.2. Hydraulic flow
The value of drag coefficient C is defined
by the perturbation, which itself is a function
of the settling velocity. This perturbation is

characterized by the particle Reynolds
number, given as:
o, vd
Re =
M

Re = dimensionless
n = absolute viscosity
If Re is low, the forces of viscosity are
much higher than the forces of inertia. If Re
is high, the viscosity is negligible.
The drag coefficient is given as:
C=aRe™, where a and n are constants.

Re Flow a n c Formula
10*<Re<1 Laminar 24 1 24 Re'! Stokes
1 <Re<10° Intermediate 185 | 0.6 18.5 Re™*® Allen
10° <Re <2.10° Turbulent 0.44 0 0.44 Newton
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The table on the opposite page gives the
different values of a, n and C, depending on
the Reynolds number (charts are also
available).

These formulae are the basis of the
calculation of the movement of particles in
fluids, and are used for settling (of discrete
solids in a liquid, drops of water in air), for
upward flow (air bubbles in water, oil drops
in water), centrifugation and fluidization.

In laminar flow, Stokes' law gives:

Vo =1§% (@s - @) d” in SI units

3.1.1.3. Sphericity factor

The factor vy is as follows:
_ the volume of a sphere of same area

A the volume of the particle
Values of
Sand 2
Coal 2.25
Talc 3.25
Gypsum 4
Graphite lamellae 22
Mica 170

In the above operation, it is necessary to
replace ¢ by ¢' = yc.

3.1.1.4. Conditions of capture
Upward flow settling tank

Particles with a settling velocity exceed ing
the upward velocity of the liquid will be
retained.

. Horizontal flow settling tank (Figure
39)

- Let us take a rectangular settling tank of
length L and vertical section s (where H is
the water depth and 1 is the width),
uniformly crossed by flow Q.

- The velocity of a particle entering the tank
at the top has two components:

V1: the horizontal velocity of the fluid
equal to Q/s,

Vo: the vertical velocity limit given by
Stokes' law.

This particle is retained in the tank if:

Ve Vil Q
H L

Le.

v.>Q -y,
Su

Sy: horizontal area of the tank,
Vu: Hazen velocity (or hydraulic surface
loading).

It should be noted that Vy is independent
of the depth of the tank.

Theoretically, all particles with settling
velocities exceeding Vy will be removed.
However, if the feed water is distributed
over the entire depth, part of the particles,
with a settling velocity V which is lower
than the Hazen velocity, will also be
retained in the V/Vy ratio. In an upward

Inlet
&one

Outlet
zone

Shdge zone

+ L
Fignre 32, Dhagram of horizonral fow sereling {drscrene pareicles)

L
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Howizontal fiow settling tank

l :

1 1 I [l

I
0.6 0.8 1

1 L
0 02 04
Pw fraction of d size particles

that are retained

d = diameter of particles

il

Upward [Tow settling tank

L 0.2 0.4 0.8 0.8 1

Figure 400 Efficicncy of honzonead vs. upward fow
serding (disTere parriclesi.

flow settling tank, these particles would
not be retained.

Theoretically, for the same horizontal
area, a horizontal flow settling tank
allows for the separation of a larger
number of particles (Figure 40).

In practice, this difference is
attenuated or even reversed for the
following reasons, which are linked to
horizontal flow settling:

- the difficulty of hydraulic distribution
on a vertical plane at the inlet as well as
at the outlet of the tank,

- the accumulation and collection of
sludge,

- in a circular, horizontal flow settling
tank, the horizontal component of the
velocity of the particle (Vi), decreases as
it goes from the centre to the periphery
and its settling travel becomes curved.

3.1.2. Flocculent settling

During settling, flocculation is carried
on and the settling velocity Vo of
particles increases (Figure 41).

This process occurs as soon as the con-
centration in flocculated matter is higher
than about 50 mg.I".

The efficiency of flocculent settling
depends not only on the hydraulic surface
loading but also on the retention time.

H Inlet

“one

Outlet
zone

Sludpe zone

i.-

L |

Figure 41. Hunzom;d*ﬁuw seceling (focculared pareicles).

v




3. Settling

There is no mathematical formula for
calculating the settling  velocity.
Knowledge of this velocity can be
gained from laboratory tests and graphs.
Figure 42 gives the results of such a
test.

3.1.3. Hindered settling of flocculated
particles

As soon as the concentration of floccu
lated particles becomes substantial,
interaction between particles becomes
more important. Settling is hindered.
The particles adhere together and

hindered settling causes the formation
of an interface between the floc and the
supernatant liquid.

This is typical of activated sludge and
flocculated chemical suspensions when
their concentration exceeds 500 mg.1™".

3.1.3.1. Visual observation

In the case of hindered settling in a tube
of adequate height and diameter (a
cylinder of at least one litre), usually
four - phases can be seen (Figure 43).

Figure 42. The effect of settling time and depth of settling tank on the removal of
flocculated particles in flocculent settling

i = : ]
o
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&
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Figure 43. Diggrarm of hindered seerding
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a: Clarification zone where the liquid is clear.
b: Homogeneous suspension zone where the
solution appears the same as at the beginning
with a clear a-b interface.

c: Transition zone (not always seen).

d: Sludge thickening zone in which the level
rises rapidly before it decreases slowly.

At a certain stage, zones b and c disappear;
this is the critical point. The change in the
height of a-b, then a-d interface, measured as
a function of time, is shown by Kynch's
curve.

3.1.3.2. Kynch's curve (Figure 44)

Kynch's basic hypothesis is that the falling
velocity of aparticle depends solely on the
local particle concentration C.

o

Figure 44 Kynchi's curve.

From A to B, the interface is more or less
clear; this is the floccule coalescence phase.
This phase does not always exist.

The straight section from B to C represents
a constant falling velocity Vo (slope of
straight line). For a tube of given dimensions,
Vo depends on the initial concentration of SS
and the flocculation

properties of the suspension. As the initial
concentration Co increases, the settling
velocity Vo of the mass drops. For example,
for a municipal activated sludge with a
concentration of SS varying from 1 to 4 g.I™!,
Vo varies from 6 to 1.8 m.h™".

The concave section CD corresponds to a
gradual slowing down of the falling velocity
of the top layer of the deposit.

From D onwards, the floccules come into
contact with one another and exert a
compressive action on the lower layers.

Kynch's theory applies to sections BC and
CD which cover the most important field of
settling of activated sludge.

3.1.3.3. Interpretation

Let us take a suspension which has no
coalescence phase when settling (Figure 45).
The calculation shows that:

- in the triangle BOC, the concentration and
falling velocity ate constant and are
respectively equal to the initial values at B,

- in the triangle COD, the equiconcentration
curves are straight lines passing

h4

Frgure 45,
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through the point of origin, which means that
from the first moments of settling, the layers
closest to the bottom go through all the
concentrations between the initial
concentration and that corresponding to
point D, where compression starts.

The sludge medium of depth eb, at time ti,
therefore, has three separate zones:

- a top zone bc, where the concentration
and falling velocity are uniform and have
retained their initial values Co and Vo,

- an intermediate zone cd, where the
concentration gradually increases from ¢ to d
and the falling velocity drops accordingly;

- a lower zone de, where the sludge floccules
come into contact with one another and are
subject to compression.

In the medium considered in time tz, the
top zone disappears, and in that considered
in time t4, only the lower zone remains.

For point M in section CD, two
concentrations can be defined:

CM': concentration at the interface CM:
average concentration
According to Kynch's hypothesis:

G = Co RO
1
And also:
Cu=Co ho
h
3.2
SIZING SETTLING TANKS

The surface area of a settling tank is based
on two criteria:

The three sections BC, CD and DE of
Kynch's curve (Figure 44), are applied in
sizing the units for hindered settling. The
phase BC corresponds to solids contact
settling tanks. The phase CD pertains to
installations in which sludge thickening is
desirable (thickened sludge recirculation
units). The phase DE is applied in sludge
thickening.

Sludge Volume Index or SVI (Mohlman
index)

On Kynch's curve there is a special point
used to define a sludge: it is the 30 minute
abscissa. The SVI is intended mainly to
define the types of biological sludge.
svi="

M
V: Volume of sludge after 30 minutes of
settling (CM). M: SS present in this volume
(2).

For the same sludge, the SVI partly
depends on the geometric characteristics of
the test cylinder as well as on the initial
concentration of the sludge. For this reason,
it is recommended that whenever necessary,
the sludge be first diluted with purified water
so that the final volume is about 250 ml (in a
one litre cylinder). Maintaining a slow
agitation during the test is prescribed for
some operations, although this seems
questionable. Activated sludge that settles
easily has an SVI of 50 to 100 cm3.g'1.

- the hydraulic surface loading, which
corresponds to the volume of effluents to be
treated per unit of surface area and time
(/. h),

- the solids loading, which corresponds to the
quantity of SS to settle per unit of surface
area and time (kg /nf.h).
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3.2.1. Influence of the hydraulic surface
loading

This loading is directly related to the
settling velocity of SS. The preceding
paragraphs show that this velocity can be
calculated by Stokes' law for discrete
particles and can easily be measured in the
case of flocculent settling.

In these cases the dimensions of the
settling tank depend only on the hydraulic
surface loading.

3.2.2. Influence of the solids loading

In the case of hindered settling of
flocculated particles where the thickening
factor is involved, the solids loading (or flux
rate) is usually the determining factor used
to calculate the settling tank area.

A settling tank of section S is fed by an
inflow QE that has an SS concentration CE.
Sludge at a concentration Cs is drawn off
from the bottom at a rate Qs.

In the absence of chemical or biological
reactions influencing the SS concentrations,
and considering a removal yield of 100%,
the result is:

- treated flow Q = Qg - Q

- assessment of suspended solids QsCs =
QeCe

or a solids loading of:

QsCs _ Qs
S S
Kynch's curve indicates the settleable
solids loading. For a particular point on
Kynch's curve of concentration C;j, the
settling velocity V; is given by the tangent to

this point. At this level the flux rate is
Fi = Cl\ll

To this figure F; must be added the draw-
off flux rate F; given by C;V; with Vi = Qy/S.
The total solids loading is F = C;V; +C; V.

Figure 46 indicates the changes of these
various flux rates. F shows a minimum FL
associated with a critical concentration CL,
which imposes a minimum section Sm for
the settling tank so that:

F

A particular point L may be determined
directly on the solids loading F (Figure 46 ¢)

by:
dafF |
dG L,

The point L is, therefore, the point of the
F; curve where the tangent is equal in
absolute value to the draw-off rate Vs
(Figure 46 a). These results can be expressed
differently considering Kynch's curve. The
limit flux rate FL at point L is given by:

Fo=C (VL +V)=

QxCs X l

Vit T X g

V. +

where:
VL is the settling velocity at point L.
Thus, in order for settling to occur:

QECE VL
s ST 1

C, Gs
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3.2.3. Structure of the settling tanks

In practice, there is no ideal settling
tank, for eddies can occur in the liquid,
4 F-Cvi the wind may create waves on the
surface, and the convection currents
caused by local temperature (action of
the sun) and density differences may
affect the settling efficiency. Every effort
must be made to obtain a laminar and
steady circulation with suitable values for
the Reynolds number as given by:

Re = V dn
\%
Re: Reynolds number (characterizing

thefluid flow),
V: velocity of circulating water, in m.s'l,

dh: equivalent hydraulic diameter, in m,
v:  kinematic viscosity of the water, in
ms
with dy = 4 —Wetted area
Wetted perimeter

Note: the hydraulic radius of a conduit is
given as:

Wetted area

F=F+F, Wetted perimeter

In the case of a circular conduit running
full, the hydraulic diameter is the same as
the diameter of the conduit. The
numerical values of the Reynolds number
depend on the choice of rh or do in the
definition. In practice, the flow is consid
ered laminar if Re < 800 (with dy,).
Moreover, the Froude number makes it
possible to assess the stability of a
circulation process when the flow is

Ale

—/
f
b Lt gy
{
i
¥ 0

affected primarily by gravitation and the
C forces of inertia.
L
V2
Figure 46. Solids loading curves Fr = o

Figure 46. Solids loading curves,
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The more stable the circulation, the more
uniform the velocity distribution over the
whole section of the tank. Stable
circulations have high Froude numbers.

In practice, H/L or H/R ratios can be
defined, where H is the wetted depth of
rectangular settling tanks of length L and
circular tanks of radius R. With a retention
time of two hours in the tank, Schmidt-
Bregas gives:

- for horizontal flow, rectangular settling
tanks:

1_H _1
35 <L <20
- for circular settling tanks:
1 H 1
§ <R <6
The shape of the tank, the design of the
raw water feed and treated water collecting

systems, as well as the method of sludge
draw-off, all greatly affect the hydraulic
efficiency of the settling tank.

In the case where the water or liquids
have heavy SS loadings, the "density
currents" may cause an inappropriate
distribution of settling velocities. Such is
the case, for example, with excessively
long conventional rectangular settling tanks
used for the clarification of activated sludge
liquors (Figure 47).

The convection currents due to the
effects of temperature (action of the sun,
hot water) and the disturbances associated
with variations in salinity (water from
estuaries, industrial wastewater), must be
considered in the design (as well as the use)
of the settling tank.

I'reated water

Figure 47 Densery currenes 10 2 horizoneal flow seeeling car:.

3.3.
LAMELLAE
SETTLING

3.3.1. Principle
For horizontal flow settling tanks, the only
basic size factor is the horizontal set tling
area Sy (see 3.1.1).

A discrete particle is retained if its
settling velocity is higher than the Hazen
velocity VH.

Q
Sy

Theoretically, the retention of a particles
does not depend on the height of the
appliance. Thus, in horizontal flow set

VH=

ding, it is theoretically possible to
achieve - the same results in treating:

- a flow nQ in the same appliance by
superimposing n levels of elementary
heightH/n (Figure 48 a and b),
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- the same flow Q by superimposing n levels
of elementary height H/n and of length L/n
(Figure 48 a and c).

In practice, superimposing horizontal
settling tanks without a scraping system does
not allow for efficient sludge removal,and
thus leads to reduced performance

3.3.2. General

The use of lamellae settling consists in
multiplying the surfaces of water-sludge
separation in one unit. Therefore, positioning
lamellae packs (parallel tubes or plates) in
the settling zone creates a large number of
elementary separation cells. In order to
provide for the evacuation of the sludge, it is
necessary to incline the lamellae at an angle
9 to the horizontal.

.QN
® |q

ni| G—s
4]

©
WHE
Q/n

+— L/n—e

T —p

+—T— 4+—T—»

Figure 48. Horfzoneal fow seéeling.

By analogy with Hazen's theory, and at first
analysis, the limit settling velocity ui
in an element is:

uy -—Q

n.S; cos 6

Si: area of each element,
n: number of lamellae.

There are three types of lamellae settling
(Figure 49):

. countercurrent settling (sludge and water
circulate in reverse flow):

Q

nl (L cos & + e sin 8)

111=

—6 a) countercurrent

Figure <i¥a, Coungercerrenr fzmelize serrling,
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sl /

I b} cocurrent

Figure 49 b, Cocumrent larmedliae serrling,

1 - Inflow of flocculated water.
2 -Distribution zone.
3 - Clarified water collection.

Figure 49. The three types of lamellae settling.

. cocurrent (sludge and water circulate
from top to bottom):

u = Q

" nl (L cos & — e sin d)

. crosscurrent (sludge and water
circulate in a perpendicular direction):
u = _L
nl L cos 6

where:
L: length of the lamella S =Ll
I: width of the lamella )
e: space between two lamellae (orthogonal
distance)

l.:-:lI cragdscurrent

Freure 4% ¢ Crossewerent famellae serrling,

4 - Clarified water outlet.
5 -Sludge pit.
6 - Sludge draw-oft’

These formulae do not take into
account hydraulic limits or the limits
connected with the inflow and outflow of
settled solids.

3.3.3. Theoretical study
The uneven distribution of velocities

Let us take a system of lamellae packs
arranged in a settling tank. The
distribution of velocities in a laminar
system is parabolic, which in the chosen
system of coordinates results in the
following formulae for a countercurrent
system (Figure 50):
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Figraere 50, Travel of 3 rerained parnicle.

=AY~ Y

<)<

o]

Sc=$(sin8+Lcosa)

where:
V: fluid flow velocity at a given point,

V, average velocity of fluid in direction

Ox,

u, average upward velocity (vertical
component of Vo, i.e., V(, sin ),

ul minimum settling velocity necessary
for a particle to be retained in the system,

L: 1/e ratio, 1 being the length of the
element in the direction of the flow, also
called reduced length,

Y: y/e, ordinate of the particle in direction
Y, also called reduced ordinate,

e: orthogonal distance between two packs,

Aand S,: factors that depend on the type of
plates or tubes used.

S,:
Circular 8 4/3
tubes
Parallel 6 1
plates
Square Unexplicit 11/8
tubes
Hexagonal Unexplicit 4/3
tubes
The length Ip settling required to

separate particles with a settling velocity
ul is:

S U,
Ip=e[————X—— g3
p=¢ cosd.sind 5

. Setting up a laminar flow

The preceding formula is based on a
laminar flow from the bottom of the
lamellae. In practice, a transition length IT
must be added so that the fluid passes from
a turbulent flow to a laminar flow. IT is
defined as:

It : adyRe

where:

a: constant (0.028 according to Schiller),
dy, hydraulic diameter,

Re: Reynolds number.

Thus, the total length required is:

0028d;" ES
v .sin§ 3600

S 1
l=¢[——X—"-1g8+
ecosa.sina ul d

-Leinm,
. -1
-U,, Win mh

-Vinnt.s ™!

Inversely, the removal capacity of an
existing settling tank with a given flow
pattern can be calculated from this
formula.
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3.3.4. Practical application
.Choosing the type of lamellae settling

Countercurrent settling uses a simpler
and more viable hydraulic system. Cocurrent
settling, however, runs into great trouble in
the recovery of clarified water. With
crosscurrent  setting,  distributing  the
hydraulic flow equally is a delicate matter.
Choosing the type of lamellae packs

There are many models available:
corrugated plates, round tubes, square tubes',
herring-bone elements, hexagonal modules.

In order to compare the various lamellae
packs, it would be interesting to examine the
approximate factor ul which is defined on
page 167, i.e.:

_ Q _ uO‘SH
1 nS;.cos 8 nS;.cosd
soit - = S

u, n.Sp.cosd

This ratio depends on the specific type of
pack. Thus, with an equivalent hydraulic
diameter, for packs 1.5 m in length and

inclined at a 60° angle, the hexagonal
modules have the greatest projected surface
area (see table below).

The packs of parallel plates can also
develop large surface areas while maintaining
reasonable heights; however, this is only
possible by substantially reducing the space
between the plates, which seriously
compromises the viability of the installation.
Moreover, installing plates is a critical
procedure; it requires putting up props and
braces, which often disturb the hydraulic
flow and promote the adhesion of sludge.

3.3.5. Conclusion

The hydraulic efficiency of hexagonal
modules is greater than that of tube and plate
packs. The modules limit the risk of clogging
considerably while providing a large surface
area.

(Degrémont uses such modules with
hydraulic diameters of &0 and 50 mm,
depending on their application.

Circular Circular
Type of tube in tubes in Square | Hexagonal
lamellae pack aligned staggered tubes modules
rows
Equivalent
hydaulic 80 80
diameter (mm)
Shape ) ] 9 —
@.
d=£0 a=go |72 B
e} 1 1 1
u, 74 8,1 10,8







4. Flotation

4. FLOTATION

4.1.

FLOATABILITY AND RISING
VELOCITY

4.1.1. General

As opposed to settling, flotation is a
solids-liquid or liquid-liquid separation
procedure which is applied to particles
whose density is lower than that of the
liquid they are in.

- If the difference in density is
naturally.sufficient for separation, this type
of flotation is called natural.

- Aided flotation occurs when external
means are used to promote the separation of
particles that are naturally floatable

- Induced flotation occurs when the density
of the particle is originally higher than that
of the liquid and is artificially lowered. This
is based on the capacity for certain solid
and liquid particles to link up with gas
(usually air) bubbles to form °partide-gas"
composites with a density less than that of
the liquid in which they form the dispersed
phase. The phenomenon involved is of the
three-phase type (usually gas-liquid-solid),
and depends on the physical-chemical
properties of the three phases and especially
on their interfaces.

In industrial operations there is always
some overlapping between the different
procedures.

4.1.2. The size and velocity of bubbles

The rising velocity of a gas bubble in a
laminar flow system is shown in Stokes'
equation (see page 159).

g
V=2_.( —
181 (o

o) - d°
in which:

d : diameter of the bubble,

pg: density of the gas,

p1, : density of the liquid,

1: absolute viscosity

. Terminology

In the field of water treatment it is
standard practice to reserve the term
"flotation" (in its strictest sense) for induced
flotation which uses very fine air bubbles,
or "microbubbles", 40 to 70 microns in
diameter, similar to those present in the
"white water" running from a tap on a high
pressure main. This procedure is called
dissolved air flotation (DAF).

In the minerals industry, however, the
term mechanical flotation is used to
describe the use of dispersed air to produce
bubbles that measure 0.2 to 2 mm in
diameter; their use is also very different.

Figure 51 indicates the variation of the
rising velocity of air bubbles depending on
their diameter. Bubbles measuring 50
microns have a rising velocity of about 6
mh™, while those bubbles measuring
several millimetres in diameter have
velocities that are about 100 times higher.
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Figure 51. Rising velocity of gas bubbles in water.

4.1.3. Particle-bubble composites

Figure 32 Diagrammaric represencarion of @ parei-
I]Iﬁ‘—-r:‘-lfl!:lf:'ff' rrJ.'n-p‘}.'.‘lI":'

4.1.3.1. Rising velocity

Stokes' equation is still applicable, where :

d is the diameter of the particle-bubble
composite,
pg, is replaced by pg, density of the particle-
bubble composite.

The shape or the sphericity of the "particle-
bubble of gas" composite must also be taken
into account.

The favourable effect of the size
(assimilated to the diameter of a sphere) of
the "particle-bubble of gas" composite should
not conceal the fact that, in the case of
flotation of particles heavier than the liquid,
the specific area, i.e., the ratio

area area
Volume " weight
diminishes as the diameter increases. Given
the same quantity of air fixed per unit
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of surface area, this will result in a reduc tion

of the factor (pg -ps). Therefore optimization
is necessary

4.1.3.2. General considerations on the size of
bubbles

In order to separate flocs it is necessary to
use microbubbles for the following reasons:

- in case a good distribution of bubbles all
over the cross-section is desired, using
bubbles that measure several millimetres in
diameter would result in an air flow rate
much greater than with microbubbles. At the
same time, this increase in air flow would set
up disturbing eddy currents,

- increasing the concentration of bubbles
increases the likelihood of collision between
the solid particles and the bubbles.
Moreover, the low rising velocity of bubbles
in comparison to the fluid mass allows them
to adhere to the fragile floc particles. This
assumes that their diameter is less than the
diameter of the suspended solids or floc.

A flotation process using larger bubbles is
used to separate particles that are bulkier
than the floc and lighter than water. Such is
the case in the separation of greases.

4.2.

NATURAL AND AIDED
FLOTATION

4.2.1. Natural flotation

Natural flotation is generally used for all
preliminary oil separation processes. This
(two-phase) flotation maybe preceded by a
coalescing  process (in  which the

4.1.3.3. Minimum volume of gas, required to
cause flotation.

The minimum volume of gas Vg of
density p, needed to bring about the flotation
of a particle of weight S and density & in a
liquid with a density p, is given by the
expression:

4.1.3.4. The importance of the quay of floc

. Physical-chemical floc: flotation is often
combined with preliminary flocculation: the
flocculated form of the particles is an
indispensable condition for an efficient floc-
bubble adhering process. By incorporating a
flocculant (see pages 141 and 142), the floc
can be enlarged, if necessary, and the particle
area increased. This leads to improved
adhesion of the bubbles and an increase in
the rising velocity of the composites.

Biological floc: the quality of
bioflocculation has a definite effect on
flotation (hydration, surface activity, SVI,
floc size, etc.). Bulking activated sludge is
particularly difficult to float.

microdroplets adhere to one another) to
achieve a minimum size promoting
separation.

Figure 53 shows the rising velocities of
hydrocarbon droplets of various sizes; these
values are used as a basis for the sizing of
static oil separators.

Natural flotation may take place as a result
of a release of gas from fermentation. This is
the case with the scum
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Figure 53. Rising velocity of oil droplets in water.

in digesters which can contain 20 to 40% of arra.nged so as to produce local .turbulence
SS even though its density is only 0.7 or 0.8 designed to separate heavy particles, both
kgl organic and inorganic, which adhere to the
grease (Figure 54).
4.2.2. Aided flotation
Grease Grease
This is natural flotation improved by = ¥ l"“i"

blowing air bubbles into the liquid mass.

This procedure is particularly used with the
separation of greases (solid particles) that
are dispersed in a turbid liquid (sewage).

Two separate zones are generally provided Natural flotation Mixing and
in the units; one is for mixing and e separsbmy spng
emulsifying; the other, a calmer zone, is for F R 34. Principle of oif separacion by aided flo-
flotation proper. darfon,

In the rough oil separation stage, medium
size bubble diffusers (2 to4 mm) are



For more thorough oil separation, air is
diffused in fine bubbles (0.5 to 1 mm) by
an underwater mechanical aerator. The
moving element of the unit assures that the

4.3.

MECHANICAL
FLOTATION AND
FROTH FLOTATION

This procedure takes place under
conditions very different from those . of
dissolved air flotation: size and thickness of
solid particles, size of the bubbles and
mixing process. Certain reagents are used to
change the surface tension.

This process of mechanical dispersion of
air bubbles 0.2 to 2 mm in diameter is
mainly used for the separation and
differential concentration of ore pulp. The
crushed ore, in the form of particles
generally less than 0.2 mm in diameter, is

4.4.
FLOTATION
BY MICROBUBBLES

As can be seen on page 171, this usually
involves dissolved air flotation (Figure 55).

Microbuhbbles

Flocculation
{poesille)

Mixtore
waker

Figure 55, Diageam of dissolved air Horation.

4. Flotation

greases are mixed and separated while
the air lift effect of the air bubbles carries
the particles to the surface, thus aiding
their accumulation.

put into suspension in water to which a
collector agent, and an activator or a
depressor have been added. The procedure
requires a large number of cells in series.
Each cell is equipped with a stator-rotor
unit that uses substantial energy which
hydroxide floc cannot resist.

In treating oily water (from oil
refineries), the separation of oil by
mechanical flotation is called froth
flotation. It is achieved by adding an
organic coagulant or demulsifying agent.
Flotation units are constructed with three
or four cells in series.

Froth flotation by mere injection of air
may also be used for the separation of
surfactants.

4.4.1. Production of microbubbles

The most widely used technique for
producing microbubbles is pressurization.
The bubbles are obtained by the expansion
of a solution that is enriched with dis solved
air at several bar pressure. The type of
pressure release system has a determining
effect on the quality of the sludge bubbles
produced. The curve shown in Figure 56
indicates the air concentration of an air-
saturated water for different pressures at
20°C. The pressurized liquid used is either
raw water (full-flow pressurization) or
recycled treated water (recycle
pressurization).

175
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- In the clarification of surface water or
industrial wastewater, recycle
pressurization is applied; the flow rate of
the pressurized water is only a fraction of
the nominal flow of the plant, i.e., 10 to
50% of .the flow to be treated, at
pressures of 3 to 6 bar. Air is dissolved at
a rate of about 70% of saturation at the
considered  pressure.  Hence, the
compressed air requirements vary
between 15 and 50 NL.m™ of water under
treatment.

Figure 56. Solubility of air in water
(20°0).

- In the case of sludge thickening (at a
drinking water or wastewater facility),
pressurization takes place on a full-flow
or recycle basis, and air requirements are
greatly increased.

Electroflotation is another technique
in which bubbles (Hz and Oz) are
produced by electrolysis of water using
appropriate electrodes. The anodes are
highly sensitive to corrosion, and the
cathodes to scaling by carbonate removal.
When protection of the anodes requires
the use of protected titanium, it is not
possible to periodically reverse the
electrodes for the purpose of self-
cleaning. A  preliminary  chemical
treatment of the water or periodic
descaling of the cathodes must take place
in that case. The current densities used
are of the order of 80-90 ampere-hours

per in' of flotation unit area. The
production of gas is about 50-60 litres per
hour per mz of area. The rising velocities
that are possible are less than those of
dissolved air flotation because of the
nature of the bubbles and their method of
generation.

4.4.2. Fields ofapplication

The applications of DAF in the field of
water treatment are various:

- separation of flocculated matter in the
clarification of surface water (for water
with a low SS content),

- separation and recovery of fibres in
paper mill effluents,

- separation of flocculated or non-
flocculated oils in wastewater from
refineries, airports and steelworks,

- separation of metallic hydroxides or
pigments in the treatment of IWW,

- thickening of sludge from biological
wastewater treatment or from drinking
water clarification (using for example a
Pulsator),

- clarification of activated sludge liquor.

The separation or downward velocity
of the water used in the flotation units
varies according to the nature of the
suspensions to be treated, and also
according to the method of generation
and distribution of the microbubbles.

For a given flotation wunit, the
acceptable downward velocity (or the
specific solids loading in the case of
thickening) and the concentration of the
floated sludge are strongly influenced by
the value of the ratio:

quantity of air dissolved
quantity of material to be floated
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Usually, the greater this ratio, the greater
the rising velocity imparted to the particles
and the higher the downward velocity. The
lower the sludge's bulk density, the greater
its concentration in dry solids.

In the case of wastewater, it is usually
not possible to float all the suspended
solids. Inevitably, a fairly large and very
heavy part of the materials will finally

accumulate on the floor of the unit. The
flotation units must therefore always be
equipped with a system for the removal of
bottom sludge (a steeply conical bottom or
floor scrapers).

The conditions for the application of the
different flotation processes in water
treatment are summarized in the following
table.

Flotation Air flow Size of Input Theoretical Hydraulic
proces used bubbles power per retention surface
NLm - water 3 time loading
m treated min m.h’!
Wh.m
Aided
flotation 100-400 2-5 mm 5-10 5-15 10-30
(grease
removal)
Mechanical
flotation 10,000 0.2-2 mm 60-120 4-16
(froth
flotation)
Dissolved 20-40
air flotation 15-50 40-70 gm 40-80 (excluding 3-10
(clarification) flocculation)







5. FILTRATION

5.1.
BASIC EQUATIONS

Filtration is a separation process that
consists in passing a solid-liquid mixture
through a porous material (filter) which
retains the solids and allows the
liquid(filtrate) to pass through

5.1.1. General rule
Since filtration is the flow of a liquid
through a porous medium, it is governed

layer.by Darcy's law for the rates usually
applied in water treatment:
vy=XK AP 1 AP

n AH Ry AH

where:

V : filtration rate,

K : permeability of the filtering layer,
AP: head loss through the filtering layer,
AH: depth of considered layer,

1 : dynamic viscosity of water,

R : resistance to filtration of the filtering
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The head loss OP is proportional to the
filtration rate V, the dynamic viscosity of

water, the layer depth, and inversely
proportional to the permeability of the
medium.

5.1.2. Filtration of a turbid liquid with
formation ofa filter cake

Filtration of sludge-laden liquid through a
support with the formation of a filter cake of
increasing thickness will now be examined
(Figure 57).

According to Darcy's law, R consists of two
resistances in series, the resistance Rg of the
cake and the initial resistance Rn, of the
membrane:

R=R;+Ry
avecRg=r%= rﬂsX
in which:
M is the total weight of the deposited cake,
W is the weight of SS deposited per unit
volume of filtrate,
v is the volume of filtrate after a given time t,
S is the filtration area,
r is the specific resistance to filtration of the
cake under pressure P.

Sludge-laden liguid |

Cake (B}

Membeane (R )

F-.mm_El

Figure 57.

1 dv P
Hence: V===—=

the integration of which produces an equation
of the type
t=a’+bvor-=av+b
v
witha=—n¥andb=&
2P PS

The graph showing this equation is a straight
line which enables r to be defined as the slope
a = tan 0 (Figure 58).

T
v

i,

Ps Vv

Figure 38.

Note: This integration is correct only if r remains
constant throughout the filtration - and this only
holds true for incompressible sludges.

If the filtration of a given volume of filter cake is
continued for a fairly long period, we encounter
first of all a break in the curve beyond which the
dryness increases very slowly until it reaches the
limit value of dryness of the cake. The value of r
increases with the pressure in accordance with a
law given by the expression r = to + r 'p® in which
to and r' are respectively the limit specific
resistance where P = 0 and the specific resistance
where P = 1 bar; s, known as the compressibility
coefficient of the sludge, is a dimensionless
number; 1, the filtration coefficient or specific
resistance, is expressed in m.kg!. The resistance
ro.5, measured under a pressure of 49 kPa (0.5
bar), is generally used when comparing various
sludges
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5.2.
GENERAL

There are three general types of filtration
processes, depending on themethod used:
- filtration on a support,

- filtration through a granular filter bed, -
filtration with a filter cake.

Membrane filtration, a kind of filtration on
support, will be studied in subchapter 9.
The filtration of sludge, which includes
various filtration techniques with the
formation of a cake, will be examined in
chapter 19, subchapter 2

5.2.1. Filtration mechanisms

According to the characteristics of the
particles to be filtered out and the filtration
material used, one or more of the following
principal mechanisms can be involved:
retention, attachment and detaching.

5.2.1.1. Retention mechanisms

There are essentially two types:
Mechanical straining: this retains all
particles larger than the mesh size of the
filter or the mass of the particles already
deposited which themselves form filter
material. The finer the mesh of the filtering
material, the more marked this phenomenon
will be: it is of little significance in a filter
bed composed of relatively coarse material,
but is of great importance in filtration
through a finemesh media: strainer, filter
sleeve, etc.
Deposit on the filter material: the
suspended particle follows a line of current
in the liquid; depending on its size in
relation to the pores, it may be able to pass
through the filter material without being
retained. However, various phenomena
cause its travel to change and bring it into
contact with the material.

The following phenomena can be identified:
- direct interception by rubbing,

- diffusion by Brownian movement,

- inertia of the particle,

- settling: particles may settle on the filter
material by gravity, whatever the direction
of filtration.

These retention mechanisms occur
mainly during the process of in-depth
filtration.

5.2.1.2. Attachment mechanisms

The attachment of particles to the surface
of the filter material is promoted by a slow
rate of flow, and is caused by physical
forces (jamming, cohesion), and by
adsorption forces, mainly Van der Waals
forces.

5.2.1.3. Detaching. mechanisms

As a result of the mechanisms referred to
above, the space between the walls of the
material covered with particles that have
already deposited, decreases. Consequently,
the velocity of flow increases. The retained
deposits may become partially detached and
be driven deeper into the filter material or
may even be carried off in the filtrate.

The solid particles in a liquid and the
colloidal particles that are flocculated to a
greater or lesser degree do not have the
same characteristics and do not react to the
same extent to the above mechanisms.
Direct filtration of a liquid in which the
suspended solids retain their original state
and electrical charge will therefore be very
different from filtration of a coagulated
liquid.
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5.2.2. Clogging and washing of the filter
material

Clogging is the gradual blocking of the
interstices of the filter material. Clogging
causes the head loss to rise.

If a constant intake pressure is main
tained, the flow of filtrate will decline.
To keep output constant, the initial
pressure must be increased as the filter
becomes clogged.

The clogging rate depends on:

- the matter to be retained: the more
suspended solids there are in the liquid,
the greater the cohesion of these solids,
and the more liable they are to
proliferate(algae, bacteria),

- the filtration rate,

- the characteristics of the filter material:
size of the pores, uniform particle size,
roughness, shape of the material.

The filter becomes clogged when it
reaches the maximum design head loss
It must be restored to its original
condition by efficient and economic

5.3.
FILTRATION
ON SUPPORT

We can distinguish:

- straining, which is surface filtration in
which the mesh openings are relatively
large (larger than approximately 30
microns),

- fine filtration, in which filtration
through thin support of the coarsest
particles occurs together with in-depth
filtration of the finest ones.

One aspect of surface filtration should be
emphasized: it removes particles that are
larger than the filter pores insofar as

washing; the method used depends on
the type of filter and the type of matter it
retains.

5.2.3. Choice of 'nterstices method

Several different criteria govern the
choice between the different types of
filtration on support and filtration
through a filter bed:

characteristics of the liquid to be
filtered, its impurities and their evolution
with time,

the desired quality of filtrate and the
permissible tolerances,

the quality of the mass of retained
material when the object is to recover it,

installation conditions,

facilities available for washing.

In selecting a filter, the possibility of
easy, efficient and economical washing
is as important as obtaining the best
filtration quality, since this quality will
only . It be maintained if the washing
process allows the filter material to
remain intact.

they cannot change in shape. Under
pressure and with substantial head losses,
it is possible that larger particles can pass
through.

5.3.1. Straining and microstraining

This involves a relatively coarse
filtration or filtration through a thin
support made of metal or plastic fabric,
or filtering elements with regularly
shaped pores. Depending on the size of
the openings, the process is referred to
either as  microstraining or  as
macrostraining, of which the latter is
covered in the area of fine screening (see
chapter 9).
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Mesh or 25-150 gm 0.2-4 mm 2-6 mm
pore openings
Method Microstraining Macrostraining Fine screening
Operation Gravity or Gravity Gravity
under pressure

The "removal capacity" is defined by the
mesh void: the system retains all particles
which are bigger than the mesh size. During
the operation, strained particles may partially
obstruct the mesh, and the filter may retain
particles that are smaller than the size of the
actual removal capacity.

In gravity operation, the maximum head
loss designed for these filters is usually low -
in the area of several dozen centimetres. This
is due to the fragility of the cloth used, which
may tear under the pressure applied and/or
when washed.

5.3.1.1. Free surface microstrainin

The main objective of microstraining is to
remove the plankton from surface waters.
This process will, of course, also remove
suspended solids of large size and plant or

o f |
Figure 59. Microstrainer with dihedral
filtering elements shown out of the water

animal debris from the water. It may also be
used after biological purification or lagooning
to remove residual suspended solids.
Optimum  efficiency 1is obtained by
maintaining a more or less constant total head
loss that results from partial clogging by the
particles to be retained. However, the
efficiency of such an installation will /87
always be limited by a number of factors:

- the washed filter cloth does not carry an
effective deposit at the start of the filtering
cycle, and filtration is then limited to the size
of the mesh alone,

- plankton removal is never complete. The
plankton can grow again, particularly when
the temperature rises,

Figure 60. Microstrainer with dihedral
filtering elements. Washing the filter cloths.
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- certain very small eggs can easily pass
through the filter cloth and hatch in the
downstream tanks, where crustaceans
visible to the naked eye may develop,

- because of the risk of corrosion of the
microstrainer cloth or its supports, it cannot
be used for continuous treatment of heavily
prechlorinated water,

- microstrainers have to be fairly large to
cope with peaks of plankton growth which
occur several times a year. If they are too
small, the output of the plant could be
reduced significantly during these peaks
and during alluvial highwater periods.

The smaller the mesh, the more important
the straining area has to be. Thus, with a 35-
micron mesh size, the filtration rate should
be 35 m.h-1 at the most, calculated over the
total area of the strainer (50 mh™ on the
real submerged area).

The reduction in clogging capacity of the
water by microstraining ranges from 50 to
80% with an average of about 65%. As a
comparison, a good settling tank gives a
reduction of 80 to 90%  without
prechlorination and 95 to 99% with
prechlorination. The microstrainer should
be used only for water containing few
suspended solids. It has no effect on colour
and on dissolved organic matter, and only
removes the coarsest proportion of the
suspended particles.

For a really effective disposal of plankton,
clarification preceded by oxidation is
essential.

5.3.1.2. Microstraining under pressure

In industry, water may be strained under
pressure. The aim is to assure:

- either protection against the clogging of
relatively large openings (several mm) with
a straining threshold of 0.15 to 2 mm. This

is the case with once through or open
recirculating cooling systems,

- or continuous removal of fine solids. The
straining threshold can be lowered to 50-75
microns, if not lower, and the unit becomes
part of a treatment line. This may be the
case where sea water is injected to obtain
secondary recovery of oil.

These filters, used mainly for filtering
industrial water, are called automatic
regeneration rotary filters or, sometimes,
pressure mechanical filters. They are used
with differential pressures of 0.5 to 2 bar.
The initial head loss should be small (0.15
to 0.5 bar).

5.3.2. Filtration using cartridges and
candles

5.3.2.1. The goal
In the treatment of water, filters are used
to solve one of the following problems:

Very high quality of the filtrate

from water containing a very small amount

of particles and without the release of

support:

- co ndensates from HP boilers, whether

starting up or in steady operation,

- the feeding of systems with ultrapure

water,

- protection of reverse osmosis membranes.
The aim is to remove increasingly finer

particles down to 0.5 microns (bacteria).

Disposable supports may be used despite

their cost.

Protection of hydraulic systems
preventing the carrying away of discrete
particles:
- injection of sea water for secondary
recovery,
- cooling systems or process water systems.
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It is necessary to prevent the loss of all
filtering materials (fibres, resins, activated
carbon, etc.) and any nput of particles by
the air. The level of filtration ranges from
10 to 200 microns. The use of regenerable
supports is now in the preliminary phase.

5.3.2.2. Choice of media

This depends on the desired efficiency
and the parameters of use.

Criteria for filter efficiency

- The nominal removal threshold has
been determined by the manufacturer for a
given support and suspension to be treated.
It corresponds to the dimensions of the
finest particles retained without giving a
strict removal percentage.
- The "absolute" removal threshold is the
diameter of the smallest particle for which
the (3 index reaches the value desired for a
given application. This (3 index, 500 i.e.:
Number of particles in the water to be filtered
Number of particles in the filerate
is measured by the filtration of a reference
suspension made up of silica powder
ACFTO for suspended solids larger than 1
pum, or of a bacterial suspension less than 1
pm.

Calculations are carried out by means of
an electronic laser counter. Figure 61 shows
(B depending on the diameter of the
particle) the result obtained with a test
filter. Depending on the industry, the
desired B index can be:

5000 or 2000 or even 200
1 1 1

It should be emphasized that passing
from a nominal removal threshold to an
absolute removal threshold may raise the
cost by several dozen times, and it is not
always worth it.

- Fouling Index FI (see page 359). The
lowering of this index relates to a reduction
of the fouling potential of water; it is often
far more significant (in colloidal water)
than the size of the particles alone, which
are theoretically removed.

Parameters associated with use

- Regeneration or consumption of support
material.

- Head loss or admissible filter run.

i index
SO0

2000
1000

500

104
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i =2 & 10 20 800 T0

Figere 61, Exemple of measurng o [§ andex,



Chap. 3: Basic physical-chemical process in water treatment

- Suspended solids concentration in the to
be treated.

- Risks of releases: supports or retained
matter.

5.3.2.3. Types of filters
Differentiating between a thin support and
a thick support becomes deceptive in view of

the removal thresholds currently desired.
Different ones are:

. Expendable cartridges which are equipped
with:

- pleated membranes made of paper,
polycarbonate or Nylon 66 films, unwoven,
heat-welded fabrics (polypropylene), which
are usually not subject to release. They may
have absolute removal thresholds between 0.1
and 20 pum, and can be distinguished by their
filtering areas,

- felt, unwoven or wound textiles, plastic
composites, which can be released.

Cartridges
equipped with:
- fibres and sintered metals with nominal
thresholds ranging from 6 to 100 um, - fabrics
made of monofibre horsehair (polyester) with
nominal thresholds of between 20 and 100
gym.

Backwashing is only possible with
cartridges with a high nominal threshold used
in water with a low SS content.

backwashable with water,

. Regenerable candles equipped with:
- sintered metals or ceramics,
- agglomerated plastic materials.

Regeneration is less often ensured by
backwashing using filtered water than by
other methods that are especially suited for,

and compatible with, the supports (steam,
acids, ultrasounds, etc.).

Generally speaking, whether it concerns
backwashable cartridges or regenerable
candles, the increased fineness of the fil-
tering supports and the filtration of clogging
water result in a progressive deterioration of
the supports; they must be replaced after a
certain number of cycles.

3.3.3. Filtration on precoated sup port

This is in-depth (filtration through a
transitory media maintained by a thin support
and formed either by the introduction of an
exterior precoat (a filter aid) or by the slurry
to be filtered itself.

In the initial phase of the operating cycle,
precoating takes place, which consists in
recirculating the filter aid or the slurry itself
on the filter in such a way that the coarsest
particles can mix and form arches over the
apertures of the thin support, the openings of
which are several times larger than the
diameters of the particles. Thus a filtering
precoat can form and build a filter cake, the
thickness of which determines the filter run
between washings.

During the filtration cycle, it may be
necessary to continuously inject a filter aid,
either to slow down the increase in head loss
or to improve the filtrate. This is called
feeding.

. Applications

Filtration through a precoat is used for
liquids that are usually only slightly loaded
with SS, and filter runs progress from several
days to several weeks:

- power station condensates,

- oily condensates from heating,

-beers and wines,

- aqueous cutting fluids from truing process,
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- hydraulic fluids,
- syrups from sugar and glucose mills.

Filtration with a self-forming precoat is
used with slurries containing 0.5 to several
g.l'l SS, and a filter run can be limited to a
few hours. For instance:

- cloudy juice from carbonation in sugar
refining;

- wort from brewing operations, settled
product in vats,

- pulps fromhydrometallurgy.

. Precoat and feed materials

Depending on the application, different
materials can be used:

- cellulose, in the form of high-purity
fibres, has a filtering capacity comparable
to that of a slow filter paper, but it has a
very low adsorbent capacity. It is insoluble
in cold or warm water, and starts to
hydrolyse at 85°C,

- diatomaceous earth consists of fossilized

siliceous shells of marine origin; it is very
fine (5 to 100 um) and has some

Figure 62. Support plate equipped Wlt
candles.

adsorbent capacity. In the presence of water
loaded with colloids, 7# provides better
clarification than cellulose.

It is also able to adsorb emulsified
impurities such as oils or hydrocarbons.
The silica of the diatomaceous earth is
slightly soluble in demineralized water
(especially when alkaline),

- activated carbon, because of its very high
adsorbent capacity, can be used on a
supporting  layer of cellulose or
diatomaceous earth for colour removal and
for almost complete removal of organic
matter of vegetable origin,

- ion exchange cation and anion resins in
powder form, mixed in varying proportions,
provide filtration with thorough removal of
colloidal iron or total demineralization of
condensates in thermal and nuclear power
stations.

. Washing

Backwashing is carried out when the
design permissible head loss reaches the
maximum. In order for washing to be

£3

Figure 63. A Shel.
Sea). Flow: 2100 ny.h-". Precoat filters.

}é cility in Brent (North
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effective, the precoat and the suspended
completely detached from the support

5.4.
FILTRATION
ON A GRANULAR BED

5.4.1. Principle and monitoring

Water to be treated passes through a
filter bed made of a granular material; the
layer depth is an important parameter that
depends on the type of filter used.
Suspended solids are retained in the
intergranular spaces throughout the greater

solids retained on the precoat must be
without causing progressive clogging.

part of the layer depth. The operation of the
filter is usually monitored in two ways.

5.4.1.1. Measurement and evolution of the
quality of the filtered water

Figure 64 shows the evolution of
turbidity in a filtrate and defines the typical
periods of a filter's operation:

¢ = maturing period,
b = period of normal operation,
d = initiation of filter breakthrough,

LR e e o S e e s
across fllter bed, in cm ".’T :
o |
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a |
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& TURBIDITY OF FILTERED WATER
—————————————————————— ———
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P'.! - Maxmmom head loss permitted ¢ = Maturing.
'|.Il:|-' |.|-|E|||L dlgu.ig'n d - Inttimbon af filter breakthron gh
a - Ewolution of head loae, ¢ = Limit of tubsdity,
b -  Ewalution af tubidity,

Figure &4, Filrravion curves on a granulzr bed.
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e = acceptable limit of turbidity; the turbidity
of filtered water reaches this value for a time
ti.
5.4.1.2.
head loss

Measurement _and __evolution _of

The graph in figure 64 shows the variation
of head loss P with time. The design of the
unit allows for a maximum head loss that the
filter should not exceed; for example, B =
150 hPa (= 150 cm WC). This head loss is
reached after a time t,, which is an imp ortant
characteristic of filter operation.

5.4.1.3. Optimizing filter operation

In order to obtain optimum operation of the
filter, it is important that the filter attain a
head loss P, corresponding to time (t,) before
breakthrough at time (t;), which is:

t>ts.

For water coagulated with a metallic salt, ti
and t, are given by the following test
formulae (Richard and Croce-Spinelli), which
indicate the variation of t; and t, as a function
of operating characteristics:

t] = ay 095 K075 045 [ 0.95 \/1.85

22 =b.v " K" D" P v

with:
D: effective size of the material,
L: layer depth,
P: rise in head loss,
V: filtration rate,
K: cohesion of retained floc,
v: volume of flocculated suspended solids in
the water to be treated.

The effective size of the filtering material
and the cohesion of the retained floc are
essential factors in the variation of ti and t2.
The coefficients a and b are experimental.
After a single filtration test, the formulae
make it possible to predict the different times

ti and t2 corresponding to various operating
conditions.

5.4.1.4. Pressure curves

The graphs in Figure 65 represent an open
filter, with a sand depth BD and a water depth
AB. On the right hand graph, the levels of the
pressure take-offs A, B, C, D as measured
from the floor D of the filter are plotted on
the Y-axis, and the pressures represented as
water head are plotted on the X-axis with the
same scale as on the Y-axis. Thus at point B
of the filter, at the top of the filter bed, the
pressure is always equal to the water depth
AB, plotted as B'b. At point C of the filter
bed, when the filter is shut down, the pressure
takes the value AC, plotted as Cc.. Likewise,
the static pressure at floor level equals AD,
plotted as D'do.

All the points representing the static
pressure at different levels of the filter are on
the 45° straight line A'do.

With the filter in operation, according to
Darcy's law, the head loss in homogeneous,
clean sand is proportional to the depth of the
sand and to the flow rate, which is taken as
constant for this analysis. The pressure at
point C of the filter becomes equal to C'cy,
with the value c,c| representing the head loss
of the sand between levels B and C; likewise,
at floor level, the pressure at D becomes equal
to D'd;, with dodl as the head loss in clean
sand.

The line bcid; is a straight line since cocl
and dod]l are proportional to the depth of sand
(Darcy's law).

When the sand is completely matured, the
plotting of the pressures C'c, and D'd; at the
various levels of the sand gives the curve
bc,d,, which represents the pressures in the
filter; it has a curvilinear section
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A At Thickness of filtering layer

1 - Pressure curves in
clean sand.

2 - Pressure curves during clogging.

3 - Pressure curves after filter
breakthrough.

»
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Figure 65. Pressure distribution in a fileer bed.

and a linear section parallel to the straight
line bdl which represents the head loss
with a clean filter. Point G that shows the
start of the linear head loss, indicates the
level C reached by the impurities in the
sand; below C, when the head loss is linear,
the sand is clean. Point C defines the depth
BC of the "filtration front" at the time
considered.

Therefore, the minimum sand depth and
minimum head loss anticipated before
clogging are BC and cyc, respectively.

The shifting of point C during clogging
represents the progress of the filtration
front. In Figure 65, where the filter no
longer gives clear water once the maximum
head loss P, is reached, the curve
representing the pressures at different
points in the filter is given by bcfdfes it
reaches the floor without having a straight
section, which means that the filtration

front has passed the floor and filter
breakthrough has occurred.

If a filter with a greater depth of sand
had been used, the curve representing the
pressure at the different points of the filter
for the maximum available head loss would
have become linear at point ef: this
immediately gives the minimum depth DE
of sand that should have been added to
make t; =t,.

Finally, experience shows that the values
of ti that correspond to different depths of a
specific sand are fairly proportional to the
corresponding thicknesses.

5.4.1.5. Maximum removal capacity of a
filter

Suspended solids lodge between the
grains of the filter material. Given the fact
that sufficient space must always be left for
the water to flow, on the average
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the sludge can hardly fill more than a quarter
of the total volume of voids in the material.

For a 1 m layer depth and 1 n filtering
area, that is, a volume of 1 m of material,
there are approximately 450 litres of empty
spaces whatever the particle size; the volume
available for the removal of particles is about
110 litres, provided that the effective size of
the filter media and the head loss anticipated
by the design of the unit are suited to the
nature of these particles.

When the filters operate by gravity (open
filter), and the suspended solids to be
retained have a hydroxide floc base, their DS
content does not exceed 10 g.I"' the quantity
that can be removed per n? of filter material
is therefore no more than 110x 10=1100g.

This figure increases when the floc
contains dense mineral matter (clays, calcium
carbonate). For a sludge containing 60 g.l'l
DS, it can reach:

110 x 60 = 6600 g

In the case of pressure filtration of
industrial impurities, the layer depth may
reach 2 m and the head loss, 0.5 bar or even 2
bar. Thus, the filter can retain a quantity of
matter as high as:

- CaCOs: 4 to 15 kg per m’” of filtering area,
- oily slime: 10 to 25 kg,
- mill scale: 20 to 100 kg.

These values indicate the maximum
permissible content of suspended solids in
raw water entering a filter once its filtration
rate and the run between two washing
operations' have been determined.

For example, a filter with a 1 m deep bed
operating at a rate of 10 m.h-1 that requires
washing every eight hours (80 m3 water per
m3 filter bed between washing operations)
cannot cope with more than:

1oo 13.75 mgl™ flocculated sus-
80 pended solids, or more than
6600

222 = 82.5mgl" dense mineral sus-

80 pended solids.

For suspended solids in river water, the
figure will be midway between the above two
values.

5.4.2. The porous media

5.4.2.1. Physical properties

A filtering material is generally defined by
the various factors dealt with in chapter 5,
page 378:

- grain size,

- effective size (ES),

- uniformity coefficient (UC),

- grain shape: angular (crushed material) or
round (river and sea sand). The same filtered
water quality is obtained using an angular
material whose effective size is smaller than
that of a round grain material.

Given an equal size, the head loss increase
is less with coarse grains than with round
grains for, contrary to what might be
expected, coarse grains bed down less easily
than round grains, and leave larger spaces for
the water to pass through,

- friability: it allows suitable filter materials
to be selected without the risk that the
washing operations will produce fines.

A  material that is too friable is
unacceptable, especially with downflow
filters where the washing ends with an expan
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sion phase with water only, as the fines
formed clog the filter surface,
- loss in acid: obviously, a high loss in acid
cannot be tolerated when the water is likely to
contain corrosive carbon dioxide gas or any
mineral acidity,
- the density of the grains making up the
filter media,
- their bulk densities in air and water.

There are other properties specific to
adsorbent materials such as activated carbon;
they will be examined in chapter 5, page 383.

5.4.2.2. Nature of the porous media

Quartz sand was the first material that was
used for filtration, and it is still the basic
material in many existing filters.

Anthracite or marble can be used instead
when any trace of silica must be avoided in
industrial processes or when they are easier to
obtain.

For some methods of treatment, such as
polishing, tertiary treatment of effluents, etc.,
it.,is advantageous to use materials with a
large specific area, e.g., expanded schists,
Biolite, pozzuolana or other similar material.

Some filters use a combination of different
materials (multi-media filters). In this case,
the sand may be combined with anthracite,
garnet, schists of varying porosity, etc.,
provided that these materials have low
friability and low loss in acid.

Finally, filtration may be effected through
sufficiently strong granular activated carbon
in the following cases:

- to replace sand after settling treatment both
to remove the residual floc and to combat
pollution by adsorption,

- in a second filtration stage for polishing
treatment only or dechlorination.

5.4.2.3. Choice of grain size for a filter media

This choice must be made while also taking
the depth of the layer and the filtration rate
into account. It depends on the nature of the
water to be filtered (direct filtration of raw
water, filtration of settled water, biological
filtration of secondary or tertiary wastewater),
and on the desired quality of water. It also
depends on the type of filter used (pressure
filter or gravity filter) and on the available
head loss. The following table shows the
influence of various parameters on the quality
of water and the filter runs.

Diameter of Layer Filtration Available

the grains depth rate head loss
Quality of filtered water N A N =
Filter run A A A A
Loading per m? = % = A
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The direction of filtration is generally
downward. Depending on the type of washing
system selected (see page 192), there are three
types of filtration which correspond to a choice
of different grain sizes:

filtration on a layer of homogeneous
material. This material is washed with air and
water without hydraulic expansion during the
final rinsing phase. This results in a perfect
homogeneity of the filtering layer; the size of
the grains in the filter material is the same at
the bottom and the top of the filtering layer.
During the filtration cycle, the filtration front is
formed and progresses regularly; this helps
control the filtration cycle. Figure 66 shows the
pattern of pressure curves in a filter bed,

filtration on a layer of heterogeneous
material. When the washing process uses

water alone or when there is a final rinsing
phase with hydraulic expansion of the material,
classification of filter material occurs. Here,
the coarsest grains are at the bottom of the
filter while the finest are at the surface. During
the filtration cycle, the fine filtering material
receives the water to be purified which
contains all the matter to be retained, while the
coarsest filter material receives a cleaner water.
Thus, controlling the filtration cycle is more
difficult; the cycles are shorter given the fact
that the fine material screens the water at the
surface of the filter. Figure 67 shows the
pattern of pressure curves in the filter bed,

. filtration through a multi-media filter: the
observations mentioned above have led to the
setting up of a filtration process using two filter
layers (dual-media

FILTER A A 1 - Pressure curves in clean sand.
l 2 - Pressure curves during clogging.
3 - Pressure curves with sand clogged over 2 m WC.
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Figure 66. Pressure curves in a single homogeneous media Aquazur V type filter.
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1 - Pressure curves in clean sand.
2 - Pressure curves with sand clogged over 2 m WC.
BC - Clogged sand depth.
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Figure 67. Pressure curves in a filter with a single heterogeneous layer (the shaded portion of sand is under
vacuum).

filtration) and even several
layers (mufti-media filtration).

To avoid the screening effect resulting
from the finest grains of sand in filtration
on a heterogeneous layer and to promote
the penetration of impurities throughout
the entire depth of the filter, part of the
fine sand must be replaced by a layer of
lighter material with an effective grain
size greater than that of the sand. The
grain size for each of the two layers must
be carefully selected for it enables them
to undergo similar expansion with the
same flow of wash water, thus enabling
them to be reclassified at the end of each
washing, prior to resuming the filtration
cycle.

This rule (which dates back to 1880
when it was used by Smith, Cuchet and
Monfort), allows distribution of the
retained SS: the coarsest are retained in
the upper layer which is composed of
large grains, while the lower, fine-

filtering

grained layer performs a polishing and
safety process.

There are also filters that consist of
three or more media; they improve the
indepth penetration of the impurities,
although their use imposes a variety of
conditions affecting the choice of
materials and the washing technique
employed.

5.4.3. Washing the filtering media

Washing is an extremely important
operation, which, if inadequately done,
leads to permanent clogging of some
areas resulting in only a small passage
for the water. The head loss increases
more rapidly, and filtration is locally
faster and less effective.
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The filtering material is washed by a
current of water flowing from the bottom
upwards, in order to dislodge the impurities
and convey them to a discharge channel. At
the same time the filtering material needs to
be agitated in the current of water. A number
of methods can be employed to achieve this
result.

5.4.3.1. Washing with water alone to
expand the filter bed

The current of water must be sufficient to
expand the filtering material, i.e., to bring
about an increase in its apparent volume of at
least 15%.

As the viscosity of water varies according
to temperature, it is desirable that asystem
should be provided for measuring and
regulating the flow of wash water so as to
keep the degree of expansion desired constant
over time.

The expanded layer then becomes subject
to convection currents; in certain zones the
filtering material moves downwards and in
other neighbouring zones upwards.

Because of this, portions of the compact
layer of sludge encrusting the surface of the
filtering material are carried deep down to
form hard and bulky mud balls as a result of
the action of eddy currents. This is partly
overcome by breaking up the surface crust
with powerful jets of high-pressure water
ejected from fixed or rotating nozzles (surface
washers).

This method requires considerable care and
makes it necessary to measure the expansion
of the filtering material exactly. Its greatest
drawback is that it results in a size grading
whereby the finest filtering material is
concentrated on the surface; it is therefore an

unsatisfactory = method for downward
filtration.
5.4.3.2. Simultaneous air and water

A  second method, which is now
widespread, is to use a low backwash flow
rate which will not cause expansion of the
sand, and at the same time to stir the sand by
an injection of pressurized air. Thus, the sand
remains stable, and the surface crust is
completely broken up by the air; in this way,
mud balls cannot be formed; in fact, they do
not occur with this type of washing process.

During this period of air scour, the higher
the flow rate of the wash water, the more
rapid and effective the washing will 193 be.
The minimum value for a washing to be
effective and the maximum value not to be
exceeded so as to avoid a loss of filtering
material both depend on the material and on
the filter parameters.

When the impurities have been removed
from the filtering material and collected in the
layer of water between the sand and the
discharge channel, "rinsing" must take place,
i.e., the layer of dirty water must be replaced
by clear water.

Rinsing may be carried out by various
methods after air scour has stopped, such as
the following:

- continuing the backwash at a constant flow
rate until the discharged water runs clear. The
time this takes is inversely proportional to the
flow rate of water (which must always be
higher than 12 nt/ h.mz), and proportional to
the depth of the layer of water above the
filtering material,

- increasing the flow rate of water during
rinsing to at least 15 m’/h.n’,
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- sweeping the surface of the filter with a
horizontal current of raw or settled water
combined with the backwash,

- draining off the dirty water above the sand
and sweeping the filtering material surface as
above.

5.4.3.3. Washing with air and water in
succession

This method of washing is used when the
filtering material is of such a nature that it is
impossible to use air and water
simultaneously without running the risk that
the wash water will carry off the filter media
to the drain. This applies to filter beds
composed of fine sand or low-density
materials (anthracite, activated carbon or
Biolite, etc.). This type of washing is also
used for dual-media filter beds.

In the first stage of the washing operation, air
is used alone to detach the retained impurities
from the filtering material. In the second
stage, a backwash of water with a sufficient
velocity to bring about the expansion of the
filtering materials) enables the impurities
detached during the first stage to be removed
from the bed and to be carried away. In the
case of impurities which are heavy or
particularly difficult to remove (for example
wastewater), this cycle may be repeated
several times.

5.4.3.4. Washing by sections

Usually, washing involves the entire surface
of a filtering unit. In some types of filters it
may be done by sections (see Figure 68).

In the filter, the fixed walls mark off the cell
units for washing. An apparatus moves into
place above each of the cells at a time. The
dirty water is drawn up through the sand
layer of the section and the water is sent into

a side discharge channel. The water to wash a
cell comes directly from neighbouring cells.
The cells are washed one after the other.

This type of washing may be continuous.
Its major drawbacks are:
- the washing takes place with water alone,
i.e., without air,
- it is impossible to limit the flow of water
filtering through the cell that resumes
filtration; thus, the velocity is higher because
there is no cellular regulating system and, in
certain cases, this can result in a deterioration
of the quality of filtered water,
- there is a risk of cell isolation being
insufficient.

This type of washing can be justified in
certain cases (filtration of cooling system
water, of wastewater, etc.). However, it is not
safe for the filtration of good quality water
(drinking water, etc.).

Level of sand
i expansion
in a washing cell

Drawing up

of dirty water
Mabile washing
apparatus

&

Watar lavel

A A
Floor

g ————
Filtered water outlet

Filter bottom ,f
Joints

A : Cells during filtration
B : Cell during washing

Figure 48, Prnaiple of fileer washing by secrions,
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5.4.3.5. Frequency of washing and wash
water requirements

The frequency of washing depends on the
nature of the water to be filtered as well as on
the nature and the quantity of the SS to be
retained. Washing must begin as soon as the
head loss reaches its maximum value or when
filter breakthrough occurs. In practice, the
washing operation is often carried out after a
certain volume of water has been filtered,
according to operating conditions and usage
experience.

The amount of wash water consumed
depends essentially on the character and
weight of the particles retained per m3 of
filtering material. The combined use of air
scour and settled water makes it possible to
reduce water requirements by some 20 to 30%
as compared with washing with water alone.

Wash water requirements are greater:

- the deeper the layer of water above the
filtering material,

- the lower the flow rate of the backwash
water alone,

- the greater the distance separating the sludge
discharge channels,

- the larger the quantity of sludge to be
removed, and

- the greater the cohesion and density of the
sludge.

Water requirements are also increased by
surface washers.

5.4.4. Slow filtration and rapid filtration

5.4.4.1. Slow filtration

The object of slow filtration is to purify
surface waters without prior coagulation or
settling. The colloidal matter is coagulated by
the enzymes secreted by algae and by

microorganisms which are retained on the
sand (biological membrane). In order to get
satisfactory results, three stages of filtration
are usually necessary:

- roughing filters working at a rate of 20 to 30
m3/h.m2,

- prefilters working at a rate of 10 to 20
m’/d.m?,

- filters working at a rate of 2 to 5 m’ /d.m’,

The slow filtration rate ensures a fairly low
head loss at each stage, and the filters are
washed an average of once a month.
Roughing filters and prefilters are washed
more often according to the turbidity of the
raw water.

After washing, the quality of the filtered
water is not yet satisfactory; the filter must be
allowed to discharge to drain until the
biological membrane forms; this
takes several days.

Slow filtration gives good clarification
results provided that the water does not
contain large quantities of SS, and that a low
final filtration rate is maintained. However,
when the suspended solids in the water
increase, roughing filters and prefilters are not
sufficiently efficient, and the turbidity of the
treated water is likely to rise well above the
values permitted by the appropriate standards
unless the filtration rate is further reduced.

These filters are also particularly sensitive
to a high plankton growth which may clog
their surface.

Moreover, if slow filters are used for
surface water with a high content of organic
matter and chemical pollutants, the filtered
water may still have an unpleasant taste.

Furthermore, the biological action of slow
filters is not effective when it comes to
removing all micropollutants (phenols,
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detergents, pesticides). For instance, they can
only remove about 50% of organochlorinated
pesticides. Moreover, they are not successful
in retaining heavy metals.

5.4.4.2. Raid filtration

Rapid filtration takes place at rates ranging
from 4 to 50 m’/h.m’ depending on the
application.

In the treatment of drinking water,
biological action is weak; at the most, there is
some nitrification in cases when the velocity
is limited, when the oxygen content is
adequate and when the nitrifying bacteria
find favourable nutritive conditions in the
water.

The principal methods are:

- direct filtration, in which case no reagents
are added to the water to be filtered,

- filtration with in-line coagulation of water
not previously settled; the reagent used may
be a coagulant, a flocculant aid or an
oxidizing agent,

- filtration of coagulated and settled or
floated water.

In the latter case, the filters are in an ideal
situation when they receive water of nearly
constant quality that contains a low SS
content. The filtration rates are tied to the
desired quality of the filtrate; they may range
from 5 to 20 m’/h.m’, depending on the
quality of settled water and the nature of the
filters used.

It is also possible to use two consecutive
filtration operations, with each filtration stage
preceded by coagulation in which an aid and
an oxidizing agent are added.

. In the treatment of wastewater (municipal
or industrial), filtration is always connected

to a biological activity because of the
substantial amount of organic pollution, the
possible input of oxygen and the temperature.

5.4.5. Filtration direction

Water to be filtered usually passes through
the filtering material in a downward
direction, whereby the filtering material is
completely submerged. The water flows
either by gravity or under pressure.

In some filters, the filtering material is not
completely submerged and the water trickles
into the filtering media; this type is called a
"dry" filter and is especially useful for some
biological treatments (see page 312).

Other filters use an upward filtration flow;
the water percolates through the filtering
material from the bottom to the top. With this
method the storing capacity may be higher
but the head loss is limited by the weight of
the filtering material. Beyond this limit the
material is pushed upward and breakthrough
occurs. In order to avoid this drawback it is
necessary to provide for a blocking unit in the
filtering material (grid, etc.). This unit
permits the use of a material to be used that is
lighter than water.

A double filtration direction can also be
used. The water to be filtered penetrates the
filtering material from the top as well as from
the bottom. The recovery of the water takes
place in the core of the filtering media.

A variation of upward filtration method
uses floating materials. This is still being
studied.

Lastly, tests have been carried out to
develop a filter which would allow water to
flow through the filtering material in a
horizontal direction. The difficulties inherent
in clogging and washing this type of filter
have limited the use of this method.
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6. CENTRIFUGATION

6.1.
DEFINITIONS

Centrifugation is a separation process
which uses the action of centrifugal force
to promote accelerated settling of particles
in a solid-liquid mixture. Two distinct
major phases are formed in the vessel
during centrifugation:

- the sediment, resulting from
centrifugation, which usually does not have
a uniform structure. In fact, classification
occurs between the particles with a high
density (bottom of sediment ) and the
lighter particles (organic colloids, for
example),

- a supernatant liquid called centrifugate
or centrate, resulting from a single phase
that is often clear though sometimes cloudy,
due to the presence of very fine colloidal
particles that are not readily settled.
However, it may also contain two or more
phases if the mixture's interstitial liquid
contains elements with different densities,
such as oils for example.

Centrifugal force

In a cylindrical vessel (Figure 69) that
turns at an angular speed o of (rad.s™) or N
(rpm) and contains a liquid ring of mean
radius R (in m), the centrifugal acceleration
y (in m.s'z) to which the particles are
subjected is given by the equation:

y=2?R=0,011 NR

The acceleration generated by centrifugal
separation is always expressed by reference
to the earth's gravitational field as a
multiple of g:

2
G = muliple of g = 2% = 112 x 10 N’R
=981 ms? ’

While a static settling tank clarifies a
suspension according to the laws of
sedimentation using gravitational pull of the
earth alone, rotary machines (centrifuges)
built on an industrial scale enable
accelerated sedimentation to take place
under the action of centrifugal fields that
range from 800 to 4,000 g depending on the
size of the machine.

The force exerted on a particle of unit
weight is expressed by:

Fc = 0.011 N°R (gs - @ xf =
g
G@-o

where:
Q:: density of particle
Qv density of interstitial liquid.

b

|
!
|
ﬂ

Figrere 6% Conerifugal force,
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6.2.

FIELDS OF APPLICATION IN
WATER TREATMENT

.Separation of solid substances from highly
concentrated suspensions

This is the most common use of
centrifugation. Used this way for the
treatment of sewage sludge, itenables:

- dewatering with the production of a more or
less consistent sediment depending on the
nature of the sludge to be treated,

- accelerated thickening of low concentration
sludge with a view to optimizing the sludge
treatment lines (main application: light
biological sludge and possibly certain metallic
hydroxide sludges).

Industrial units used in these applications
are called continuous centrifuges, which are
rotary machines with a solid bowl, as
distinguished from other machines featuring a
basket and sieve, which are dewatering units
used specifically for crystalline chemicals.

Sometimes centrifugal force may also have
applications in the following fields:

. Separation of oily suspensions with a low
SS content

In this case disc centrifuges (see Figure 70)
are used. These are rotary machines that
consist of a horizontal solid bowl and are able
to create very high centrifugal fields (3,000 to
8,000 g) (applications mainly in the
automobile industry).

The solid phase is discharged by calibrated
orifices with a small diameter (1 to 2 mm),
called nozzles, which are located

around the edges of the bowl. In the case of
small machines, however, discharge takes

place by the periodic opening of the bowl
(autocleaners). Disc centrifuges are also used
for water-oil separation.

. Separation of oily concentrated sludge

When the volume occupied by the sediment
becomes too great it is possible to separate the
three phases - solid/water/ oil - by horizontal,
three-phase, continuous centrifuges.

The separation of the three phases can only
take place efficiently and regularly if the
physical-chemical properties of the sludge are
relatively stable, as the location of the various
clarified water and oil recovery ports is an
essential parameter. Thus, the regularity of the
treatment depends on a constant volume of
sediment/water/oil  respectively  (refinery
applications).

iy susperision feed,
Lighe ofl phase ourler.
- Warer phase ourler,

- Sediment ovrler

~ Cemriperal nirhines,

R T A

Figure 70, Three-phase disc cenrrifuge.  Cross-

sevriove! didgraim,
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. Separation of heavy particles and
large-sized grains by cycloning

Cycloning uses the effect of centrifugal
force created by the tangential feed of a
liquid into a fixed cylindroconical vessel

6.3.

THE CENTRIFUGABILITY OF
SEWAGE SLUDGE

When a sample of fresh sludge from
municipal sewage (primary sludge -+
colloidal biological sludge) is subjected to
a centrifugal field of 1,500 g in a
laboratory centrifuge for 1 to 2 min, the
following appear in the centrifugation bowl
(see Figure 71):
- a cloudy supernatant liquid containing
fine colloids in suspension,
- a sediment which can be divided into two
zones:

. a concentrated lower zone of dense

matter:

DS content: 25 to 35%

VS/DS ratio: 55 to 65%

. a less concentrated upper zone of
hardly cohering matter that is,
therefore, of a rather paste-like
consistency:

DS content: 10 to 18%

VS/DS ratio: 75 to 85%

When the same experiment is repeated with
a flocculated sludge, especially if an
organic polyelectrolyte has been used, the
following formation is observed:

- a clear supernatant liquid containing
verylittle DS,

- a completely homogeneous sediment with
substantial cohesion.

This capacity of the sludge suspension to
separate in a laboratory centrifuge into two
distinct phases is known as the
"centrifugabiliry" of the sludge which
polymer conditioning aims to improve. It is
featured by:

without moving mechanical parts. The
acceleration created is low. This method is
primarily used for the desanding of water
from gravel pits, some surface water of
torrential nature, and sludge.

- the clarification of the centrate,
depending on the centrifugal field, the
duration of the centrifugation process and
the dosage of polymer,

- the volume taken up by the sediment, for
it conditions the potential specific flow of
the industrial machine,

- the consistency of the sediment, can be
measured by penetrometry. More than the
DS content, it is this parameter that makes
it possible to predict whether the sediment
can be easily extracted.

A centrate from a centrifuge can never
be totally free of fine colloids (internal
hydraulic ~ perturbation  inside  the
machine).

Homagenaous sludge
before centrifogation

P
@

Bludge after centrifugation
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6.4.
CONTINUOUS
CENTRIFUGES

These are currently the only centrifuges used for
clarifying sewage sludge (Figure 72).
Centrifuges of this type consist basically of a
horizontal, cylindroconical bowl (1) rotating at a
high speed. Inside this bowl, a helical extraction
screw, or scroll (2) is placed coaxially so that it
perfectly fits the internal contour of the bowl,
only allowing clearance between the bowl and
the threads of the scroll. These two rotors, the
bowl and the scoff, rotate at different speeds,
and it is this difference in speeds that is known
as the relative velocity, or Vg.

The product to be treated (3) is introduced
axially into the wunit by an appropriate
distributor (4). It is propelled into the ring space
,(5) formed by the internal surface of the bowl
and the body of the scroll.

The separation process basically takes place
inside the cylindrical section of the bowl. The
relative velocity of the scroll in relation to the
bowl pushes the settled product (6) along into
the bowl. The conveyance of the solids along
the length of the cone enables the sediment to
pass out of the clarified liquid phase. As the
feed is continuous, a liquid level (7) is
established in the

unit following a cylindrical surface which
constitutes the internal surface of the liquid
ring.

Once the solid has passed out of the liquid
ring, the remaining section of the cone all the
way up to the diffuser-ejector provides for
final draining: this section is known as the
drying zone (8). The clarified liquid (9) is
collected at the other end of the bowl (the
side with the large diameter) by flowing over
the adjustable thresholds (10) which restrict
the liquid ring in the unit. The rotor is
protected by a cover which enables the
clarified liquid as well as the sediment to be
collected.

Continuous centrifuges used in industry for
the separation of crystalline products have
undergone some modification so that they
can also be used for the treatment of sewage
sludge. These centrifuges have been chosen
for the following reasons:

- they operate on a completely continuous
basis (sludge feeding and sediment
discharge),

- the phases are separated by accelerated
settling, and the sediment is conveyed by the
scroll, thus avoiding any risk of clogging
because the liquid phase does not pass
through a filter medium,

- a homogeneous sediment and a high
separation efficiency are obtained through
the utilization of polyelectrolytes.

Continuous centrifuges are characterized

—

|

\
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Figure 72. Cross-section of a continuous centrifuge.
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6 4.1. Cocurrent and countercurrent 74), the

sludge is introduced at the level systems (see
Figures 73 and 74)

Continuous centrifuges are distinguished
first of all by their respective directions of
travel of the sludge suspension and of the
sediment.

In the cocurrent system (Figure 73), the
sludge is introduced at the beginning of the
cylindrical section so that the liquid and the
solid are conveyed in the same direction
throughout the entire cylindrical section. The
sedimentation process takes place along a
longer route with less hydraulic turbulence,
hence:

-better adaptation to difficult products
involving low density and concentration with a
more limpid centrate,

- often reduced polymer requirements.
However:

- there is a greater sensitivity to abrasion (the
entire rotor is in contact with the sediment),
-usually the hydraulic capacities are lower and
the sediment is a little less dry, - there is more
strain between the scroll and the bowl (the
sediment travels the entire length of the bowl).

In the countercurrent system (Figure

Frore 7. Cocrroni e <o
T - Shucer feed

I - Sedimenr cimler

3 - el Agud oedar

4 — Powl

6. Centrifiigation

of the joint between the conical and cylindrical
sections where there is a rapid separation of
solid substances, hence:
- better adaptation to thicker sludge,
- more localized abrasion (the conical section
only),
- higher hydraulic capacities (however, with
the risk of a lower quality of clarification
owing to turbulence).

Mixed versions incorporating
systems are also available.

the two

6.4.2. Angle of conicity

This angle is usually between 8 and T2°.
When the sediment enters the conical section,
it is subjected to a backflow force that is as low
as the angle of the bowl is reduced. This force
also depends on the intensity of the centrifugal
field. It _is maximum when the sediment passes
out of the liquid ring. At this stage the
cohesion of the thickening sludge has to be
preserved or extraction will be unsuccessful
and the clarified solids will flow back toward
the cylindrical section resulting in a substantial
drop in separation efficiency.

It is possible to reduce this backflow

|

i

W
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Figure 74. Countercursenr cencrifige.
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F=F.sint {as-dd =F antt

with Flo= 1.2 x 107 BN
F=Fiantds=Fsint

with F'.= [1.2 x 1 eN
Figure 75. Ingiderce of the comicity of the bowd and
of the roracion speed oa che backflow force £

force by decreasing the speed of the bowl (or
absolute velocity VA). However, in order to
avoid reducing the final DS content (Figure
75), some compromise should be found.
However, great angles of conicity (higher
internal sediment storage volume) and high
speeds allow the hydraulic capacity of
centrifuges to be substantially increased.

6.4.3. Other parameters (Figure 76)

6.4.3.1. Diameter of the bowl: D

Units range in diameter from 0.15 to as
high as 1.7 m. The treated flow Q depends, of
course, on D, but to the same extent on the
relation I/D. Long units (L/D larger than 3
or 4) must have the same hydraulic capacities
with smaller diameters in order to improve
energy consumption and  acceleration.
Moreover, it is above all the cylindrical
section that is extended (Lc/D larger than 2 or
even 3).

However, in treating paste-like sludge, the
cohesion of the sludge often hinders
performance.

NN bowt speed,

D bow! digmerer o che ofindrical side,
d: cone outler deimerce,

Ly roral fengrl

L seeaighe lengeh (separaring lengeh),
1 angle of coniciry,

{: comical fength,

H: hegehe of dieced berween scrofll and bowd,
b: sraper pioh

Hi: depeh of fiquid mng,

Hye depelr af liquid ring ar overflow,
Dy: inrernal dismerer of liguid ring,
Figure 76, Characrenisric paramerers.

6.4.3.2. Clarification area S with maximum
liquid ring

This important parameter defines the
maximum clarification area. It is calculated as
follows:

S=p.Dy.Lein m’
The Q/S ratio may be used to determine the

size. However, it does not take into account
the hydraulic turbulence inside the bowl.

6.4.3.3. E factor (Figure 77)

This expresses the equivalent settling area
of a centrifuge operating at 1,000 g in relation
to a simple settling process. A simplified
calculation of this parameter is:

2
o MT“’L 3/4R? + 1/42) in m?
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In order to compare the two units, X is
calculated at normal operating speed (N):
IN=2.G.10°.

As arule, IN is used to extrapolate the
hydraulic capacity of units of different
ranges.

However, one has to be careful when
using the parameter XN in the treatment of
creeping sludge because it does not take
into account the turbulence caused by the
helical scraper or the turbulence which
occurs at the outlet outside of the liquid
ring.

6.4.3.4. Hydraulic throu hg flow

This flow characterizes the turbulence
and energy engendered across the restricted
passageway located between the body of
the scroll and the bowl which is agitated by
a helical scraper which is moving at a high
speed. The minimum throughflow is often
of crucial importance when used on the
many sewage sludges leaving a sediment
that is difficult to compact.

. Longitudinal speed VT across the liquid
ring is defined by:
V= Q m®/m%h
Sa
Q = the flow in m’h’,
Sa = the cross-section of the liquid ring in
m’.

For hardly coherent sludge it is
recommended that a limit of 100 to 180
m’/m’.h not be exceeded.

. The sludge volume loading K in the
liquid ring is defined by:

F, =§ m*/m’h

c

V, = the clarification volume,
i.e., Sn.L.m3.

High H values (height of thread) lead to a
calmer transfer. If the properties of the
sludge permit, an increase in clarification
volume can usually result in higher sludge
volume loadings.

6.4.3.5. Settling time: T

T = 3600 x % in seconds

(It usually lies between 40 and 100.)

6.4.3.6. Scroll

The height of the thread of the scroll as
well as the scroll pitch exert a certain
influence on the hydraulic capacities of the
unit. It is the mechanism that is the most
sensitive to abrasion, and the thread is
usually  protected: Stellite (48-50°
Rockwell), ground tungsten carbide (62-
65° 203 Rockwell), chromiumplating or
even ceramic tiles or tiles made of sintered
tungsten carbide. For some applications,
the scroll may have a decreasing pitch in
the conical section in order to better
compact the sediment. Sometimes it also
has perforated threads in the cylindrical
section in order to ensure less turbulent
transfers.

T " T Bediment
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7. FLUIDIZATION

This technique is used in various water
treatment units:
- fluidized bed biological reactors,

- granular bed biological filters and reactors
(washing),

- fluidized bed driers and furnaces.

In a reactor, which is usually a twophase
system and contains solid particles through
which fluid passes from the bottom toward the
top, each particle is subjected to gravitational
force on the one hand, and, on the other hand,
to the frictional force due to the passage of the
fluid. This results in an equilibrium which
defines a velocity limit: if the rising velocity of
the fluid is less than this velocity limit, the
particle has a tendency to settle,
whereas if is higher, the particle has a
tendencyto be carried upward by the fluid.

In fact, the "fluidized bed" is not made up of
merely one particle, but rather of a group of
particles; moreover, the particles are not all the
same size. In practice, when a granular mass
inside a column is subjected to increasing rising
velocities, the results summarized on the graph
in Figure 78 are attained. The material expands
at the same time as the rising velocity
increases. The same is true for head loss until a
certain minimum velocity of fluidization Vi is
attained. This velocity also depends on the
temperature.

Beyond this value, the head loss remains
constant. This value is well defined for a
material that has a uniformity coefficient equal
to 1. Ibis is not true for materials used in
practice. In this case the V.f is determined by
the intersection of the extension of the two
linear portions of the curve (Figure 78 a).
Beyond a ¥ velocity, the material is carried
away by the rising current (Figure 78 b).

In order to facilitate the fluidization in the
biological treatment process, materials are used
that have a small effective size and develop a
large specific area. The advantage of this large
area is that it allows the fixation and
development of a large bacterial mass. Thus it
is possible to obtain a volume of bacterial
activity that is substantially higher than that
obtained with free bacteria. The development
of bacteria on the surface of particles leads to
the formation of a film whose activity is greater
as its thickness is negligible. Furthermore, the
particle-film combination constitutes a new
particle whose real average specific gravity is
lower than the real specific gravity of the
original particle: for
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the same rising velocity the expansion of the
material grows as the thickness of the film
increases.

Proper operation of a fluidized bed reactor
depends

- proper distribution of the fluid at the base of
the reactor

- a contact material that is uniform and

- the employment of an adequate wash ng
system which permits excess sludge to be
evacuated while maintaining enough seed
material to enable the reactor to restart.
Usable materials include sand, pumice stone,
Biolite, etc.

Table 37 gives several fluidization velocities

resistant to abrasion, for commonly used materials.
Table 37. Minimum fluidization velocities for various filtering media
(t=20°C).
Sand Anthracite
(round grains) 1.4-2.5 mm
Material ES 0.55 |ES 0.95 Heat Natural | Pumice | Biolite L
treated stone 2.7 mm
ES, mm 0.53 0.95 1.62 1.16 1.38 2.58
Vysmh™' |21 47 65 38 37 125

NES: nominal effective size,?

ES: measured effective size.






8. ELECTROLYSIS

8.1.

BASIC PRINCIPLES -
DEFINITIONS

Applying a potential difference between
two electrodes immersed in an electrolytic
bath (solution containing ions), creates an
oriented electrical field in which the ions
begin to move: the canons move in the
direction of the cathode, the anions move in
the direction of the anode. When sufficient
voltage is applied, the following reactions
occur at the electrolyte-electrode interfaces:

- at the anode: oxidation with loss of
electrons: A--A+e¢

- at the cathode: reduction with gain of
electrons: C'+e > C

Figure 79, Elecrrolysis principle,
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8.1.1. Nernst equation

When plunged into an electrolytic solution
(with nil current), an electrode takes an Eo
voltage. This voltage, which corresponds to
an equilibrium between the species present,
is known as the equilibrium potential and
follows Nernst equation:

Eo=E) + RT n Aox

nF  Ared

where:
Ey: equilibrium potential of the electrode,
Ey": equilibrium potential of the electrode in
standard conditions (activities of oxidizing
and reducing species equal to the unit),
R: constant of ideal gases,
F: Faraday constant,
T: absolute temperature,
n: number of electrons brought into play in
the electrochemical procedure,
Aox: activity of the oxidizing species, Ared:
activity of the reducing species.

The activities can be assimilated to
concentrations in the case of ideal solutions.
The B, and E potentials are expressed in
relation to a reference electrode, usually a
standard hydrogen electrode (s.h.e.).

Table 38 gives the standard equilibrium
potentials for a number of electrochemical
couples (at 25°C measured against the s.h.e.).

8.2.
FULL-SCALEAPPLICATIONS

8.2.1. Electrochlorination

Electrochlorination involves manufac turfing
a dilute sodium hypochlorite solution in situ

8. 1.2. Electrolysis voltage.

In the normal operation of an electrolytic
cell, the V voltage obeys a law of form:
V= (EO + ?)anode - (EO +?)cathode +1l
with:
Ey: the

electrodes,

equilibrium potential of the

7: the overvoltage of the electrodes,
rl: the ohmic loss owing to the resistivity of
the electrolyte.

8.1.3. Faraday's law

Faraday's law expresses the equation that
links the amount of electricity passing
through an electolytic cell to the amplitude of
the reactions which take place at the
electrode-electrolyte interfaces:

M It

P=R; 1 reo
P: weight of substances involved during the
reaction (g),
Rg: current efficiency,
M: molecular weight of the substances

It: amount of electricity passing through the
cell (O),

n: number of gramme-electrons exchanged
during the reaction,
N: Avogadro number = 6.02 x 10> for one
mole,

eo: the electron charge = 1.6 x 10 C.

from a sodium chloride solution (sea water or
brine).

8.2.1.1. Reactions

The formation of hypochlorite from chloride
may be summarized by the over all reaction :
2NaCl + H2; - >NaClO + NaCI + H,
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Table 38. Nernst scale of standard a equilibrium potentials.

Metal Electrode reactions Equilibrium potential
(volts)
Magnesium Mg=Mg”" +2¢ -2.34
Beryllium Be=Be®" +2¢” -1.70
Aluminium Al=AP"+3¢ -1.67
Manganese Mn=Mn?*"+2¢ -1.05
Zinc Zn=7n*"+2¢ -0.76
Chromium Cr=Cr'+3e -0.71
Iron Fe =Fe" +2¢” -0.44
Nickel Ni=Ni*" +2¢” -0.25
Lead Pb=Pb>" +2¢’ -0.13
Hydrogen H2=2H" +2¢ -0.000
CU=Cu”"+2¢ by convention
Copper Cu=Cu +¢ +0.34
Copper Ag=Ag +¢ +0.52
Silver Pt=Pt* +2¢ +0.80
Platinum Au=Auv’"+3e +1.20
Gold Au=Au3++3° +1.42
. Main reactions
Electrochemical
Cathode Anode

(connected to the - pole of the generator) (connected to the + pole of the generator)

2H,0 + 2¢ = H +

Cl] + 2¢ < 2CI

Chemical

Cl; + 20H" — CIO” + CI"' + H,O

ClO™ + H:O = HCIO + OH"

. Parasitic reactions

- Migration and oxidation of the OH" at the
anode: 20H 2 %0, + H,O +2¢”,

- Reduction of the CIO at the cathode:

ClO +2H +2¢ > CI' +H,0

- Formation of hydroxides, mainly

Mg(OR), Mg* + 20H- ~ Mg(OH),
—

8.2.1.2. Fields of application
Sodium hypochlorite has a strong residual
oxidizing capacity which promotes the

destruction of organic matter. It constitutes an
ideal reagent in water treatment. Its
generation in situ according to the
electrochlorination process eliminates the
safety and supply contingencies resulting
from chlorine storage.

Thus, the electrochlorination process has
been developed basically to protect the
cooling systems of offshore platforms,
electric power stations or factories using sea
water against the proliferation of algae and
mollusks.

The energy consumption of full-scale
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units is somewhere around 4 kWh per kg of
equivalent chlorine produced. The con
centration of hypochlorite solutions pro
duced usually ranges from 1 to 3 g per litre

8.2.2. Electrocoagulation

This electrochemical process used on some
wastewaters basically results in flocculation
according to the following processes:

- the creation of an electrical field between
the electrodes which promotes the collision
between the charges present in the effluent,

- the release of metallic ions (Fe, Al) when
the sacrificial anodes dissolve; these ions
generate hydroxides which enable floc.
equivalent chlorine. of to form

The energy consumed in this process
varies from one application to another but
often ranges from 2 to 4 kWh per m3 treated.

8.2.3. Other applications

- electroflotation: see page 176,

- electrodialysis: see page 219,

- electroplating: see Chapter 26, section 10.






9. SEPARATION BY MEMBRANES

The procedures of separation and
concentration by membranes have been
known for a hundred years or so. Never
theless, we had to wait until the 1960s to see
the industrial application of such techniques
by the development of synthetic membranes.
Since the 1970s, these procedures have
developed considerably with regard to:

- the number of membranes developed and
marketed,

9.1.
GENERAL

A membrane is any material which forms
a thin wall (0.05 mm to 2 mm) and is capable
of putting up a selective resistance to the
transfer of different constituents of a fluid,
thus allowing the separation of some of the
elements (suspensions, solutes or solvents)
making up this fluid.

- the performance and thus, potential
industrial applications in treatment of water as
well as of other fluids.

At the risk of being simplistic, these new
membranes may be grouped either according
to the type of separation they are able to
perform or according to their structure. Here
the discussion will be limited to membranes
and procedures that have to do with the
treatment of aqueous solutions and
suspensions.

9.1.1. The structure of the membranes

Ever since the first reverse osmosis
membranes made of acetate or cellulose were
used, a large number of organic (polymer)
membranes, or even inorganic membranes
(for instance obtained by the heating of
ceramic particles such as ALOs;, carbon,
silicon carbide, zirconium oxide), have been
slowly added to the list. They may be
characterized by their structure (Figures 80
and 81).



9. Separation by membranes

. Homogeneous membranes

These membranes have been pierced
with holes, which are quastcylindrical
in shape, through a bombardment
process followed by a chemical attack
(some of these membranes are used in
microfiltration, as for instance
Nuclepore membranes).

. Asymmetrical membranes

These membranes are made in one stage
using the same polymer material.
However, in this case, the selectively
permeable layer has been reduced to a
very fine "skin" in order to limit the
resistance to transfer in proportion to the
thickness of the layer. This layer rests
upon another, thicker substrate that has
much slacker pores which intends to
provide the membrane with satisfactory
mechanical properties without
significantly impeding the flow of water.
These properties can be artificially
improved even more by anchoring the
membrane onto a fabric support, thus
reinforcing the slack substrate.

. Composite membranes

These membranes enable a
permselective skin to be placed on a
preexisting porous support which is,
itself, often asymmetrical; this is a more
recent addition. Since the two materials
placed together are usually of different
types, the properties of each, mechanical
in one, selective in another, are used to
their fullest extent.

9.1.2. Mechanisms of transfer through
the membranes

They can be divided into three groups
(Figure 82).

. Filtration

In this case membranes called
semipermeable membranes are used.
The solution is concentrated due to
selective  passage of the water

("convective" transfer of the solvent
through the porous
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medium), whereas the other constituents of
the fluid are sometimes retained at the
surface of the porous medium, depending
on their size. The ideal membrane would
only allow the passage of water (perfect
0Smosis).

. Permeation
It is possible to divide up a mixture by
allowing the selective passage of one of the

constituents in gas phase through the
membrane. .

9.2.

SEMI-PERMEABLE AND
CLARIFICATION MEMBRANES

With these membranes, water is the
preferred transfer phase under the effect of
a pressure gradient. They are usually
described as filtration membranes and
classified according to the size of their
pores (Figure 83).

However, this customary classification is
somewhat at fault because:

. Dialysis

The membranes used, which allow the
passage, selective or not, of ions, do not
permit the passage of water. These
membranes may be neutral or charged. If
they are charged (the material being
identical to that used in ion exchange
resins, in layer form), they become
selective in allowing the transfer of ions
carrying opposite charges; membranes can
thus be cationic, which permits the passage
of cations only, or anionic, which allows
the passage of anions only.

- from the moment the field of ultra
filtration, and a fortiori, osmosis, is
reached, it becomes difficult to define the
size of the pores correctly by the usual
methods (bubble  points, mercury
porosimetry, optical microscope, electron
microscope),

- the traditional transfer techniques of
filtration (convective transfer of water
through a porous medium and filtration/
screening of particles that are larger than
the pores), which work so well in
microfiltration and  ultrafiltration, are
inadequate when it comes to membranes
used in nanofiltration and hyperfiltration
which is also called reverse osmosis.

Yeasts | Algae

'—Ions Macromolecules and polymers —=—Bacteria—
- Coarse organic -=— . =—Viruses— ‘
molecules ~—Proteins—
Nanofiltration
Reverse osmosis Ultrafiltration Microfiltration
0.0001 pm " 0002pm 0.02pm
| 1A 10A 20A 200 A

Typical flux 1to 10 20 - 400 200 - 500
rate on pure
water (in Lhrlm2bar?)

pm

i

Figure 83. Types of membrane filtration.
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9.2.1. Reverse osmosis (RO)

Reverse osmosis makes use of the
properties of semi-permeable membranes
which allow water to pass through while
solutes are retained except for certain
organic molecules very similar to water
(with a low molecular weight and strong
polarity).

If a concentrated saline solution is
separated from a more dilute solution by
such a membrane, the difference in
chemical potential tends to promote the
passage of water from a compartment with
a low potential to that with a higher
potential in order to dilute it (natural
osmosis). In order to stop this diffusion, a
pressure must be exerted on the "filtered"
fluid. At equilibrium, the pressure
difference established in this way is known
as the osmotic pressure of the system
(Figure 84).

A simple equation relates osmotic pressure
to concentration: IT=A C.R.T.

T1: osmotic pressure in Pa,

AC: difference in concentration in mol.m™
concentration in kg.m™

molecular weight in kg.mol™

R: constant of an ideal gas = 8.314
(J/mol.K),

T: the temperature in K.

mol.m™ =

Example: concentration in solution:

100 kg.m3; T: 300 K; for a compound with
a molecular weight o £0.050 kg.mol':

_ 100
AC= 0.050
100
T=—"x300x8314 =50 x 10’ Pa,
0.050 ie., 50 bar.
Similarly:

for a compound with a molecular weight
of 0.5 kg.mol™, T =5 bar,
for a compound with a molecular weight
of 50 kg.mol™, = 0.05 bar.
Clearly, the smaller the molecule (i.e.,
the lower the molecular weight), the greater

the osmotic pressure set up by the same
difference in concentration. This explains
why ultrafiltration leads to an osmotic
backpressure which is much lower than that
experienced with reverse osmosis.

This is illustrated in Figure 85, which
shows that the theoretical law does not apply
to higher concentrations.

Bemi-permeable  Agueous selution

membrane of mineral galta
Fare | B A
waker

Matural osmosis

Oamotic Pressure
of salution A

74
ﬂih |

Omeotic equilibrium

Figure 84, Osmosis phenonmenon,

Figure 84. Osmosis phenomenon

In fact, to produce "pure" water from a saline
solution, the osmotic pressure of the solution
must be exceeded. In the same way, it may
be said that in order to obtain economically
viable flows, at least twice the osmotic
pressure must be exerted; for instance, for a
brine containing several grammes of salt per
litre, pressures of 5 to 30 bar would be
needed, and for sea water, pressures of 50 to
80 bar would be needed.
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Figure 85. Osmotic pressure of various solutions.

A second phenomenon can amplify this
effect. As Figure 86 illustrates, when water
is transferred, the molecules and ions
retained by the membrane tend to
accumulate along its entire surface, thereby
increasing both the salinity actually
"treated" by the membrane and the osmotic
pressure that must be "overcome" in order
to desalinate the solution. This results in
higher energy costs, as well as in the risk of
causing precipitation if the solubility
product of one of the canon-anion couples
is exceeded in the boundary layer all along
the membrane.

This phenomenon is known as
concentration  polarization of  the
membrane and is defined by the coefficient:

_Cm

V=t

with:
Cn: concentration of the liquid in contact
with the membrane,
C.: concentration of the liquid to be treated.
This phenomenon can be reduced to a
minimum by maintaining a circulation flow
across the upstream surface of the
membrane, which limits the thickness of
the boundary layer and facilitates the
reverse diffusion of the rejected solutes;
however, this limits the fraction of
desalinated water. This technique is used in
industrial ~ systems to maintain the
coefficient ? between 1 and 1.4.
To describe the phenomena observed,
best models call upon the laws of diffusion,
water being considered dissolved by



9. Separation by membranes

C

1
Build-up |

I

Rack diffusion l

i I iiiiasatsaa

A
=
S
2
©
-
C -~
P = Water 5
= g
flux =
(=]
Q
Q
-~
=
(=]
Membrane n
—lp
ey C,
]
l A
\ X
| Boundary layer

Figure 86. The concentration polarization.

the polymer making up the membrane
(water used for swelling the polymer); this
water moves under the effect of the
pressure gradient, while the salts move
under the effect of their concentration
gradient alone.

For a saline solution, the water and salt
flux rates may be obtained by Fick's and
Henry's laws.

For water:

Qp = Kp.S.(AP — An) X,

e

with:
Qp: flow of water through the membranes,
Kp: membrane permeability coefficient for
water,
S: membrane surface area, e: thickness of
the membrane,

AP: hydraulic pressure differential across
the membrane,

Ap : osmotic pressure differential across the
membrane,

K : temperature coefficient.

Thus, the Aow of water through the
membrane is directly proportional to the
effective pressure gradient, represented by
the difference between the hydraulic and
the osmotic pressure.

The coefficient Kt takes the viscosity of
water into account. The latter decreases
when the temperature rises. Therefore, the
flow is greater when the temperature rises
(2.5 to 3% difference per degree at about
15°C).

For salts:

Q, = KS%.AC.Kt

with:

Qs: flow of salt through the membrane,

Ks: membrane permeability coefficient for
solutes,

S: membrane surface area,

e: thickness of the membrane,

AC: ion concentration differential across the
membrane:

Cn-CyorCey-Cp
K : temperature coefficient.

The flow of salt is directly proportional
to the gradient of concentration through the
membrane; for a given membrane and a
given solution, its value is independent of
the applied pressure.

The salt concentration in the product is
given by the relation of the two preceding
equations.
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Q_K G-C _ K yC

Q K, AP-Am K, (AP-Am) + K
Thus, this concentration is proportional

to the gradient of concentration through the

membrane, inversely proportional to the

effective pressure gradient (AP - ATT), and

C, =

independent of the thickness of the
membrane.
Moreover, the above equations

demonstrate the importance of y, especially
when one realizes that the polarization also
increases AIL

The following tendencies are observed in
all RO systems:

Product Product

flow salinity
Qp Ce
Pressure 7 2 N
Temperature 7 2 =
Salinity 2 N 7
Wy A N A

In practice, the simplest osmosis System
contains the following elements:
- a high pressure pump to supply energy to
the system,
- a permeator (module) or group of
permeators,
- a valve on the discharge line circuit to
maintain pressure in the system:

Brine r
Cr

| Qp

Treated water ©F

Ge :

Figure 87. Design of & feverse cmosis U,

Figure 8§7. Design ofa reverse osmosis unit.

A system such as this is characterized by
two of the following variables if C; is the
brine concentration: the conversion

Y(%), defined by Y= 82 or the

concentration factor CF = %: and the

overall salt passage SP(%) as SP = 100 %

. In fact, one of these, SP, basically depends
on the type of membrane selected. In
Chapter 15, where membranes and
commercial permeators are described, it
will be seen that these allow for salt
passages that range from:

0.5 to 15% on monovalent ions,

0.05 to 8% on bivalent ions.

It will be observed that these values are
rather low. So, as a first approximation, G
often tends to be overlooked in favour of C,
or G, a step which simplifies the equations
mentioned above.

. The others, Y or CF, depend on the choice
the project director makes as to the use of
more or less raw water. This choice is
fundamental:

- if Y rises, the energy cost pet m3 product
E decreases, since less water is pressurized
for the same amount of production, -
however, the CF rises at the same time,
since using the same approximation as
mentioned above, the salt evaluation gives:

FC={55—v
In the same period:
- the quality of product CP decreases, since
the mean concentration in front of the
membrane grows in a permeator, this
concentration varies between Ce at the inlet
to G at the outlet, which means that in the
preceding equation, Ce must be replaced by
C.+ C.

2

average concentration in the permeator,
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- Qp decreases; as a result, the osmotic
yC + G,
pressure p, proportional to 2
increases.
The influence of the choice of the
conversion may be summarized in the table
below:

IfY 7 ,then E (kW/m? \ but also
QN ,CG 7 ,CF 7.

Note: the positive effects (less brine to be
rejected) and, often, the negative effects
(scale formation, fouling) resulting from
the increase in CF, will be seen in Chapter
15.

9.2.2. Nanofiltration

This is a variation of the RO membranes
that has recently been introduced, which
features:

- passage of monovalent salts that is
relatively high: 30-60%,

- passage of bivalent salts that is
substantially lower: 5-15%,

- passage of organic solutes of the same
type as with RO membranes.

Thus, the main advantage of these
membranes is that by allowing a higher
passage of monovalent salts (which
contribute most to the osmotic pressure),
they limit AT, hence the energy required to
achieve:

- partial desalination in combination with
adequate softening of a moderately saline
water (TDS less than 2 g.l'l),

- "cheap" purification of water as far as
organic pollutants are concerned.

9.2.3. Ultrafiltration (UF)

The membranes used in ultrafiltration
possess a slacker structure (asymmetric or
composite), which allows only the coarsest
solutes (macromolecules) to be rejected,

and a fortiori all types such as viruses and
bacteria.

They are usually characterized by their
removal threshold, i.e., the size of the
lowest molecular weight protein rejected
by the membrane. There are industrial
membranes which have a removal
threshold ranging between 2 x 103 to 105
daltons.

This concept is only meaningful in
view of the variations in the steric
configuration of the same protein
depending on the salinity, the pH, etc.,
and a fortiori of two macromolecules of
identical molecular weight.

The unit flows indicated for OF
membranes range from 0.1 to 1
m’/h.m’.bar for clean water, but these
decrease considerably when colloids are
present for two  basic  reasons:
concentration polarization and fouling.
The first phenomenon has already been
shown in the case of reverse osmosis. In
ultrafiltration, it is responsible for the
presence of a boundary flux when the
pressure across the membrane increases
(Figure 88).

Y "
Flux i Clean water
!
I
-_I'
Boundary i
PR o R e el e — i
!
F
'
’ Ap

Figure 88. Influence of pressure across membrane
an Hux in wiralileation

The overconcentration of solutes near the
membrane leads in fact to a sub stantial
increase in osmotic pressure; the
resistance to transfer of the substances in
this very concentrated boundary layer (the
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polarization coefficient often exceeds 102)
becomes preponderant. The values of the flux
are often in the order of several dozen litres
per n%, ie., 10 to 100 times lower than the
flux of clean water.

The only way of increasing the flux is to
work at a higher tangential velocity, which
involves substantial energy consumption.

The second phenomenon is fouling which,
at a constant concentration, is evidenced by a
lowering in flux in the long term, which can
end in a complete blockage of the membrane
(Figure 89).

Flux

&
Set-up of the polarization
_— boundary layer

Fouling

lmin Time =
Figure 89, Evodurion of the flux wich cime in wlra-
fileraeron.
Fouling is due to the formation of a deposit of
colloidal particles on the surface of the
membrane. It is also due to the adsorption of
varied solutes and the most finely divided
colloidal particles in the pores. The first
phenomenon is easily reversible by means of
backflushing (detaching of the cake and
transfer). The second, however, is very often
unaffected by backflushing or by a higher
circulation velocity, etc.; the membrane can
only be cleaned by a suitable chemical
treatment.

This illustrates that the chemical nature of
the membrane is an important criterion for
ultrafiltration as well as microfiltration. For
each use, a type of material should be chosen
that remains little affected by the adherence
of solutes to be treated and that is thus more
easily flushed clean by hydraulic means.

9.2.4. MicroFltration (MF)

These membranes do not change the
composition of the solution in any way; only
suspended solids, colloids, bacteria, etc., are
rejected (or filtered).

In this case, the phenomena described
above as a consequence of the rejection of
solutes (osmotic pressure - polarization
concentration) disappear and their place is
taken by the phenomena already described in
filtration through rather thin, porous media:
clogging from the accumulation of a cake or
internal clogging of the pores.

Thus, two types of operations are taking
place at the same time:

9.2.4.1. Dead end filtration

In this case (Figure 90 a), the water is
forced through the membrane and the
retained particles build up in the form of a
filter cake which grows thicker and less
porous, which causes a reduction in the
specific flow, a condition known as "fouling"
of the membrane.

al Dead end
microfiliration

b} Tangential
microfiltration

Filter cake Heavily loaded rejeet
T Ea
g
B a
»
. z
. ]
JLL -
§
Membrane Raw water

Figure 90, Microfiltrarion modes.



9. Separation by membranes

In most operations, equipment employed
includes:

- flat laboratory microfiltration membranes
(to measure SS, the fouling index FI, etc.),

- filtration cartridges on flat or pleated
membranes, etc.

These elements are disposed of once they
become fouled. Sometimes they are
"regenerated" by a countercurrent washing
device.

9.2.4.2. Tangential filtration

In this case (Figure 90 b), as in the case of
all other semi-permeable membranes, the
membranes are designed in such a way as to
allow part of the inflow to be used as a
circulation flow across the active side of the
membrane; this limits the build-up of cake by
continuously carrying away the substances
discharged out of the system.

This continuous cleaning method has been
designed for most of the systems

9.3.
PERMEATION PROCESSES

The following can be mentioned:
9.3.1. Gas permeation

A gas mixture is weakened or enriched by
acting on the differences in diffusion rates of
its constituents through the dense matrix of
the membrane under the influence of a
pressure gradient. Examples of this are:

- hydrogen recovery in a hydrocarbon
mixture (Figure 91 a - petroleum industry) or
in the blown off gases from an ammonia
synthesis operation,

- enriching the air with nitrogen or oxygen.

equipped with '"regenerable" membranes.

Generally, this makes any membrane
unclogging or washing operation
unnecessary.

In fact, in industry the amount of energy
expended is too great to achieve this goal and
a compromise involving "the circulation
energy/unclogging frequency" still remains
to be reached (see Chapter 15).

These membranes and the technology that
they incorporate ought to replace the process
of coagulation-flocculation as well as that of
solids-liquid separation described at the
beginning of this chapter. They are also being
developed for use in the fine filtration
procedure involving various substances and
processes such as:

- acids or solvents used in the
microelectronics industry,

- the ‘'sterilizing" filtration process for
beverages such as beer, fruit juices, wines, or
liquid substances used in the pharmaceutical
industry and in biotechnology.

9.3.2. Pervaporation

If on the downstream face of a
pervaporation membrane one creates a partial
vacuum in such a way that it is situated
below the vapour tension of one of the
solutes of the solution in contact with the
upstream face of the membrane, one may
observe through it a selective transfer of
these solutes in their gaseous form. Gas
condensation provides for the possible
recovery of the solutes mentioned. For
example:

- the dehydration of alcohol; in this way, an
absolute alcohol may be recovered by
selectively transferring water vapour through
a hydrophilic membrane (Figure 91 b),

- the removal of THM from drinking water;
in the same way, these solvents can be forced
to be diffused selectively
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through a silicone membrane for instance.
It has already been shown, at the pilot
level, that this technique could be
competitive with current techniques of
stripping and/or adsorption on activated
carbon if permeators with a large surface
area were manufactured industrially.

9.3.3. Distillation on membranes

By creating a partial vacuum on the
downstream face of a microporous
membrane, a system may be created which:
- counteracts the displacement of the liquid
phase applied to its upstream face, on the
condition that the difference in pressure
across the membrane remains lower than
the capillary pressure across it. In practice,
a porosity lower than 0.8 pum on

r
I % T
i-: Cham permeation bl Pervaporation

|} ——

P =P, .

H —p | Ethanol-—

re=_F
. of bolling water
Water

e
Water vapour

Figure 91, Permearion processes.

9.4.
DIALYSIS MEMBRANES

The passage of solutes through the
membrane may be obtained by means of a
pressure gradient, a chemical potential
gradient or an electrical potential gradient.

hydrophobic  membranes  results in
differences of one bar of pressure to be
applied, - on the other hand, allows the
passage of water vapour through the
membrane. When it condenses, this vapour
lends water a substantial purity; in fact,
only other volatile compounds may pass
through at the same time as water.

Several full-scale systems operate on
this principle. Nevertheless, they retain the
energy-consuming character of singleeffect
distillation systems. However, by using
organic membranes, corrosion which is
usually found in the evaporators may be
avoided.

Possible application: the concentration
of industrial effluents (toxic, etc.) before
incineration or crystallization (Figure 92).

Concentrated brine
to incineration
_|T
= To= $0°C
- r‘r\"a.lnr
Salt water
T = BOAO b o
S J1-30C
! T = 25°0
}
T
I Efflacnt Pure water

Figure 92, Drerillacion on membeanes,

9.4. 1. Piezodialysis (pressure gradient)
Has no industrial application.

9.4.2. Simple dialysis (chemical potential
gradient)
The impurities migrate in order to equalize

the chemical potential (salts and organic
solutes of low molecular weight)
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on the two sides of the membrane. If the
phase which is being concentrated is
sufficiently renewed, a nearly total removal
of impurities may be obtained.

The main application is hemodialysis
(Figure 93 - artificial kidney functioning),
which results in a purification of the blood
(the removal of salts, urea, etc.) in cases of
renal deficiency, by placing it in contact via
a dialysis membrane with

Purified hlsod Polluted plasm:a
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Polluted blosd Clian igotenic plaama

e Urea

> nn,

Figure 93. The principle of hemodialysis,

plasma containing solutes that must remain
in the blood while excluding those that
must be removed.

9.4.3. Electrodialysis

. Principle

If a liquid that is rich in ions, is subjected
to an electrical field by means of two
electrodes with a continuous potential
difference applied between them, the
cations will be attracted to the negative
electrode (cathode) and the anions will be
attracted to the positive electrode (anode).
If nothing impedes their movement, they
will each lose their charge on the opposite
sign electrodes and thus, electolysis takes
place.

However, if a series of selective dialysis
membranes is placed between the
electrodes:

- cation membranes, permeable only to the
cations,

- and anion membranes, permeable only to
the anions,
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Figure 94. The principle of electrodialysis.

Figure 94. The principle of electrodialysis.
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and arranged alternately as shown in the
diagram in Figure 94, the migration of
ions is restricted as the anions cannot pass
through the negative membranes and the
cations cannot pass through the positive
membranes.

Thus, in the case of the cell in the
diagram, which has three pairs of
membranes, of which compartments 1, 2,
3,4 and 5 are fed by a flow consisting of
a sodium chloride solution, the ions in
compartments 1, 3 and 5 pass into
compartments 2 and 4 under the influence
of the electrical field created by the
electrodes.

It is easy to see that in this way the
water in compartments 1, 3 and 5
becomes low in salt (becomes
"demineralized"), while the water in
compartments 2 and 4 becomes
concentrated.

The introduction into the system of each
coulomb will therefore result in one
gramme-equivalent weight of anion and
cation leaving each of the
demineralization compartments (1, 3 and
5). This gramme equivalent weight will
be added to the others already present in
the concentration compartments (2 and
4).

As the potential difference is proportional
to the number of cells, the power
consumption per kilogramme of salt
removed is more or less constant (i.e.,
0.6-0.8 kWh/kg of salt removed), as long
as the electrical conductivity remains
adequate.

It is therefore possible to demineralize
water by this process. However, the non-
ionized molecules (in particular organic
compounds) and the colloids, among
which are colloidal silica and the
microorganisms, remain behind in the
treated water.

The main limitations to this method are
due to:

A) the impossbility of obtaining fully
demineralized water, as the
corresponding compartments would have
an excessive electrical resistance leading
to ohmic losses. Generally speaking it is

unrealistic to try to reduce the TDS of the
treated water below 300 mg.1™,

B) the cost of the treated water, which
increases rapidly with the TDS of the
feed: - on the one hand, as has been
already seen, the power consumed is
proportional to the quantity of salts
removed,

- on the other hand, if we wish to avoid a
fall off in selectivity and a back diffusion
of ions caused by an excessive chemical
gradient between the two sides of the
membrane, this concentration gradient
must be restricted.

Depending on the internal hydraulic
conditions in the electrodialysis units
(turbulence all dong the membranes) the
optimum level of salt removal that can be
achieved ranges from 40 to 66% per
processing stage (i.e., the salt passage is
between 60 and 34%). It is for these
reasons that most units are built up of
several stages (see Figure 95),

C) the necessity of pretreatments:

- turbidity must be removed (to avoid
deposits, especially in poorly irrigated
areas),

- the metal content must be reduced, for
example: Fe and Al < 0.3 mgl', Mn <
0.1 mg.l'l, etc.,
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- there must be a reduction in salts which are
liable to precipitate in the concentration
compartments. The phenomenon of
polarization must be taken into account, which,
in the case of electrodialyis, tends not only to
cause excessive concentration of the ions
present in the water to be treated but also to
change the pH value (due to the
overconcentration of OHor H' ions, which may
reinforce the tendency of some compounds to
precipitate,

D) limitations of use: membranes, that have the
same chemical make-up as ion exchange
resins, also have the same limitations as the
latter (see page 235): in particular, sensitivity
to oxidizing agents (C12 < 0.1 mg.l'l), and
especially the risk of irreversible poisoning of
anionic nembranes if the water to be treated
contains organic macromolecules that are liable
to be adsorbed on the membranes.

. Polarity reversal electrodialysis (EDR)

In order to avoid the risk of scale formation,
an ideal solution consists in reversing the
polarity of the electrodes on a regular basis (for
instance for five minutes every 30-60 minutes),
thus instantaneously switching the
concentration and

desalination compartments, and thereby the
position of the polarization layers that change
sides on the memb rane. The water "produced"
during these phases must therefore be
discharged.

This technique is planned for all modern
electrodialysis installations, for it results in a
simplification of the pretreatment process,
although it should be admitted that the price for
this involves complex additions of major
importance:

- automatic valves to allow for discharge to
drain during the reversal phases,
- electrodes to impede anodic corrosion.

The main area of application of
electrodialysis is the production of drinking
water from brackish water with a low mineral
content (0.8 to 2 g.l'l), and here it remains
competitive with reverse osmosis. It also offers
advantages for the desalination of colloidal and
organic solutions (e.g., for demineralizing
whey). In this field, it competes with the ion
exchangers alone. In fact, the use of reverse
osmosis would involve the attendant
concentration of all the species present and
would produce demineralized water, whereas
electrodialysis only removes the ionized
species.






10. ADSORPTION

10.1.
THE MECHANISM

Adsorption refers to the ability of certain
materials to retain molecules (gas, metallic
ions, organic molecules, etc.) on their
surface in a more or less reversible manner.
There is a mass transfer from the liquid or
gas phase to the surface of the solid. The
solid thus acquires superficial (hydrophobic
or hydrophilic) properties liable to modify

the state of equilibrium of the medium
(diffusion, flocculation).

The adsorptive capacity of the solid
depends:

. on the developed surface area or specific
surface area of the material. Natural
adsorbents (clays, silica, etc.) possess
specific surface areas that vary with the
physical-chemical state of the liquid
medium



Chap. 3: Basic physical-chemical process in water treatment

(pH value, nature of the bound cations,
surface saturation by organic molecules, etc.).
Thus, certain clays such as bentonites
(Montmorillonite for instance) have a surface
area which is accessible to most molecules
and ranges from 40 to 800 m’.g'. Their
adsorptive capacity is quite variable but
constitutes the main parameter in the
regulation of transfers and in the mobility of
elements in the natural environment.

Industrial adsorbents (mainly activated
carbon) develop extensive surface areas
(roughly between 600 and 1200 nf.g )
which are characteristic of a very strong
microporosity. Other adsorbents such as
metallic hydroxides that are formed in the
course of the coagulation-flocculation
process also develop very large surface areas
whose expanse is closely dependent on the
pH value;

. on the nature of the adsorbateadsorbent
bond, in other words, on the free energy of
interaction G between the adsorption sites
and that part of the molecule which is in
contact with the surface. This energy is
directly measurable in the case of the
adsorption of gases. However, in a liquid
medium, the calorimetric methods only
record the differential enthalpy of adsorption
which corresponds to the difference between
the adsorption energy of adsorbed molecules
and the desorption energy of bound water at
the interface;

. on the contact time between the solid and
the solutes. At equilibrium, there is a
dynamic exchange between the molecules of
the adsorbed phase and those that remain in
solution. Many theories have attempted to
model the relation that exists between the
number of molecules adsorbed (g.g™! or g.m?,
etc.) and the number at equilibrium. One of
the most commonly employed theories in the

field of adsorption on activated carbon is
Freundlich equation:

X/m = Ce"™ (cf. Figure 96)
where:

- X/m is the weight of pollutant retained per
unit weight of the adsorbent,

- Ce is the equilibrium concentration of
pollutant molecules in the aqueous phase,

- K and n are energy constants depending on
the adsorbate/adsorbent couple at a given
temperature which is kept constant during the
operation (isotherm). In fact, no modelling,
no matter how "complex", can cover the
structure of the isotherm, and a fortiori
explain the mechanisms of adsorption. The
basic reason for this is that any surface is
heterogeneous both as regards physical aspect
and energy.

Mainly, the Van der Waals type attraction
and the Coulomb electrostatic type attraction
are the basis for adsorption. For instance, it
can be seen that there is a strong affinity of
aromatic molecules for the graphitic structure
of carbon and a repulsion of the nonaromatic
polar molecules.

T 4 x%  Capacity of adsorbént A
(H) % at saturation point

(i) B Capacity of adsorbent B
I

at saturation point

log

imitial C,

Frgure 96, Freundlich isoderms.
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10.2.
MAIN ADSORBENTS

10.2.1. Activated carbon

Experience shows that activated carbon
has a broad spectrum of adsorptive activity,
as most organic molecules are retained on its
surface; the hardest to retain are the
molecules which are the most polar and the
linear ones with a very low molecular weight
(simple alcohols, primary organic acids,
etc.). Molecules that are slightly polar,
generating taste and smell, and molecules
with a relatively high molecular weight are
for various reasons well adsorbed on carbon.

Beyond these adsorbent properties,
activated carbon is also a bacteria support
that is capable of breaking down a fraction of
the adsorbed phase. Thus, a part of the
support is continuously being regenerated
and capable of freeing sites, allowing new
molecules to be retained.

10.2.1.1. Main applications

Activated carbon is used:

. in the polishing treatment of drinking
water or very pure industrial process water;
in this case the activated carbon will retain
the dissolved organic compounds not broken
down by natural biological means (self-
purification of waterways): micropollutants,
substances determining the taste and flavour
of the water; it will also adsorb traces of
certain heavy metals;

. in the treatment of industrial
wastewater, when the effluent is not
biodegradable or when it contains certain
organic toxic elements that rule out the use
of biological techniques. In this case,

the use of activated carbon often allows the
selective retention of toxic elements and the
resultant liquid can thus be degraded by
normal biological means;

. in the "tertiary" treatment of municipal
and industrial wastewater. The carbon retains
dissolved organic compounds which have
resisted upstream biological treatment, and

thus removes a large part of the residual
COD.

10.2.1.2. Catalytic action

One property of activated carbon is its
catalytic action, particularly on the oxidation
of water by free chlorine:

C12+H20—>2HCI+%0/

This is the method used for the
dechlorination of water subjected to excess
chlorination treatment. This dechlorination is
characterised by the half-dechlorination
length, that is, the depth of the filter bed
which for a given velocity causes the
reduction by one-half of the amount of
chlorine in the water measurement (see page
385). The pH level has a considerable
influence on this depth. According to the
temperature, the free chlorine content and
the tolerance allowed on the residual
chlorine, loads of between 5 and 15 volumes
of water per volume of activated carbon per
hour are used.

This same type of catalytic action is used
to break down the chloramines into nitrogen
and hydrochloric acid. However, the kinetics
are slower than in the case of free chlorine
(the half-dechlori nation length is much
greater); therefore, the load must be greatly
reduced in volume if comparable results are
to be obtained.
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The dechlorination capacity of a carbon is
affected by any factor that might interfere
with the contact between the carbon and the
water to be treated, such as deposits of
calcium carbonate, surface saturation
through adsorption of various pollutants, etc.

10.2.2. Other adsorbents

Apart from a few natural adsorbents
already mentioned, new adsorbents have
been developed:

. inorganic adsorbents: alumina and other
metallic oxides; they can have a very large
specific surface area (300400 mz.g 1), but
these solids adsorb more selectively than
carbon. Their capacity depends very much
on the pH value andtheir mesoporosity.
Below the isoelectric point only negatively
charged molecules are adsorbed on positive
charge sites. In the current state of their
development, they are unable to be

10.3.

MAIN USES OF ACTIVATED
CARBON

Activated carbon is available in two
forms: powdered carbon and granular
carbon.

10.3.1. Powdered activated carbon

Powdered activated carbon (PAC) takes
the form of grains between 10 and 50 gm and
its use is generally combined with a
clarification treatment. If it is added
continuously to the water together with
flocculating reagents, it enters the floc and is
then extracted from the water with it.

competitive with activated carbon. However,
some of these solids such as the alumina or
the ferric oxyhydroxides have the advantage
of removing fluoride, phosphates, nitrates,
etc.,

organic adsorbents: macromolecular
resins with specific surface areas of between
300 and 750 nfg™'; their adsorptive capacity
is poor compared with that of activated
carbon; however, these resins have better
adsorptive kinetics (use ranges from 5 to 10
vol./vol.h) and are often easier to regenerate
(low binding energy).

Here the "scavengers" should also be
mentioned, which are highly porous anion
resins (see page 239). However, these resins
have a smaller specific surface area and their
action on polar substances (such as humic
acids, anionic dtergents) is partly due to
their ionic charge, which distinguishes them
from other adsorbents.

It is recommended that this extraction be
carried out by means of a sludge
recirculation clarifier (Densadeg) or by a
sludge blanket clarifier (Pulsator,
Superpulsator). These clarifiers considerably
increase the time during which the water and
carbon are in contact, thereby making it
easier to reach equilibrium. (Thus, by using a
Pulsator instead of a static settling tank, a
savings of 15 to 40% of carbon can be
achieved, while still obtaining the same
result.)

10.3.1.1. Advantages

- Powdered activated carbon is about 2 to 3
times less expensive than granular activated
carbon.

- Extra quantities of powder may be used to
handle pollution peaks.
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- Investment costs are low when the
treatment involves only a
flocculationsettling stage (an activated
carbon feeder is all that is needed).

- Adsorbtion is rapid since the large
surface area of the powder is directly
accessible.

- The activated carbon promotes settling
by making the floc heavier.

10.3.1.2. Disadvantages

- The activated carbon cannot be
regenerated when mixed with hydroxide
sludge and must then be regarded as
expendable. - It is difficult to remove the
final traces of impurities without adding
an excessive amount of activated carbon.

Fipure 97, Facility in the ciry of Names (wesiees
France), Flow: 11,7000 m’ 5™, PAC feed unle

- In order to use the carbon during
pollution peaks, it is indispensable that
the pollution peaks be identified
beforehand. - Therefore, powdered
activated carbon is mostly used when
intermittent or small quantities are
required (smaller than 25 gm3 3
depending on the case).

10.3.2. Granular activated carbon

10.3.2.1. Physical characteristics  of
granular activated carbon

The physical characteristics of granular
activated carbon (GAC) vary
considerably depending on the products
(see table 39).

Table 39. Physical characteristics
ofgranular activated carbon.
Peat,
. bituminous schists,
Raw material anthracie,
wood, coconut
Form Crushed, extruded
Grain size ES mm 025-3
uc 14-22
Friability 750 strokes 10 - 50%
1500 strokes 20 - 100%
Bulk density
Specific surface area m’.g™ 500 - 1300
Ash content % 4-12

Bearing these parameters in mind is
fundamental when selecting the activated
carbon and using it for a specific applica-
tion.
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10.3.2.2. Adsorptive capacity of carbon

Granular activated carbon is used as a filter
bed through which the water to be treated
passes, leaving behind its impurities which are
thus extracted methodically: the water, as it
progressively loses its pollutants, encounters
zones of activated carbon which are less and
less saturated and therefore more and more
active.

Whether treatment using activated carbon is
economical or not largely depends on the
adsorptive capacity of the carbon, expressed
in grammes of retained COD per kilogramme
of activated carbon, which characterizes the
"carbon requirements" for a given result. For a
given polluted water-carbon system, this
capacity depends on:

- the depth of the bed: the deeper a bed, the
easier it deals with extended adsorptive fronts
without excessive leakage (a principle similar
to that of ion exchange described on page
230) while still ensuring thorough saturation
of the upper layer,

- the exchange rate: experience shows that
three volumes of water per volume of carbon
per hour can seldom be exceeded when
treating high levels of pollution. In the case of
drinking water, in which the content of
adsorbable products is very low, any decision
as to the economic optimum has to take the
high investment costs into account, with the
result that higher bed volumes are used: 5 to
10 vol./vol.h, with a smaller degree of carbon
saturation.

The theory only gives an indication of the
trend of the laws of adsorption. It still remains
indispensable to call upon the experience of
the expert and to carry out dynamic tests on
columns of sufficient size so that results can
be extrapolated.

There are laboratory models which provide
information on which to base the anticipated
adsorptive capacity of carbon.

10.3.2.3. Functions of a carbon bed
A compact bed has four functions:

. filtration: this must often be reduced to a
minimum in order to avoid clogging of the
bed which is unavoidable without efficient
washing systems to break up the layers
completely after each cycle. In addition the
carbon tends to extract adsorbable products
from the floc with which it is in contact,
causing premature saturation. This is why it is
often advisable to use sand filtration as a
preliminary step;

biological media: this phenomenon can
contribute to the process of purification, but
can also be very dangerous if not properly
controlled (fermentation, giving off odours,
clogging of the bed, etc.);
. catalytic action (as a reminder);

. adsorption: this must remain the basic role
of the carbon.

There are three possible arrangements:

- simple fixed beds: this technique is widely
used in drinking water treatment (see
Mediazur filters, Chapter 13, par. 3.2);

- fixed beds in series: a series of several
columns is used which are regenerated by
permutation  (Figure  99). Thus, a
countercurrent extraction system is organized.
The Mediazur filter which involves a biflow
(see Chapter 13, par. 4.2) is a variation of this
and uses two cells;

- moving beds: these make use of the

countercurrent principle (Figure 100). The
base of the bed can be fluidized.
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Figure 98. .Vity-C]zdti]]on facility, Paris area (rance) - LE-Dumez. Flow: 4,000 mih.
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10.3.2.4. Regeneration

Activated carbon (like artificial adsorbents) is
an expensive product. In most cases the cost of
replacing the saturated carbon would be
prohibitive. It should therefore be regenerated,
and three methods have been developed for
this purpose:

Steam regeneration: this method is
restricted to regenerating carbon which has
only retained a few very volatile products;
however, steam treatment can be useful in
unclogging the surface of the grains and
disinfecting the carbon.

. Thermal regeneration: by pyrolysis and
burning off of adsorbed organic substances
(Figure 101). In order to avoid igniting the
carbon, it is heated to about 800°C in a
controlled atmosphere. This is the most widely
used method and regen-

erates the carbon very well, but it has two
disadvantages:

- it requires considerable investment in either a
multiple-hearth  furnace, a fluidized bed
furnace or a rotary kiln. The furnace must have
monitoring devices for atmosphere and
temperature, a dewatering system at the inlet
and a carbon quenching system at the outlet;

- it causes high carbon losses (7-10% per
regeneration), so that after 10 to 14
regenerations, the GAC volume will, on
average, have been entirely replaced.

The use of electrical heating (infrared
furnace, induction furnace) reduces these
losses. However, these methods, which are
expensive, are only used for the recovery of
costly metals.

Chemical regeneration: (Degrémont has
developed a process based on the action of a
solvent used at a temperature
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Figure 101. Taif facility (Saudi Arabia). Flow: 12,600 n’.d™'.

GAC regeneration furnace. Capacity: 6 t.d” L
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of approximately 100°C and with a high
pH.

The advantage of this process is that for
the same capital outlay, only minimum
carbon loss occurs (about 1% of the
quantity treated). However, the use of
chemical reagents for regeneration (alkaline
reagent and solvent) leads to the formation

of eluates from which the solvent must be
separated by distillation. The pollutants are
then destroyed by incineration unless they
can be recovered. The process is less
widely used than thermal regeneration.

Biological regeneration: this method of
regeneration has not yet been applied on an
industrial scale.






11.ION EXCHANGE

11.1.
GENERAL

11.1.1. Principle

Ion exchangers are insoluble granular
substances which have in their molecular
structure acidic or basic radicals that can
exchange, without any apparent modification
in their physical appearance and without
deterioration or solubilization, the positive or
negative ions fixed on these radicals for ions of
the same sign in solution in the liquid in
contact with them. This process, known as ion
exchange, enables the ionic composition of the
liquid being treated to be modified without
changing the total number of ions in the liquid
before the exchange.

The first ion exchange substances were
natural earths (zeolites); they were followed by

synthetic inorganic compounds
(aluminosilicates) and organic compounds; the
latter materials are used today almost

exclusively under the name of resins. This
term has been wrongly extended to cover any
kind of exchanger.

They are either in the form of granules, as is
usually the case, or in the form of beads.

There are two categories: the resins of the
gel type and those of the macroporous or
loosely cross-linked type. Their basic structure
is identical: the macromolecular structure is
obtained in both cases by copolymerization of,
e.g., styrene and divinylbenzene. The
difference between them lies in their porosity.
Their high cross-linking degree increases their
mechanical strength to both physical (pressure
- negative pressure) and chemical (change in
the ionic saturation, or exhaustion, state)
stresses.

Gel type resins have a natural porosity that
results from the polymerization process and is
limited to intermolecular distances. It is a
microporous type structure.

Macroporous type resins have an additional
artificial porosity which is obtained by adding
a substance designed for this purpose. Thus, a
network of large canals known as macropores
is created in the matrix. These products have a
better capacity for adsorption and desorption of
organic substances.
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The chemical structure of the exchangers
is such that in their molecule they have one
or more radicals that are either acidic or
basic. For a better understanding of
exchange phenomena, cation exchangers
can thus be assimilated to an RH form
acid, and anion exchangers to an ROH
form base. The strength of this acid or this
base depends on the nature of the molecular
nucleus and the radicals that are attached to
it, such as HCO,, HSO;, NH;O0H, etc. The
exchanger is known as monofunctional if
there is only one variety of radicals, as for
instance HCO, or HSOs;. It is called
polyfunctional if the molecule contains
various types of radicals at the same time,
and thereby radicals of various ionic
strengths such as for instance:

HCO, “

R
HSO,

11.1.2. The ion exchange reaction

11.1.2.1. Use of a reversible reaction
of the softening -type:
R-Na, + Ca’** > RCa + 2 Na*

As is the case with any chemical
equilibrium, it is governed by the law of
mass action, the reverse reaction of which
corresponds to the regeneration of the
exchanger.

If the liquid to be treated is brought into
static contact with the exchange material,
the reaction stops when equilibrium is
reached between the liquid and the resin.

Therefore, in order to achieve
substantially complete exchange, it is
necessary to create successive equilibrium
stages by percolating the water through
superimposed layers of exchange material.

There is always a varying degree of
leakage of the ion that one wants to
remove.

Laws governing a reversible ion
exchange: for each reaction involving two
ions A and B, the equilibrium between the
respective concentrations A and B in the
liquid and in the ion exchange substance
can be shown graphically (Figure 102).

Under conditions of equilibrium, and for
a concentration B of X% in the solution, the
exchange material becomes saturated up to
a concentration of Y%. When the two ions
A and B have the same affinity for the
exchange material, the equilibrium curve
corresponds to the diagonal of the square.
The more marked the exchange material's
preference for ion B, the further the curve
moves in the direction of the arrows.

The form of the curve for a given system
of two ions depends on a number of factors:
nature and valency of the ions,
concentration of ions in the liquid, and type
of exchange material. In a system

Ca** =~ 2 Na* applied to a sulphonated

polystyrene, the exchange material always

Proportion of A in the solution

oy

= Proportion of B in the exchanger =

'é Proporiion of A in the exchanger=

Proportion of B in the sohation

Figure (02, lon exchange curves,
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has a greater affinity for calcium than for
sodium, and the more dilute the solution the
more this will be the case.

As mentioned above, static batch treatment
effected by bringing the liquid and the
exchange material into contact in a tank
would reach a certain point on the curve and
remain there.

If the treatment is to be continued until one
ion is effectively removed in favour of
another, the point of equilibrium must be
progressively shifted by passing the liquid
through a series of successive layers of the
exchange material containing fewer and fewer
ions to be retained, thereby moving along the
equilibrium curve almost to the zero
concentration point for the unwanted ion. If
we take a layer of exchange material entirely
in form A, and if a liquid containing ion B is
passed through it, the successive equilibrium
points between A and B give a series of
isochronous concentration curves that can be
represented by Figure

i | 100s  Oa LI T
a) Tl 1
g |
1008 L Or 100w | {in
B
el

Figure 103, The displacement of iochronous
cLves,

103 a for two ions of similar affinity and by
Figure 103 b where the exchange material has
a much greater affinity for ion B' than for ion
A'. The "leakage point" is reached when the
isochronous curve leaves the vertical right-
hand axis (positive concentration of B in the
liquid outlet curve). The curves for the two
cases of different affinity are represented in
Figure 103 c.

B
If the area A+B_represents the frac tion of
the total exchanger capacity used when the
leakage appears, it is clear that this fraction is
much greater for B' than for B.

This is also obvious with the treated liquid
in the form of "the exhaustion curves" (Figure
104).

The form of the exhaustion curves depends
not only on the static equilibrium curve
mentioned above, but also on the exchange
kinetics,, between the liquid and the exchange
material; these kinetics involve the
penetration of solutes into the exchanger, and
are governed by laws known as the "Donnan
equilibrium laws®.
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Figure {04, Exhausinon cuerves.
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These phenomena are very complex; they
involve both the degree of dissociation and
concentration of ions, the temperature, the
nature of the exchange material/liquid
interface, and the kinetics of penetration
into the solid that constitutes this
exchanger.

The total capacity of an exchanger, i.e.,
the total number of equivalents available for
exchange per litre of exchange material, is
only of very relative practical value; for
commercial application it is the "useful
capacity" defined from the isochronous
graphs or exhaustion curves described ear
her which is of importance.

Another important point in industrial
applications becomes clear when we
examine these graphs.

Accepting the existence of an exchange
material-liquid  equilibrium  curve, the
quality of the liquid treated by an exchange
layer depends on the quality of the last
layer through which the liquid passes,
whatever the qualities of the preceding
layers.

If we consider a reversible reaction of the
type:

R-A+BZ2R—-B+A

that represents "service" from left to right
and "regeneration" from right to left, it is
necessary to examine the state of the
exchanger at the start of a treatment cycle
following a regeneration cycle. It is clear
that at the beginning of the treatment cycle
the quality of the treated water,
characterized by the ion leakage, will
essentially depend on the degree of
regeneration of the last layer of exchange
material.

These factors must be borne in mind
during the examination of the different
qualities of exchange materials and their
industrial applications.

11.1.2.2. Non-reversible reaction

This applies to the removal of a strong
acid by a strong base anion exchanger:

HCI+R-OH-R-Cl+H,0

The reverse reaction (hydrolysis) is
virtually non-existent; the exchange is
complete and can be obtained just as well
under static contact or percolation
conditions. In this case ion leakage may be
zero, provided that the contact time
between the water and the resin is long
enough.

Equilibrium reactions that give rise to an
insoluble comp ound can be likened to this
type of exchange. For example, if sea water
is treated with an exchanger saturated with
silver ions, the following reac tion is
obtained:

R-A+NaCI>R-Na+ AgCl

Since AgCl is insoluble it precipitates.

Under these conditions, and according to
Berthollet's law, the equilibrium shifts
completely and the reaction is complete,
even under static conditions.

Ion exchange is not instantaneous, and the
rate of reaction depends upon the type of
resin. In practice this type of exchange"
exhaustion curves similar to those in Figure
104.

The two types of reaction mentioned
above can be used:

- to remove one or more unwanted ions
from the liquid under treatment,

- to select and concentrate in the
exchanger one or more ions that will be
bound later in the purified and concentrated
state in the regeneration or elution liquid.

11.1.2.3. Use of a previously-attached
complex anion

This complex ion is liable to cause
secondary reactions, for instance oxidation-
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reduction phenomena affecting the ions in the
water or liquid to be treated, without itself
dissolving in the liquid.

For example: absorption of dissolved
oxygen by oxidation of a sulphite anion resin
R - NH; -HSOj; into a sulphate resin R - NH;
- HSO..

11.1.2.4. Other uses

The ion exchange laws do not concern the
use of ion exchangers for other purposes
(catalysis, adsorption).

11.1.3. Methods ofregeneration

In the ~case of softening and
demineralization processes, the end of the
cycle is reached when the exhaustion curve
corresponds to that shown in Figure 103
(compounds A' and B'). It can then be
assumed, at least as far as the upper layers are
concerned, that the ion exchanger is saturated
with B' ions and is in equilibrium with B'
concentration in the inflowing solution.

Regeneration is carried out by causing a
concentrated solution of A' ions to flow
through the exchanger either in the same
direction as the exhaustion (cocurrent
regeneration) or in the opposite direction
(countercurrent regeneration).

. Cocurrent regeneration: in this operation
(Figure 105) the concentrated solution of A'
ions is initially brought into contact with
those layers of the ion exchanger saturated
with the B' ions which are expelled from the
resin; these B' ions are then carried to those
layers of the ion exchanger which are at a
lower level of exhaustion and where the
conditions are favourable to their capture;
during the first stage of regeneration it is
therefore mainly the A' ions which are eluted
from the column.

Therefore it appears that, in order to
achieve total regeneration of the ion
exchanger, it is necessary to subject a
quantity of ions corresponding to the ratio
A'/B' to a double exchange process.

Finally, if the quantity of regenerating
solution is limited, the B' ions will not be
completely eluted from the ion exchanger and
the bottom layers will not be fully
regenerated.

Consequently, during the following cycle,
the B' ions will undergo selfregeneration by
the A' ions displaced from the upper layers.

. Countercurrent regeneration: the course
of events will be different when the
regenerating reagents are made to flow
upwards from the bottom. In this case,
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the concentrated A' ions first of all encoun

ter the resin layers with a low concentration

of B' ions, the elution of which therefore

>

Service

regeneration

v

before

takes place in favourable conditions; what
is more, the B' ions cannot be recaptured in
the exhausted upper layers (Figure 106).

AI

during after

Figure 106. Countercurrent regeneration.

Regeneration therefore takes pace in far
more reversible conditions than when the
cocurrent technique is used, and from a
thermodynamic point of view, this means
greater efficiency.

Two important advantages of the principle
of countercurrent regeneration should be
emphasized:

- higher efficiency, and consequently
reduced reagent requirements, given equal
quality,

- better quality of the treated water thanks
to the fact that the bottom layers are
regenerated with a large excess of reagent.

11.1.4, lon exchange vocabulary

. Exchange capacity of an exchanger: this
is the weight of ions that can be retained per
unit volume (or sometimes per unit weight)
of the exchange material concerned. The
capacity is expressed in  gramme-
equivalents or in degrees per unit volume of
compacted resin.

A distinction is drawn between:

- total capacity, which is the maximum
volume of ion that can be exchanged, and
which characterizes a given resin,

- breakthrough capacity, which is the usable
fraction of the above, depending on the
hydraulic and chemical conditions of each
individual application.

\'4

regeneration

Bed volume:
volume per hour of liquid to be treated

volume of resin

Ton flux:
bed volume x salinity of water

Regeneration level:
weight of reagent used

volume of the ion exchange material

Regeneration rate:
gramme-equivalents of regenerating reagent
gramme-equivalents of eluted ions

x 100

This ratio is always equal to or greater than
100%

(100% corresponds to the stoichiometric
efficiency).

Regeneration efficiency: this is the
opposite ratio to the above.

. Ion leakage: this is the concentration of
the unwanted ion left in the treated liquid. It
is expressed in mg.1”, ngl?,
milliequivalents/litre, sometimes in % in
relation to the inflowing liquid.



. Breakthrough: this is the
maximum permissible ion leakage
requiring the pro duction cycle to
be shut down.

11.2.
MAIN TYPES OF ION
EXCHANGERS

11.2.1. Properties ofan ion exchange material

An ion exchange material for industrial use
must meet the following requirements:
The product must be insoluble
normal conditions of use.

In practice, all the exchange materials in
current use meet this requirement, and their
true solubility at ambient temperatures is not
detectable by the usual methods of analysis
under normal conditions of flow and
temperature. This is no longer true of certain
exchange materials once a certain temperature
is reached.

under

The product must be in the form of grains
of  maximum homogeneity  and of
dimensions such that their head loss in
percolation remains acceptabl e.

Ion exchange materials used for the
applications described below take the form of
grains 0.3 to 1.2 mm in size. Powdered resins
of between 5 and 30 microns, known as
"microresins", are available for certain special
uses (treatment of condensates, waters from
nuclear systems).

The changes in the state of the exchange
material must not cause any deterioration in
its physical structure.
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Attrition: mechanical wear of the
exchanger grains as they are being
used.

The exchange material may be required to
retain ions or ionized complexes of highly
varied dimensions and weights.

In some cases this causes an obvious
contraction or swelling (up to 100% for some
carboxylic resins (HCO,-R) between the H and
NH,4 phases). This swelling and contraction,
obviously, should not cause the grains to burst.
In the most difficult cases the design of the
apparatus should allow for this expansion
without causing excessive stresses in the bed.

It should never be forgotten that there are
certain (all too often disregarded) limitations
on the use of ion exchangers:

- ion exchangers can function only in the
presence of a liquid phase of limited
concentration,

- ion exchangers are made to retain ions and
not to filter suspended solids, colloids or oily
emulsions. The latter substances can only
shorten the life of the exchange materials,

- the complex problem of removing soluble
organic substances must be the subject of a
detailed study,

- the presence of large quantities of dissolved
gases in the water can cause serious
disturbances in the activity of the exchangers,

- the powerful oxidizing agents Cl, and O
affect some resins,

- generally speaking, great caution should be
used in the practical application on an
industrial scale of laboratory results, and also
when reading the documentation produced by
ion exchanger manufacturers.



Chap. 3; Basic physical-chemical process in water treatment

The rules for the design and use ofthe
appliances are just as important as the
knowledge of the theoretical
performance of the exchange materials
themselves

11.2.2. Cation exchangers

. Inorganic exchangers and sulphonated
carbons: these products are merely of
historical interest.

. Synthetic exchangers: these products can
be divided into two groups:

- strong acid cation exchangers,

- weak acid cation exchangers

11.2.2.1. Strong acid cation exchangers

They are characterized by having HSO;
sulphonic radicals and acidities close to that
of sulphuric acid. In current use these are
sulphonated polystyrenes obtained by:

- copolymerization of styrene and
divinylbenzene in emulsion form to obtain
perfect spheres on solidification,

- sulphonation of the beads thus obtained.

The products obtained by this process are
virtually monofunctional. Their physical
and chemical properties vary depending on
the percentage of divinylbenzene to styrene,
known as the degree of crosslinking, which
generally varies from 6 to 16%.

The second column in table 40 lists a
number of products in current use for fixed
beds with a moderate percolation rate and
for the treatment of waters of average
properties.

These products are not suitable for
treatment (continuous or batch processes)

at high rates or with frequent cycles, or for
the treatment of oxidizing water. There are
specially designed resins on the mar ket,
generally with a high degree of cross.
linking and frequently of  the
"macroporous" type.

The best known resins are listed below:
Strong acid cation exchangers.

NAME OF PRODUCT

Supplier Gel type Macroporous
type

Lewatit Lewatit
Bayer S 100 SP 112

Duolite Duolite
Duolite C20 C26
Dow Dowex Dowex
Chemical HCR-S MSC-1
Rohm Amberlite Amberlite
& Haas IR 120 IR 200

11.2.2.2. Weak acid cation exchangers

These are polyacrylic resins characterized
by the presence of HCO, carboxyl radicals
that can be likened to organic acids such as
formic or acetic acid. They differ from
strong acid exchangers in two respects:

- they retain only the Ca, Mg, Na, etc.,
cations that are bound to bicarbonates, but
they cannot exchange canons at equilibrium
with strong anions (SOy, Cl, NO3),

- they can be regenerated more easily and
their regeneration rates are close to those of
stoichiometric efficiency.
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The best known carboxylic resins in

current use are listed below:

NAME OF PRODUCT
Supplier Gel type Macroporous
type
Lewatit
Bayer CNP 80
Duolite Duolite
Duolite C433 C 464
Dow Dowex
Chemical CCR 2
Rohm Amberlite
& Haas IRC 50
IRC 84

11.2.3. Anion exchangers

Anion exchangers can be divided into
two main groups:

- weak or intermediate base anion

whereas the strong base types are
practically unaffected by this phenomenon,
- the weak base types are regenerated more
easily.

11.2.3.1. Weak or intermediate base anion
exchangers

All these products consist of a mixture of
primary, secondary, tertiary, and sometimes
quaternary, amines. The nucleus of the
molecule is highly varied in nature and may
be aliphatic, aromatic or heterocyclic.

A list of this type of resins
(nonexhaustive) is shown below. Some of
these resins have a macroporous structure.

exchangers,

- strong base anion exchangers.

The two types can be distinguished in
practice as follows:

- the weak base types do not retain very
weak acids such as carbonic acid or silica,
but the strong base types retain them
completely,

- the strong base types alone are able to
release the bases from their salts by the
following typical reaction:

R —OH + NaClZ R - Cl + NaOH

- the weak base types are more or less
sensitive to hydrolysis, in the form of the
displacement by pure water of the anions
previously attached to the resin:

R—Cl+H,02 R - OH + HCl

NAME OF PRODUCT
Supplier Gel type Macroporous
type
Lewatit
Bayer MP 64
Duolite
Duolite A 378
Dow Dowex Dowex
Chemical WGR 2 MWA'1
Rohm Amberlite Amberlite
& Haas IRA 68 IRA 93

11.2.3.2. Strong base anion exchangers

The existence of quaternary ammoniums
in the molecule is typical of these products.
All the strong base resins used for
demineralization purposes belong to two
main groups commonly known as type |
and type II. The former consists of simple
quaternary ammonium radicals, the latter of
quaternary ~ammonium  radicals  with
alcohol function. Each type has its own
field of application, depending on the
nature of the water to be treated and the
condi-
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tions applying to the regeneration cycle.

The two types differ in the following
respects:

- in type I, the basicity is strong and the
capacity low; the regeneration efficiency is
poor,

- in type II, the basicity is weaker and the
capacity higher; the regeneration efficiency is
also better.

The following list of resins used for ordinary
applications is not exhaustive:

Gel type Macroporous type
Supplier Typel Type I Type ] Type 11
Bayer Lewatit M 500 Lewatit M 600 Lewatit M 500 Lewatit MP 600
Duolite Duolite A 101 Duolite A 102 Duolite A 161 Duolite A 162
Dow Chemical Dowex SBR Dowex SAR Dowex MSA 1 Dowex MSA 2
Amberlite Amberlite Amberlite Amberlite
Rohm & Haas IRA 400 IRA 410 IRA 900 IRA 910

11.2.4. Some numerical data

11.2.4.1. Total capacity
The table gives data on the total
exchange capacities of various categories

of exchange materials expressed in
grammeequivalents per litre of resin:

Nature of Gel Macro
exchange type -
material porous

type

Weak acid 3.5-42 2.7-4.8

cation
Strong acid 1.4-2.2 1.7-1.9
cation

Weak base 1.4-2.0 1.2-1.5

anion
Strong base
anion
- type 1 1.2-1.4 1.0-1.1
- type 11 1.3-1.5 1.1-1.2

11.2.4.2. Regeneration levels

They have little to do with the nature of
resin but mainly depend on the conditions of
use, which explains the disparities that have
been observed. The values listed below are
expressed in grammes of pure product per
litre of resin.

Strong acid NaCl 80-300
cation
H,S04 80-250
HCl 40-200
Weak acid 110% of the
cation capacity used
Weak base
anion
Strong base NaOH 40-100
anion
NH; 30-60
Na,CO; 60-130

NaOH 40-200
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11.2.5. Adsorbentand special resins

11.2.5.1. Adsorbent resins

These are products that are designed to
retain nonionic compounds (basically organic
molecules) in solution in polar and nonpolar
solvents by means other than ion exchange
and by a reversible technique.

This process of adsorption on solids is very
complex and involves various types of
interaction between the adsorbent surface and
the adsorbed molecules.

For this reason, the adsorptive capacity of
the resins depends on numerous factors, of
which the main ones are:

- the chemical composition of the skeleton
(polystyrenic, polyacrylic, formophenolic),

- the type of functional groups of polar
adsorbents (secondary and tertiary amines,
quaternary ammonium),

- the degree of polarity,

- the porosity (usually macroporous materials
with pore sizes up to 130 nm),

- the specific surface area: up to 750 mz.g'1 ,

- hydrophilic nature,

- the shape of the grains.

Possible uses include:

- protection of the ion exchange system by
retaining the pollutants present in feed water
(humic acids, detergents, etc.),

- decolourization of sugar syrups, glycerin,
grape musts, whey, etc.,

- separation, purification and concentration
processes in the pharmaceutical industry and
synthetic chemistry.

The regeneration method of adsorbent
resins basically depends on the product
adsorbed. The traditional eluants are: acids,
bases, sodium chloride, methanol,

adapted organic solvents and, in certain cases,
pure water or steam.

The choice of the correct adsorbent
presents some difficulty; it must be guided by
the properties of each adsorbent and the
products to be retained. Therefore, laboratory
or pilot studies are indispensable in the
majority of cases.

11.2.5.2. Special resins

. Polyfunctional resins: these are products
that combine the properties of strong resins
with those of weak resins. This is the case
with anion resins which are able to remove all
the anions including silica and COz while
ensuring a high exchange capacity and an
excellent regeneration efficiency due to their
weak-base function.

o Chelate resins: these comprise special 239
functional groups (aminophosphoric,
aminodiacetic, aminodioxime,  mercaptan)
which permit the selective retention of heavy
metals from various effluents (zinc, lead,
mercury, etc.), gas  chromatographic
separations of metals, and also the final
softening of brine from the -electrolysis
process.

Resins for nuclear use: this involves
products with a higher degree of purity than
that of resins used in common erations.
Among these are strong acid cation resins in
H+ form that are regenerated to 99%, and
strong base anion resins in OHform with less
than 0.1% of Cl-.

Catalyzing resins:

- conventional resins used in a basic or acidic
catalyst process (for example, the inversion of
glucose in the manufacture of liquid sugar),

- resins with a metallic catalyst (for example,
a palladium resin for deoxygenation of
demineralized water or sea water).
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11.3.
CONVENTIONAL
TECHNIQUES

11.3.1. General

It is important to emphasize that the
techniques related to ion exchange
processes should not be used unless the raw
water has been subjected to a form of
preliminary treatment suited to its type,
which must include the removal of
suspended solids, organic matter, residual
chlorine and chloramines, etc. The
preliminary treatment varies with the type
of ion exchanger used.

The conventional systems are made up of
fixed-bed ion exchangers regenerated ated
on a cocurrent basis: the water to be treated
as well as the regeneration solution pass
through the resin bed from top to bottom.
The complete cycle of exchange

consists of the following phases:

- service (or production): the operating
cycle of an exchanger is determined by the
exchange capacity of the layer. This
corresponds to an exchangeable mass of
ions, and consequently, to a certain volume
of water treated between two regeneration
operations,

- loosening: an upward flow of water
loosens the resin bed and provides for the
removal of particles and resin debris that
may have risen up to the surface,

- regeneration: the diluted regenerant
passes slowly through the resin bed from
top to bottom,

- displacement (or slow rinse): water is
introduced at the same rate of flow and in
the same flow direction as the regenerant
until nearly all of the latter is washed out
and removed,

- fast rinse: water is introduced at the
production rate of flow until a quality of
treated water is obtained that is suitable for
use in the production process.

Description of an ion exchange unit:
whatever the type of exchange, whether for
softening, carbonate removal or
demineralization, each appliance normally
consists of a vertical, closed, cylindrical
vessel holding the resin. The latter can be
placed in direct contact with the treated
water collection system, which may consist
either of nozzles evenly distributed over a
tray, or of a system of perforated tubes of a
suitable number and size. The resins may
also be supported by a layer of inert
granular material such as silex, anthracite or
plastic beads. The layer itself is drained by
the collection system (Figure 107).

Sufficient free space is left above the
resin bed to allow it to expand normally
(between 30 and 100% of the compacted
volume depending on the type of resin)
during countercurrent expansion.

Both the water to be treated and the
regenerant are admitted at the top of the
vessel by a distribution system of varying
complexity.

The appliance has an external set of
valves and pipes for the various operations
of service, expansion, regeneration and
rinsing. The valves may be manually or
automatically controlled, or can even be
replaced by a central multiport valve.

Note: to simplify matters, the reactions
in the following description are taken as
complete. In practice, a slight ion leakage
always occurs.

11.3.2. Soffening

A cation exchanger regenerated with a
sodium chloride solution is used for this
purpose (Figure 108).
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All the salts in the water under
treatment are transformed into sodium
salts. The hardness of the treated
water is virtually nil. Its pH and
alkalinity values remain unchanged.
Softening can be done after
preliminary  purification by lime,
which removes the bicarbonates and
reduces the M alk. to a value generally
between 2 and 4 French degrees. In
this case, the water obtained is both
free from carbonates and softened
(Figure 109).

11.3.3. Carbonate removal

This process uses a carboxylic resin
which is in the R-H form, having been
previously regenerated by an acid
(Figure 110). This resin has the
property of retaining metallic cations
and releasing the corresponding
anions in the form of free acid, until
the pH of the treated water reaches a
level of between 4 and 5, at which
point all the carbonic acid from the
bicarbonates is released. The cations
associated with the anions of strong
acids (chlorides, nitrates, sulphates)
are not retained by the resin.

Under these conditions, the treated
water contains all the original salts of
strong acids and an amount of
dissolved CO, which is equivalent to
the bicarbonates in the raw water. The
alkalinity of this water may be nil, and
its hardness

| - Tt e |
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Figure 109. Carbonate removal by lime, and softening.

equal to the TH - M alk. value of the raw water;
the hardness value may therefore fall to zero if
the TH is equal to or less than the M alk., since
the alkaline-earth ions are exchanged rather
than the alkaline ions.

In the opposite case, a zero hardness may be
obtained by combining in the same vessel a
layer of carboxylic resin and a layer of
sulphonic resin, regenerated in turn with a
strong acid and a solution of sodium chloride.
The carboxylic resin works in the H cycle and
retains the TH in a quantity which is equivalent
to the M alk. The sulphonic resin exchanges the

sodium ions for permanent hardness which is
equal to TH - M alk. In this way a carbonate-
free and softened water is obtained.

With water containing sodium
bicarbonate, the efficiency of carboxylic
resins is poor, and the H-Na method is
sometimes used instead: a sulphonic resin in H
form is placed in parallel with another in Na
form and while the former retains all the
canons and releases the corresponding acids,
the latter produces softened water. A mixture of
decationized and softened water in suitable
proportions provides treated water of the same
composition as the first method.

Ca (HCOB)2
Mg (HCO,),
Na HCO3
Ca SO,

Mg SO,
Na,SO,
Ca(Cl,
MgCl,
NaCl

RAW WATER

is converted into

R

CO,H,0
CaSO,
Mg SO,
Na,SO,
Cadl,
MgCl,
NaCl

TREATED WATER

Ca
Mg
Na

Figure 110. Carbonate removal.
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However, this method has the disadvantage
of requiring the acid water to be kept strictly
proportional to the water containing
bicarbonate alkalinity, as otherwise an acid,
and thereby corrosive, mixture is obtained.

With these systems it is generally advisable
to remove the dissolved C02 produced by the
ion exchange process.

11.3.4. Demineralization

A number of various demineralization
processes have been studied which are
essentially based on the following factors: the
quality of water to be obtained, the
composition of the water to be treated and the
consumption of regeneration reagents. Other
considerations such as capital outlay,
installation, etc., may also influence the
composition of the system.

The description given below of the various
combinations of exchangers most frequently
employed, uses the terminology:

- WCR: weak acid cation resin

- SCR: strong acid cation resin

- WBR: intermediate or weak base anion resin
- SBR: strong base anion resin

- |CO,|: CO, removal

- MB: mixed bed.

11.3.4.1. Partial demineralization

This is comprised of a unit filled with
strong acid cation exchanger (SCR),
regenerated by a strong acid, which operates in
seriecs with a wunit filled with weak (or
intermediate) base anion exchanger (WBR),
regenerated by caustic soda or ammonia. The
water produced is used as is as long as the
carbonic acidity is not damaging; otherwise it
is deaerated on a CO02 removal unit
(decarbonator) that is placed either upstream or
downstream from the anion exchanger (Figure
111).

The treated water contains the totality of the
silica present, and when it is deaerated, the
level of carbonic acid is approximately 15
mgl-'; depending upon the regeneration rate
adopted for the cation exchanger, the
conductivity can range between 2 and 20
gS.cm'. The pH level is in the order of 6 to 6.5
as long as the removal of carbon dioxide is
done correctly.

This type of system produces boiler
feedwater for medium pressure boilers and
water for various industrial processes.

11.3.4.2. Total demineralization
. SCR + SBR systems: all ions, including
silica, are removed (Figure 112). In the
majority of cases it is advisable to reduce the
flux of ions passed to the anion

Ca(HCO,),
Mg (HCO,),
CaSO,

Mg SO,
Ca(Cl,

Mg Cl,
NaCl

Si0,. H,0

SCR

RAW|WATER

Ca
R (Mg
Na

o]
=
C0,.H,0 %0,
H, SO, WBR ‘; H,0
S glsio
Si0,.H,0 é 2
SO
g {01 :

Figure 111. Partial demineralization.
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exchanger by installing, between the anion
exchanger and the cation exchanger, a CO,
removal unit intended to reduce the CO,
content to a few mg.l-". This brings about a
reduction in the volume of strong base
anion resin and in the regeneration reagent
requirements.

The quality of demineralized water
essentially depends on the regeneration rate
of the cation exchanger. The ion leakage
takes the form of a trace of caustic soda (or
of lime, if the raw water contains no
sodium) from the cation exchanger. A
reduction in the level of silica itself
depends on the level of caustic soda that
remains in the demineralized water. In

CO REMOVAL LINIT

practice, in most of the cases the water
obtained by this method has a conductivity
of 3 to 20 pS.cm’ a silica level of 0.05 to
0.5 mgl" and a pH ranging between 7 and
9.

This is the simplest arrangement and a
demineralized water that may be used in a
wide variety of applications can be obtained
with it.

SCR + WBR + SBR system: this
combination (Figure 113) is a variation of
the previous one. It provides exactly the
same quality of water, while offering
economic advantages in the case where the
water to be treated contains a high
proportion of strong anions (chlorides and
sulphates). In this system, the water, after

{as required)
Cagiony | p— ’; §
& [ MatHCO,), 0, H,0 =
£ [ Ca 80, ibcii =
2| Mgs0, - SCR EEE]D* SBR = pH,0
o= ] = 2
Z | cac Sy B
2\ Nacr Ot &
8i0, H,0 &
Ca S0,
R | Mg R i
Ma HE!l(_}a
HCO.

Figure 112, Toral demineralizanion.
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first passing through the weak base anion
exchanger, in turn passes through the
strong base anion exchanger. The optional
COz removal unit may be installed either
between the cation exchanger and the first
anion exchanger, or between the two anion
exchangers.

The regeneration of the anion
exchangers takes place in series with the
caustic soda solution first passing through
the strong base resin and then through the
weak base resin. This method requires the
use of much less caustic soda than was
used in the previous one, because the
excess caustic soda remaining after normal
regeneration of the strong base resin is
usually sufficient to regenerate the weak
base resin completely.

Moreover, when raw water contains a high
proportion of organic matter, the weak base
resin protects the strong base resin.
. Systems with WCR + SCR grouping:
this combination is advantageous in cases
where the water contains a high proportion
of  bicarbonates. In  this  system,
regeneration is effected in series first
passing through the sulphonic exchanger
and then through the carboxylic exchanger.

Since the carboxylic resin is regenerated
more or less stoichiometrically, from the
excess free acid that remains after the
regeneration of the sulphonic resin, the
total regeneration rate is considerably
lowered.

Figure 114 shows a system permitting
minimum consumption of reagents.
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. Mixed bed installations (MB): this process
differs essentially from the separate bed
system in that the two strong resins, the cation
and the anion, are pined in a single vessel.
The two resins are intimately mixed by
agitation with compressed air. The grains of
resin are thus arranged side by side, and the
whole bed behaves like an infinite number of
anion and cation exchangers in series (Figure
115).

To carry out regeneration, the two resins
are separated hydraulically during the
loosening phase. As the anion resin is the
lighter, it rises to the top, while the heavier
cation resin falls to the bottom.

When the resins have been separated, each

of them is separately regenerated in turn with
caustic soda and a strong acid.
Any excess regenerant is removed by rinsing
each bed separately. After partial emptying of
the vessel, the two resins are remixed with
compressed air. Rinsing is completed and the
vessel is then ready for a fresh cycle.

The advantages of mixed bed systems as
compared with separate bed systems are as
follows:

- the water obtained is of very high purity and
its quality remains constant throughout the
cycle (its conductivity is below 0.2 uS.cm’,
its silica level is less than 20 ug.l'l),

- the pH is almost neutral,

- rinse water requirements are very low.

The disadvantages of mixed bed systems
are a lower exchange capacity and a more
complicated operating procedure because of
the requirement that the separation and
remixing processes be carried out absolutely
correctly.

Mixed bed exchangers can be used directly
on raw water as long as it contains

very few ions (water which has undergone
prior treatment by reverse osmosis or
distillation, condensed water, nuclear pool
water in closed loops, etc.). A complex
system of ion exchangers can be replaced by a
single mixed bed.

Special layouts have also been used as
follows:
- SCR + | C02 | + MB, -softener + MB,
- SCR + WBR + | C02 | + MB: useful
arrangement for a water containing many
strong anions.

However, the mixed bed exchangers are
most often used in polishing treatment.

JInstallation equipped with a polishing
system: the quality of water flowing out of a
primary system, whatever its composition, is
determined by the ion leakage from the cation
exchanger. This ion leakage varies, depending
upon the properties of the raw water and the
rate of regeneration. The quality of the
demineralized water obtained is not sufficient
for certain uses such as that of feedwater for
very high pressure boilers and various
applications in the chemical, nuclear or
electronics industries. Therefore, it has to be
further treated in a system known as a
polishing plant.

The ion leakage from the cation exchanger
is converted to a free base on the anion
exchanger, which therefore entails a silica
leakage from the latter. As a result, a
polishing system must necessarily contain a
strong acid cation exchanger and a strong base
anion exchanger.

The polishing system may be arranged so
that there are two columns in series with
regeneration taking place in the direction
SBR2 - SBRI1 and SCR2 - SCRI. In these
arrangements the polish
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ing exchangers are perfectly regenerated and
the quality of the demineralized water is
excellent (the conductivity is less than 1
gS.cm ', its silica level ranges between 5 and
20 pg1™).

This system, however, is being used less
and less frequently. Mixed bed exchangers
that produce water with a conductivity in the
order of 0.05 gS.cm™ at 25°C, and have silica
leakages that are considerably below 10 gg.I’
!, are preferred. A polishing mixed bed, due
to the low volume of inflowing ions, is

11.4.

SIZING A DEMINERALIZATION
SYSTEM

The following data are necessary for
sizing:
- M alk. of the raw water in French degrees,
- SSA of the raw water in French degrees
(SO4 + CI+ NOs),
- silica content as TSiO, (1°=12 mg.l'1 SiO,,
- content of carbon dioxide, TCO,, in the
water after passing through the cation
exchanger and, where appropriate, after CO,
removal,
- volume V of water to be supplied between
regeneration processes, in o, including
service water if appropriate,
- hourly flow rate Q in n’,
- exchange capacity C of the resins expressed
in degrees-litres per litre of compacted resin
(the degrees may be replaced by
milliequivalents, where 1 millequivalent = 5
French degrees).

In the case of conventional systems, the

regenerated only every 5 to 10 cycles of the
primary system.

In some applications, it may be sufficient
to have as a polisher a weak or a strong acid
cation exchanger designed to neutralize the
caustic soda leakage from the anion
exchanger in the primary system. By using
this polishing exchanger, known as a "buffer
filter,,, it is possible to obtain water that is
virtually free of cations (with a conductivity
below 1 pScm) and has a pH value of
between 6 and 7.

exchange capacity is calculated for each
resin, with the aid of information furnished
by the manufacturer.

The anion exchanger is calculated first for
capacity C: the volume to be used is given by
the formulae:

VX SAF
- C
in the case of a weak base exchanger, and:
V X (SAF + TCO, + TSi0,)
C
in the case of a strong base exchanger.

\A

V,=

The cation exchanger is calculated next,
allowing for the additional water oVa
necessary to rinse the anion exchanger,
where a may vary from 5 to 20 depending on
the type of resin. This results in:

V= (V+ aV,) (SAF + TACQ)
¢ C
The volumes calculated must then be
compared with the hourly flow rate to be
treated. There are upper limits to the flow
rate or to the bed volume.

If Vc or Va are too low, they should be
readjusted, possibly by increasing the cycle
volume V.
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11.5.

MONITORING AND
MAINTENANCE OF A
DEMINERALIZATION
PLANT

11.5.1. Checking the treatment

The checks to be made on a
demineralization plant essentially include
the following measurements:

- conductivity (or resistivity),
-silica concentration,

- hardness where necessary,
-sodium concentration,

- pH.

The maximum reliability can be obtained
by continuous automatic checks, especially
those relating to the conductivity, the silica
and the pH.

For the correct interpretation of the
conductivity = measurement and the
consequent deduction of the ion leakage
value, it should be borne in mind that
normally, in a properly designed
installation, the demineralized water only
contains traces of caustic soda (see Chapter
8, par. 3.2.2).

11.5.2. Disinfection ofresins

Operating difficulties sometimes occur
due to the presence of microorganisms:

- fouling of the bed that is invaded by
bacterial colonies (especially on carboxylic
resins),

- internal contamination of the resin pores
(especially on anion exchangers).

The remedies, which should not be
applied until an expert has been consulted,
are of two types:

- preventive, by prior continuous or
intermittent chlorination of the raw water,
- curative, by disinfection of the resin

bed with formol, or with a solution of a
quaternary ammoniumbased product, or
else with a brine of 200 g.1- in NaCl,
alkalinized to a pH of 12 with the aid of
caustic soda.

11.5.3. Storage ofresins

11.5.3.1. In their original packaling

Protection against dehydration: it is
necessary to preserve the resins in their
packaging, which should be kept intact.
They should be kept away from sunlight
and at a temperature not exceeding 40°C.
From time to time it is important to check
the packaging for water tightness, and to
maintain the moisture level of the resin in
cases where the packaging has been
opened, by irrigating it with water
whenever necessary before reclosing the
packaging.

. Protection against freezing: the resins
can either be stored in a site protected from
freezing conditions or be treated with a
saturated brine.

11.5.3.2. Inside a plant

.Protection against dehydration: it is
necessary to keep the columns filled with
water at all times.

Protection against freezing: water
should be replaced with a saturated brine
which will ensure that the resin is protected
at a temperature down to -17°C. For lower
temperatures, it is necessary to use a
water/glycol ~ mixture in  appropriate
proportions.

Protection against bacterial growth:
before shutdown, it is important that
suspended solids be removed by means of a
prolonged washing operation on a
countercurrent basis. The cation and anion
resins must be maintained in a saturated
state; for anion resins, this is also a means
of avoiding the hydrolysis of strong base
groups into weak base groups and
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into nonionic groups, which leads to
losses in capacity.

Cation exchanger beds can be filled
with a 0.5% formol solution. It is
advised that this concentration be
checked periodically to ascertain that it
does not fall below 0.2 % .

Anion exchanger beds can be filled with
a 0.1% solution of a quaternary
ammonium salt

It is equally effective to fill the unit with
a brine with a minimum concentration
of 200 g.l'l; moreover, it constitutes a
protection  against  freezing  and
hydrolysis.
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12.1.
PRINCIPLE - THE REDOX
POTENTIAL

Some substances are found either in

oxidized or in reduced form, and are converted
from one to the other by gaining electrons
(reduction) or by losing electrons (oxidation).
A system comprising an acceptor and a donor
of electrons is known as an "oxidation-
reduction" system.
Red 2 Oxyd."" + ne”
for example, iron:
Fe’* > Fe3* + e~

It should be noted here that, apart from the
"oxygen" and "hydrogen" elements which are
respectively able to act only as an oxidizing
and a reducing agent, there are no substances
which are oxidizing agents or reducers in an
absolute sense.
The possibility of such interaction is
determined by the concept of oxidation-
reduction potential or redox potential, which
depends on the activity of the oxidized and
reduced forms according to theformula (see
page 206):

K

| oxidized form |
E, = E2 + X |og oxidized form 0
n o8 | reduced form |

where n is the number of electrons involved in
the oxidation-reduction reaction, and Eo is the
so-called "normal" potential corresponding to
the equilibrium: | (oxidized form) | =| (reduced
form)|.

The oxidation-reduction  potential  is
measured by a pair of electrodes. One
electrode is usually made of non-corrodible
material (platinum or gold) while the other is a
reference electrode that is normally a KCI-
saturated calomel electrode (Figure 116). The
measured potential EHg, which is positive or
negative compared to the calomel electrode,
and is expressed in volts, must be compared
with the potential of the hydrogen electrode
EH; it should be recalled that the former is
positive i.e. at 20°C:

EH:EHg+O.248V

. The rH, or oxidation-reduction potential, is
calculated from an equation derived from Nerst
equation:

H = Eq _ AX Ey,

0,029 0,029
The various substances can be classified by
comparing their Eo potential. A substance A
that has a higher normal poten-

+ 2pH
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tial than a substance B will oxidize the
latter. Thus, the substance B is the reducing
agent for substance A.

By definition zero potential is that of a
hydrogen electrode. Listed in table 40 are
the normal potential values at 25°C of a
number of substances found in water.

In fact, conversion of a substance from an
oxidized form to a reduced form usually
takes place by means of another substance
which itself is converted from the reduced
form into the oxidized form:

a0Ox; + bRed; =2 aRed; + bOx;
(redox equation)

Thus, we see a combination of the two
couples. By mixing equal quantities of the
oxidizing agent of one of the couples and of
the reducing agent of another couple,
a(Oxi) = b(Red2), the point of equivalence
can be reached. The potential of the system
is then expressed by:

_bE, +aE,

" a+b
On a titration curve (potential vs.
concentration of oxidizing agent) this is
identified by the point of inflection.

Figure 116. Measurement of the oxidation-
reduction potential.

Table 40. Normal oxidation-reduction
potential values of oxygenated and
halogenated compounds.

(En = 0 volr)
E, volt
OH’+H' + ¢ — H,0 2.76
Os + 2H" + 2¢ =0+ HO0 207
HO; + 2H" + 2¢¢  — 2H,0 1.76
Cl, + 2¢ — 2CI 1.36

HBrfO + H" + 2 — Br +H,0 1233

05 + HO + 2¢” —0,+20H 124

ClO; + € — ClOy 1.15

Br, + 2¢” — 2Br” 1.07

HIO+H'+2 —=T+H0 099

ClO; aq + € — ClO;” 0.95

ClO" + HO +2¢ — CI'+20H™ 0.90

h
Water

_Calomel electrode v

A=0,248220°C

Hydrogen electrode

Eng Measured potential

HO; + H;O + 2¢¢ — 30H” 0.87
BrtO" + H,O + 2¢¢ — Br + 20H™ 0.70

I; + 2¢ —2I 0.54

I + 2¢” —3I 0.53

I00+HO+2 —I°+20H 049

Depending on experimental conditions,
water can take part in oxidation-
reduction reactions (see page 206).
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12.2.
THE GOAL

Oxidation-reduction reactions are used in

the treatment of water:

- for disinfection of water,

- to convert an element from its dissolved
state to a state in which it may be
precipitated (Fe, Mn, sulphur removal,
etc.).

The definition and monitoring of the pH
value in a reaction is very important. Figure
117 graphically represents the state of
various forms of iron and of manganese and
their evolution depending on the pH and the
redox potential, in order to:

- convert an element from its dissolved

state to its gaseous state (for example,
denitrification),

- break down a substance into several
simpler substances the presence of which is
acceptable in water (for example, phenols,
etc.),

- break down a non-biodegradable
substance into several simpler substances
which can be removed by bacterial
assimilation during a later treatment phase
(for example, micropollutants).

Oxidation can take place by means of
chemotrophic bacteria such as in the
oxidation of iron and manganese, the
oxidation of sulphur compounds, the
oxidation-reduction of nitrogen compounds
and methane-forming reduction.

EH (volts)

oxydation de Teau
2ZH,O — de"e=r dH*+O 7,
dégagement d'oxygine

dégagement d’hydrogbne

-0.8

» pH

T e e T !
ey 2 -3 4 5 -6 T

e T TR T
8 9 10 11 12 13 14

Diagramme “potentiel-pH "™ du fer fdomaines d'existence des fons ef des precipites)

d'apres HeM, 1961,

Figure 117. Diagram ofiron 'potential p

" (areas where ions and precipitates are

located), so called: diagram ofstability fiom MrPourbaix.
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12.3.

MAIN
OXIDATION
TECHNIQUES

12.3.1. Oxidation by physical means

using air

This consists in dissolving oxygen of the air in
water. After being dissolved oxygen may oxidize
some compounds as for example ferrous iron to
ferric iron according to the reaction:

4Fe** +0, + 8 OH™ + 2H,0 — 4 Fe (OH),
—

The techniques employed are those developed in
Chapter 17.

Aeration by physical means has as secondary
effect the removal of dissolved gases that are in
excess with regard to the composition of the air
used for aeration:

- the removal of H,S,

- the removal of excess CO, (thus raising the pH
level). It must be noted that an overly extensive
aeration can lead to an excessively high pH level
(see the carbonate balance, page 262).

using oxygen

Whenever the oxygen demand is great it may be
of interest to eplace air with pure oxygen when
aeration takes place under pressure. The partial
pressure of oxygen is thus multiplied by five for a
same pressure of air injection which makes it
possible to increase the quantity of dissolved 02 in
the water at this pressure. This technique is
primarily used in the treatment of wastewater.

12.3.2. Oxidation by chemical means

12.3.2.1. Gaseous reagents

The reagents used are chlorine and ozone.

A) Chlorine. Chlorine is the most
commonly used reagent for the disinfection
of water. Chlorine cannot be used directly in
its gaseous state. It must first be dissolved in
water. It reacts in water according to the
reaction:

Cl, + H,0 = HCIO + HCl

which is accompanied by the secondary
reaction:

HCIO = ClIO” + H'

Figure 118 illustrates this latter balance
depending on the pH level. If the pH level is
below 2 all the chlorine is in its molecular
form. At a pH level of 5 molecular chlorine
disappears and all the chlorine is in the form
of HC10. At a pH level of above 10 all the
chlorine is in the form of hypochlorite ions
ClO.

The bactericidal effect of chlorine is
maximum when the chlorine is in the HC10
form. Figure 118 demonstrates how to
calculate the quantity of chlorine present in
the form of HCIO for a given pH level of
between 5 and 10 and a given dosage of free
chlorine measured in a water. The quantity
of chlorine is thus called free available
chlorine which is not directly measurable.
Chlorine possesses a significant residual
power.

Chlorine also reacts with organic matter
in water and with ammonia. If increasingly
large dosages of chlorine are introduced into
several receptacles containing the same
water, and the total residual chlorine in each
receptacle is measured at the end of a given
contact period (2 hours for example), the
curve in figure
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