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1 BACKGROUND

1.1 Introduction and scope of the study

In Sweden approximately half of the water consumed consists of surface
water, which ordinary needs treatment of some kind before consumption.

The predominant treatment process is coagulation - flocculation by means
of a hydrolysed metal salt, in practice almost exclusively aluminium
sulphate. The yearly amount of surface water chemically treated in Sweden
is about 450 - 100 mg. Annual investment costs for treatment facilities can
be estimated to 80 . 106

are used effectively are, of course, of greatest interest.

SEK/year. Methods to assure that these resources

The fact that the quality of the treated water may have an impact on
human health, is also a motive to ascertain the safety and effectiveness
of the treatment process.

The surface waters used in Sweden are frequently only slightly affected
by industrial or municipal waste water. They can be classified as low-
turbidity waters, containing humic substances causing some colour.

In figure 1-1 a typical water treatment plant using chemical treatment

is shown:
Rapid Flocculation Sedimentation Filtration
Raw mix
water
—_— L -9{ —————> Effluent
/r\
Chemicals

Fig 1-1. Flow diagram for a typical water treatment plant

The purpose of the treatment considered here, is to remove particulate
matter in suspended or colloidal form from the raw water. A chemical
(usually aluminium sulphate) is mixed into the water, forming precip-
tates including particles present in the raw water. Thus a separation
of the raw water impurities is made possible.



There are essentially four basic units, that affect the solid-liquid
separation: The mixing of chemicals into the raw water, the floccula-
tion, the sedimentation and the filtration units. The main attention

in this study is laid upon the flocculation-sedimentation processes.

The objective of this study is to orovide data and procedures for an
appropriate design and the optimal operation of a conventional chemical

water treatment plant, particularly the flocculation operation.

The methods encountered in the literature for the estimation of the
effects of various flocculation conditions on a vractical sedimenta-
tion result, are limited. Numerous flocculation theories exist founded
on probable f1occu]ation'mechanisms, but water plant operator have no
use of them since the theories regularly cannot predict the sedimen-
tation properties of the floc suspension. On the other hand there
exist empirical relationships with that capability, however with 1imi-
ted theoretical sense.

This treatise is meant to be an attempt to overcome the gap between
theory and practice in this respect. Firstly, a description of changes
in settling properties is developed, from which it is relatively simple
to make conclusions concerning the response of the practical sedimenta-
tion result to various flocculation conditions. Then a mathematical
model is developed, where the particle size distribution is taken into
account. Such a theory is of greataest interest as a means to under-
stand the flocculation process and to be able to study it more syste-
matically.

The waters studied are natural waters containing mainly humic sub-
stances, with Tow turbidity (little affected by industrial or municipal
waste water) and used for consumption after chemical treatment. In
order to avoid scale effects, most studies concerning flocculation are

carried out in pilot-plant or full-scale treatment plants.

The flocculation is performed in agitated tanks. The subsequent separa-
tion steps sedimentation and filtration are studied, where sedimen-
tation attracted most attention. Only coagulation with aluminium
sulphate is considered.



Processes as adsorption and disinfection are not treated in this
thesis.

1.2 Terminology

Some confusion exists about the terms "flocculation" and "coagulation",
which sometimes are used synonymously, sometimes to denote different
steps in describing the process of creating aggregates of particles
which can easily be separated from the water.

Fiessinger (1978) presented one usual way of designating the different
steps of particle aggregation (Table 1-1). The particles involved are
often colloidal, resisting aggregation by their surface charge. The

surface potential has to be decreased in some way (particle destabili-

zation) before two particles can become so close that they get attached.

After destabilization, particles can come into contact by their
differential motion caused by Brownian motion, velocity gradients or
differential settling. The latter step is usually referred to as the
particle transport step.

The reagent causing the particle destabilization is usually dissolved
to form a feed solution which is dispersed and mixed into the water.
In contact with water, the chemical reacts, forming products active in

destabilization of particles.

In Table 1-1, the term coaqulation is used for the destabilization step,
and flocculation means particle collision and growth. The perikinetic
flocculation is governed by molecular motion, and the orthokinetic

flocculation is induced by velocity gradients in the fluid.

As an alternative terminology, the term "microflocculation” has been
introduced, to characterize the step between "true" coagulation and
“true" flocculation.



Table 1-1. Terminology associated with aggregation of colloidal

particles. Fiessinger (1978)

STEPS

PHENOMENA

TERMINOLOGY

(general)

1.

REAGENT FORMATION

Preparation: dissolution, ionisation,
polymerisation ...

Dilution

Introduction: dispersion, diffusion.
Contact reagent-particle.

Flash-mixing

Reaction with water: ionisation,
hydrolysis, polymerisation.
Formation of metal-hydroxo complexes
with Al and Fe salts.

Hydrolysis

2. PARTICLE DESTABILISATION

Compression of the electrical double
Tayer by non hydrolysing counter ions.

Reduction of surface potential through

chemisorption of hydrolysing metal ions
or surface active substances (chemical

reactions).

Enmeshment in a precipitate (sweep
flocculation}.

Interparticle bridging through specific
adsorption of coagulant or flocculant
(polymeric) species. Mutual aggregation.

Coagulation

Coagulation

3. PARTICLE TRANSPORT

(collisions)

Brownian motion (thermal diffusion). For
particles of size<1 pm.

Perikinetic
flocculation

Micro
flocculation

Fluid (velocity gradients G).

Particles (differential) motion: e.qg.
settling, flotation.

Orthokinetic
flocculation

Flocculation

Aggregation

4. SEPARATION

Sedimentation, flotation, filtration ...




Packham (1977) defined flocculation as "“that part of the process ...

in which the size of the aggregates of destabilized particles is in-
creased as a result of some kind of agitation", which is in close
agreement with the definition above. However, the term "coagulation" is

used by Packham to denote the overall aggregation process.

It is also possible to find authors who use "flocculation" as a general
term, Ives (1978a).

LaMer (1964) uses the terms flocculation and coagulation to distinguish
between two different types of particle destabilization; coagulation for
the reduction of electrostatic repulsive forces and flocculation for
bridging of particles by water soluble polymers. Which one of these de-
finitions is the most appropriate for the aggregation of colloidal

matter by aluminium or iron salts in water treatment is not obvious.

The present author will adopt the view of Packham. Thus coagulation is
used to denote the overall particle aggregation process, and floccula-
tion means growth of particles by means of agitation.



2 COAGULATION

2.1 Coagulation with hydrolysed Al

Water treatment by the use of aluminium and ferric salts is a well
known practice and investigations concerning the nature of the
precipitation process have been carried out since the 19th century.
In spite of this there do not exist adequate theories to predict
treatment results. In practice one has to rely on the method known
as the jar test. The lack of a consistent theory is, of course, to
great extent due to the nature of impurities in the raw water,

which can vary within vast limits.

A brief summary of concepts encountered in literature is given
below, mainly based on reviews made by Packham (1962 a, b, 1963),
Hall and Packham (1965), AWWA Committee Report (Singley et.al.,
1971), Fiessinger (1977, 1978), and Packham and Sheiham (1977).

2.1.1  Colloid stability

Many substances encountered in natural waters are present in the
form of particles of the size of 0.005 to 0.2 um, with the
physicochemical properties characteristic for colloids. The ability
of a substance (not in true sclution) to remain permanently in the
water, is usually in this context thought to be associated with

colloid stability.

Usually a surface charge develops, caused by e.g. dissociation of
functional groups on the surface or by adsorption (Lyklema, 1978).
The surface charge has great significance for the stability because

of the large specific surface area of the colloid particles.

In the vicinity of the colloid particle in a solution, ions with a
charge opposite to the surface charge (counter ions) will accumulate

to accomplish electroneutrality.



Helmholz (1879) developed a theory based on the concept of two surface
charges separated by a distance, which could be treated as an electric
condensor. Gouy (1910) and Chapman (1913) introduced the effect of the
diffusion of counter-ions out from the surface caused by their
concentration gradient. As a result a diffuse double Tayer is developed.
Stern (19Z24) combined a fixed layer of counter-ions with the diffuse
double layer. The mathematical treatment of these models, however,

are beyond the scope of this study and reference is therefore made

to the authors mentioned above.

The extent of the electric double layer is affected by the ionic-
strength in the bulk of the solution, and together with the absolute
value of the charge on the particle surface, itwill determine the size
of the repulsive forces when two particles get close to each other. In
the immediate vicinity of the particle, attractive forces caused by
atomic interactions, London - van der Waal forces, are predominant.
The electric double Tlayer thus causes an energy barrier to be over-

come before aggregation can take place.

In an electric field the charged particle will move together with a
part of the electric double layer. From electrophoretic mobility
measurements (velocity of the particle per unit of field strength)
property called zeta-potential can be calculated, see e.q. Riddik
(1961). The zeta-potential can be interpreted as a measure of the
energy barrier and the colloid stability.

0'Melia (1972) distinguished between four mechanisms to destabilize

a colloid.

1 Compression of the double layer. By adding an electrolyte
QBQ'EAH%E'Ek}éhgthma%‘théUEBiEEion will be increased and the
volume of the electric double layer will be reduced. This
may cause the energy barrier resisting aggregation to
diminish. Another way to compress the electric double layer
is to increase the val=snce of the counter-ions, as expressed
in the Schulze-Hardy rule for the critical concentration of

coagulants.



2 Adsorption and charge neutralization. If, for example, surface

active substances with a charge opposite to the surface charge
is adsorbed, the primary charge can be partly or completely
neutralized.

3 Enmeshment in a precipitate ("sweep coagulation"). When high

concentrations of a coagulant is used causing precipitations of
e.g. a metal hydroxide, the colloid particles can be absorbed

into the precipitate, or even serve as precipitation nuclei. The
latter effect can result in an inverse relationship between

particle concentration and critical dosage of coagulant.

4 Bridging by polymers. When polymers (synthetic or metal

hydrolysis products) are used for coagulation, the Tong polymer

chains are thought to create particle aggregates by bridging
between particles.

A11 these mechanisms of destabilization of a colloid (in addition,
there are also other mechanisms proposed) are to varying extent
usually considered to be effective when aluminium is used as a

coagulant. For further discussion it is referred to Section 2.3.

In some cases it is possible to overdose the coagulant, thus causing

the colloid to be restabilized by e.g. charge reversal.

2.1.2 Hydrolysis of aluminium

The'hydPOTysis of aluminium yields a variety of hydrolysis products
capable of affecting the colloid stability.

The A73+=ion in aqueous solution is strongly hydrated, surrounded
by six water molecules in an octahedral configuration, which may be

represented as A1(H20)63+

. The hydrolysis of this ion yields the
following dissociation steps, if coordinated water molecules are

omitted:

AT 2 AT(0M)?F 2 AT(OH)," 2 AT(OH), 2 AT(OH), (2-1)
Between each step a proton is released as stated in eq (2-2)
A(H,0), 3 7 AT(H,0) (OH)2T + H' (2-2)
276 ¢ 2" /51



The relative amount of the spieces according to eq (2-1) is depending
on the pH of the solution and the various equilibrium constants. The
amount of dissolved aluminium in equi11brium is governed by the
solubility of aluminium hydroside. In the range pH 6 - 7,

a maximum amount of the uncharged /-\](OH)3 is produced, which is

forming a gelatinous precipitate.

At higher and lower pH-values the precipitate may redissolve because
of forming of aluminate and positively charged hydroxocomplexes,
respectively. In the pH-interval 6-7 less than 10’6 M aluminium is
dissolved; thus arn analysed residual of about 0.01 mg A13+/1 is to
be expected. As nearly all of the added aluminium will form A](OH)3

the overall acid-base reaction can be written:

ATP* 5 30,0 & AT(OH), + 3K

+ -
3H' + 3HCOZ 7 3H,C0,

At the hydrolysis the H'-ions released will be netralized as far as

(2-3)

possible by the alkalinity. In natural waters the alkalinity almost
exclusively is determined by the HCOB“-ion, Eq (2-3) is valid as a

basis for pH-calculations (by means of the carbonic acid equilibrium
equations) if the alkalinity of the water is sufficient, otherwise a

base has to be added.

In addition to the monomeric ions in eq (2-1), polycations as a result

?§+ or A17(OH)I§+ has been proposed

(Brosset, 1952, 1954, Matijevic et.al., 1961). These jons are thought

of polymerization like A18{OH)

to be more effective in coagulation than the monomers.

Sullivan and Singiley (1968), however, state that the hydrolysis of

aluminium could be explained on the basis of mononuclear species.

Usually a solution of Al-sulphate is prepared before additior to the
water. The concentration is often ca. 5% by weight. Fiessinger
(1976, 1978 ) and Bersillon ¢t.al. (1978) report that polymerisation
in the stock Al-solution could be accomplished by adding a certain
amount of OH -ions prior to addition to the water. The coagulant
achieved in this way is claimed tc be more effective than a simple

aluminium-sulnhate solution.
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Other anoins present may intervene in the polymerization process and
result in different chemical properties of the precipitate. Especially
phosphate is reported to lower the optimum pH-value for turbidity
removal. Sulphate have the effect of broadening optimum pH-interval
(Hanna and Rubin, 1970).

Baylis (1937) reported that increasing alkalinity (added as calcium
carbonate, magnesium carbonate or sodium bicarbonate) decreased the
necessary coagulation time and broadened the pH range over which

coagulation was obtained.

Letterman et.al. (1979) present results of jar test concerning the
influence of the initial bicarbonate ion concentration on the
efficiency of turbidity removal. A marked improvement in residual
turbidity was measured, from 25 to 2 FTU, as the bicarbonate ion
concentration was increased from 20 to 90 mg/l. An increase in initial
bicarbonate concentration from 35 to 70 mg/1 permitted a decrease in
the necessary alum dose for constant residual turbidity from 40 to

6 mg/1.The effects of anions as bicarbonate and sulphate were found not
to be additive.

2.2 Characterization of the raw water

Natural waters contain dissolved organic and inorganic substances,
colloidal matter of organic or inorganic orgin, and also coarse
suspended matter. The main attention here will be given the colloidal
matter and for practical purposes it is convenient to apply the
definition used by Packham (1962). He distinguishes between colloidal
matter causing turbidity and that giving rise to colour.

The turbidity is caused by mainly clay minerals, the colour is
associated with what is usually called humic substances. The distinc-
tion is useful not only because the different origins of the
colloids; the optimum conditions and mechanisms for removal have

been shown to be different as well (see Section 2.3).
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2.2.1 Aquatic humus

Humic substances are the dominant part of organic matter in natural
waters. They consist of a complex mixture of organic compounds of
natural orgin, principally from plant residues. The humic content in
the water that causes a yellowish-brown colour is the water
extractable fraction of soil humus, also called fulvic acid.
According to Gjessing (1976) the differences in physical and chemical
properties between humus in soil and humus in water are relatively
small. Different fractions of the humic substances are often
classified according to their solubility in acids and bases. The
relevance has been discussed of differentiating between fulvic acid
(soluble both in acids and in basis) or humic acid (soluble in bases
but not in acids). The humic substances are acid, with a molecule

weight of 102—105 (Pierrou, 1977).

The precise molecular constitution is uncertain. Available evidence
suggest that humic substances are formed in the soil by polymerization
of phenolic units derived from bacterial synthesis or breakdown of
lignin. E.g. alcoholic OH, phenolic OH, carboxylic acid and quinonoid
groupings have been domonstrated (Hall and Packham, 1965, Gjessing,
1976).

Humic and fulvic acids are considered to be harmless, from public
health point of view. However, they are able to form stable complexes
with heavy metals and can adsorb pesticides. Chlorination is shown to
form chlorinated by-products, a numerous amount of compounds has heen
detected, e.g. chloroform (Rook, 1974).

2.2.2 Analytical methods

The methods briefly described here are simple and common in
water treatment practice. For more extensive description of analytical
methods see Gjessing (1976).

Because of the complicated structure of the humic substances the
analytical methods for quantitative determination are unspecific,

a summary measure is obtained, maybe reflecting different constituents
to varying extent.
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Colour

Colour determination can be made with a comparator, where the colour

of the water is compared to solutions of colour forming substances of
known concentration. The reference sclution for the colour determination
is a platinum cobalt chloride solution. A photometer can be used for
absorbance measurements at a specific wavelength. The platinum cobolt
solution has an absorbance maximum near 430 nm.

Colour measurements reported later in this chapter were carried out

at the wavelength 436 nm. The results are given as the absorbance with
a 4 cm cell. The relation between the absorbance reading and the unit
mg Pt/1 was found to be

E b 1210% = mg Pt/ (2-4)

4 cm

436 is absorbance at 436 nm, 4 cm cell.

where E

Unfortunately the absorbance of visible light is greatly affected

by the turbidity of the samples. Even after filtering the samples,
the turbidity could vary to a great extent. A rough indication of
the influence of turbidity was obtained by mixing turbidity and
colour standard solutions and simultaneously recording the turbidity
and the absorbance. The solutions were prepared acéording to Swedish
Standards, a platinum cobalt chloride solution and a standard
formazin turbidity solution, respectively. In the mixtures the colour
ranged from 0-100 mg Pt/1 and the turbidity from 0-10 FTU. The
expression in eq (2-5) was found to approximate the obtained result
rather well:

AE4364 M _ AFTU - 1.3 - 1072 (2-5)

where AE4364 “M i< the difference in absorbance measurement caused by

the change AFTU (formazin turbidity units) of turbidity.



13

Permanganate number

Traditionally in Europe, oxidation with potassium permanganate
(heating under acid conditions) has been used as a quantitative
method. This method will be denoted CODMn and results given in
mg reduced KMnO4 per litre. The oxidation of the organic content
hereby, is not complete. Gjessing (1976) reports that not more
than 30-35% of the humic substances is converted to COZ. Though
questionable for that reason, the method has been used since the
19th century, and is still used as a routine analysis.

UV-absorbance

Humic substances have no observable absorption maximum neither in

the visible nor in the UV-range. Nevertheless absorption measurements
around the wavelength 250-260 nm have been shown to be useful as a
measure of the content of humic substance (e.g. Schilling, 1975).
Dobbs et.al. (1972) have reported useful correlation between ultra-
violet absorbance (at 254 nm) and TOC for numerous aqueous systems.
Dobbs also studied the influence of turbidity. A relationship
according to eq (2-6) was established:

5 A
seq = AJTU - K (2-6)

AE
The constant K in eq (2-6) varied depending on how the character
of the particles causing the turbidity varied. By filtering sewage
effluents K 0.045 was obtained. By adding different amounts of

colloidal silica and bentonite the values 0.06 and 0.13, respec-
tively, were measured.



2.3 Removal of humic substances

2.3.1 Coagulation mechanisms and stoichiometry

Stumm and 0'Melia (1968) discussed different modes of destabilization
of colloids and their relation to phenomena as e.g. the possibility
of overdosing (restabilization). Stumm and 0'Melia also used the term
stoichiometry. The Tlatter concept can be applied if there exists a
quantative relationship between the necessary coagulant dosz and the
concentration of the colloid. Stumm and G'Melia used the surface area
of col]oidskas a "concentration" measure. Results were presented
where colloidal silicia was coagulated with hydrolysed Al1(111) and
Fe(111).

A destabilization according to the double-Tayer-theory would imply
the absence of chemical interaction and adsorption. A coagulant

dose in excess would have no effect and the required dosage would

be virtually independent of colloid concentration. According to

the chemical bridging model, optimal destabilization is reached when
approximately half of the colloid surface area is covered. Thus a
Tinear relationship between coagulant dose and surface area is to be
expected, and restabilization due to complete surface coverage 1is

possible.

If hydrolysed metal ions are adsorbed on the colloid surface, resta-
bilization accompanied by charge reversal can occur. Stoichiometry
is possible but does not always occur, according to Stumm and 0'Melia.

The mechanism of sweep coagulation, where an excess of coagulant is

forming insoluble hydroxide, is stated not to be stoichiometric.

Packham (1963) discussed the mechanisms of turbid water clarification.
He found that the coagulation of dilute suspensions of clay particles
was almost independent of the chemical nature of the particles.
Aluminium sulphate was most efficient under conditions leading to
rapid precipitation of aluminium hydroxide with pH around 7. The
required dosage was inverselyhproportionaT to clay concentration.
Packham emphasized the role of insuluble hydrolysis products in the
coagulation. The function of the metal hydroxide was to provide a
large number of particles and thereby increase the particle

aggregation rate.



Licskd (1976), however, states the importance of polynuclear metal
hydroxide complexes in the removal of turbidity from a natural colloid
dispersion extracted from the River Danube. He demonstrated that

the metal hydroxide sols are adsorbed on the discrete colloid
particles and not the latter on the large flocs. "Aged" flocs are no
more capable of appreciably affecting the stability of colloidal
dispersion. The importance of a rapid and uniform distribution of the
coagulant is stressed upon, otherwise the possibility exist that a
considerable portion of colloid particles will not be embedded in the
flocs. Because of insufficient data given by Licskd, it is not clear
to what extent organic matter in the natural water is contributing to

the result obtained (see below).

The mechanisms involved in the removal of humic substances are
clearly different from those involved in turbidity removal. Hall and
Packham (1965) presented results that do not seem to be in accordance
with any of the destabilization mechanisms presented above. The re-
quired coagulant dose was found to be roughly proportional to the
concentration of humic or fulvic acids. Optimum pH-range for removal
of humic substances was pH 5 - 6. The presence of clay had little
effect on the removal of fulvic acids. On the other hand, the
presence of fulvic acids Towered the optimum pH for turbidity removal
and increased the required coagulant dose. Hall and Packham concluded
that the removal of humic substances, contrary to turbidity removal,
may be explained by a process of chemical precipitation. The effect
of phosphate to lower the optimum pH has been explained by the
interaction of the phosphate ion in the coordination sphere of the
aluminium ion. If humic substances behave in the same way, a pre-

cipitation of aluminium humate could account for observed results.

The suggested mechanism imply some kind of a stoichiometric relation-
ship between coagulant dose and the concentration of humic substances.
Besides a restabilization of the colloids when the dosage is in-
creased would not be plausible. Results in accordance with this
general view will be presented later in this chapter. However,
Schilling (1975), reported results that are interpreted as a resta-
bilization effect, when the dosage of aluminium sulphate is increased
over a certain limit. The experiments were carried out whit

waters containing high concentration of humic acids.
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The view of Hall and Packham is summarized as follows:

"The extent to which humic substances are removed in coagulation is
determined by the availability of the appropriate basic aluminium

ion and the extent and type of jonization on the humic acid molecule.
As the appropriate acid group of humic acid appears to be incomple
tely dissociated at pH 5, colour removal is limited at lower pH-
values by both these factors. As the pH is increased, colour removal
reaches an optimum and then declines, owing to the ionization of other
groups (probably of phenolic character) on the humic acid molecule
that can form a soluble complex with aluminium, thereby reducing
precipitation. This effect can be overcome by increasing the coagu-
lant dose, but at a certain aluminium ion activity the hydroxide

precipitates, preventing further colour removal.

in the presence of humic substances the coagulant dose for
turbidity removal is increased ... owing to the fact that aluminium
hydroxide cannot precipitate until most of the humic matter has been
complexed." ‘

Narkis and Rebhun (1975) and Klute ezt.al. (1979) found that when
coagulation of clay was accomplished by a polyelectrolyte, the presence
of humic substances increased the required dosage. The polyelectrolyte
first reacted with the acid groups of the humic substances; not until
after complete reaction with the humates, coagulation of the inorganic
colloids could take place. The organic matter thus served as a

coagulation inhibitor.

Narkis and Rebhun (1977) reports a linear relationship between alum
dosage and content of humic acids at Tow humic acid concentrations.
The chemical interaction with the humic acid was postulated to involve
trivalent aluminium hydroxo complexes. A stoichiometric relationship
was also found by van Breemen et.al. (1979), Haff (1978).

Black ef.at. (1963), in coagulation experiments with ferric sulphate,
conclude that the pH for maximum colour removal can be predicted

from the colour of the raw waier alone. The minimum dose of ferric
sulphate required, at that pH to give acceptable colour, is essentially
found to be a linear function of raw-water colour.
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Haberer and Normann {1976) report increased removal efficiency of
organic matter by a two stage process: coprecipitation with CaCO3
after lime addition (pH 10,5) and subsequent coagulation at pH 6

with ferric chloride.

Overath et.al. (1979) improved the purification efficiency for a
given amount of ferric chloride by adding an acid. The waters used
were highly buffered (ca. 2,7 mmol HCOé/]) and reported results are
only effects of adjusting the pH.

Helenjus (1972) gives examples of stoichiometric relationships
used in practice to determine the required dosage of aluminium

sulphate. Some rules of thumb are presented in eqs (2-7) to (2-9).

D =0.8...10.0- Ry (2-7)
D =03 R +0.1 R +15 (2-8)
D =0.7 - R+ 15 (2-9)

where D is ppm aluminium sulphate
Rk is the raw water CODMn’ mg KMnO,/1

Rg is the raw water turbidity, mg Si02/1 (1 FTU~2 mg Si0,/1,
Hedberg, 1976)

Re is the raw water colour, mg Pt/1

Helenius made a statistical analysis of applied aluminium suphate
dosage at 14 Swedish and 14 Finnish water works. Examples of obtained

regression equations are given in eqs (2-10) to (2-12)

D = 16 + 0.45 R, + 0.24 R, (2-10)
D =17 + 0.68 R, (2-11)
D =23 + 0.48 R (2-12)
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2.3.2 Experiments

Coagulation tests on a laboratory scale were carried out at 20
Swedish water treatment plants. The results are shown in fig 2.2 to
2.41.

The scope of these experiments was to achieve comparable results from
each water treatment plant, in order to answer the question how the
treatment result was affected by coaqulant dose and pH. The intention
was to establish a "base-line" to which the actual treatment result

at the plant could be related. In addition, some general insight was
thought to be gained, for example, if there is any measurable property
in the raw water, that can account for different optimum coagulation
conditions. A standardized jar test procedure was developed. The
experiments were carried out from the middle of March to the middle of
June 1979.

2.3.2.1 Jar-test procedure

The experiments were performed in 2-litre jars (see fig 3.30), which
were placed in a water-bath with a flow through of tap water. In that
way a constant temperature was maintained during the coagulation-
sedimentation process. The receptacle had room for eight 2 1 beakers
simultaneously.

During intense mixing the required amount of pH-adjusting chemical
(NaOH or HCT1) was added and after that the dose of aluminium sulphate.
The flocculation scheme according to table 2-1 was started after that
chemicals had been added to all jars. G-values in table 2-1 are
calculated according to eq (3-100) (a temperature of 59C is assumed ).

Table 2-1. Flocculation pattern in laboratory experiments.

Duration 2 4 8 16
(minutes) o -
G-value (s ') 200 140 60 10

After the flocculation time (30 min), stirrers were removed and the

flocs were allowed to settle for T h.
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2.3.2.2 Analyses

During flocculation, pH was checked (pH-meter Radiometer PHM5Zb, pH-
electrode Ingold 421-88) and floc turbidity was measured (Hach Turbidi-
meter 2100 A).

After sedimentation samples were taken at 15 cm depth for turbidity
measurement. The remaining water was Tiltered through a paper filter
(Munktell 00 52-80-150). The firstappr. 100 ml were discarded,

appr. 500 m1 filtrate were used for analyses. Turbidity measurements
and absorbance measurements at 254 nm and 436 nm were carried out
immediately. For absorbance measurements a Beckman photometer DB-G,
usually equipped with a 4 cm cell, was used. No pH-adjustment of the
samples was made before absorbance measurements. The colour of a
humic water is sometimes said to be affected by pH. Some preliminary
test were made. however, and the addition of a buffer solution
virtually had no effect on the measurement within the actual pH-
interval (5.5-7.5).

Samples for the analysis of aluminium and CODMn were transported

to the laboratory. The latter samples were preserved by adding 5 ml
25 % HZSO4 to 100 ml of water. The analyses were performed within

a week.

Aluminium was analysed photometrically, reagent: Alizarin S, according
to Deutsche Einheitsverfahren zur Wasseruntersuchung, Chapter E9.

For practical reasons only concentrations below 1 mg Al/1 was quanti-
tatively determined.

2.3.2.3 Chemical dose

Three different doses of aluminium sulphate were applied for each raw
water, usually the dose at the water treatment plant and in addition
with a higher and a lower dose, 0 ppm aluminium sulphate. A feed
solution of 20 g Al-sulphate/1 was renewed each day from a stock solu-
tion of 260 g Al-sulphate/t. The chemical for pH-adjustment was added
in such amounts that the pH-value after aluminium sulphate addition
was calculated to vary between pH 5-5.5 in the first jar up to

appr. pH 7.5 in the eighth. For a rough estimate of required dosage

of pH-adjusting chemicals fig 2.1 was used, where the pH of the raw
water (pHO) and the desired coaqulation pH (pHS} determine the

value of (L-A)/B.
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A is the number of acid equivalents added with the aluminium sulphate
dose. The value of A for the aluminium sulphate used (Boliden alumi-
nium sulphate, 17-18% A1203) was found to be less than the theoretical
value based on the aluminium content. By titration the following

relationship was established
A = dose aluminium sulphate (mg/1)- 0.85/100 (meqv H'/1) (2-13)

B is the alkalinity of the raw water, approximated by titration with
HCT to pH 4.3 (Grohman, 1975). L is the dosage of pH-adjusting chemical
to be calculated from the actual value of (L-A)/B. The result is
obtained in meqv OH /1. A negative L means addition of an acid.

The curves are based on the assumptions that hydrogencarbonate (HCO;)
is the main (and only) buffering ion, that the first dissociation
constant for carbonic acid is pK1 = 6.5 and that no carbonate is added
with the pH-adjusting chemical. The diagram was designed to simplify
determination of the dose of pH-adjusting chemical. It was only
necessary to carry 6ut one acid titration, down to pH 4.3. The doses
could then easily be calculated by means of fig 2.1. Usually the
values were reasonably correct. This can be seen in the figures that
follow: the eight pHS values in fig 2.1 were those aimed at, the
values that was actually obtained are presented in fig 2.2 to 2.41.
However great differences sometimes occurred for the most acid and
alkaline pH-values.
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2.3.2.4 Raw water properties

Some characteristics of the various raw waters are given in

table 2-2. The values are only representative for the days,

usually two, when jar tests were carried out at the water treatment
plant. The values in the table may differ slightly from those given
in the diagrams, because the former are based on analyses on
unfiltered raw waters. In fig 2.2 to 2.41 the results obtained are
compared to filtered raw water (when the filtrate is considered).
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2.3.2.5 Treatment of results

The concentration of humic substances is measured by the parameters

CODMn, E224cm and E43g M The residuals after filtration are

expressed as percentage of the raw water value. It is assumed that
the residual as a function of the pH-value can be described with an

expression of the form:

c /
'O
Y
o
42
o
3 L
s On
[
H
0
pH-value
C -¢C ) 2
0 - (K- (H-HY)) (2-14)
Co ™ Cn

where CO is the raw water concentration
C 1is the concentration at the pH-value H
Chy is the minimum observed concentration

[f the assumption 1is correct,data can be 1inearized by the calculation:

CO~Cm

HNfInle=g ) = K- (H - H) (2-15)
0

The sign is

- for pH < Hm
+ for pH > Hm

where Hm is the pH-value where minimum concentration (Cm) is observed.
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Through the method of least squares the constants K and HO are

determined. HO then not necessarily becomes equal to Hm.

In the case of turbidity and residual coagulant after filtration,
there is no way of expressing removal efficiency as a part of a raw
water value. Therefore, for simplicity, a quadratic function 1is
fitted to the data obtained:

C= (k- (- H )P H (2-16)

For each measure of organic content the result as a function of the
coagulant dose is summarized in four curves: minimum residual,

amount removed, the percentage removal and characteristic pH-
interval. The latter is calculated as 0.2/K, K according to eq (2-14)
and describes how the result will change if the pH around the minimum
value is changed. The mathematical meaning of this value, in relation
to the calculated curve, is the pH-interval where the minimum value
is exceeded with less than the amount 0.01 '(C0°Cmin)‘ The optimum
pH-value (HO) is indicated at the top of this part of the figure.

Concerning residual aluminium and the filtrate turbidity, the minimum
residual at varying coagulant dose is presented together with the
variation of a characteristic pH-interval. 1In this case the interval
is calculated as 2»vD.17K], K1 according to eq (2-16). The expression
in this case corresponds to the pH-interval, within which the minimum
value is not exceeded with more than 0.1 units (mg Al/1 and FTU,
respectively).

The calculated pH-intervals are just meant to be a means of compari-
son within each variable and to give a general measure of the pH-
dependence. The two modes of calculating the characteristic pH-
interval are arbitrarily chosen for convenience; a covariation
between the two is probable, but their relative magnitude is of no

significance.
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Besides the analyses mentioned (after filtration), there are two
other pH-depending relationships shown in the figures for each set
of jar tests: the floc turbidity and the removal efficiency by
sedimentation. The latter is expressed as the residual (percentage
of initial floc turbidity) in a sample taken at 15 cm depth after

1 h of sedimentation. The type of curve represented in eq (2-14) is
fitted to the data points. The sedimentation properties are treated
in the same way as the data representing residual organic substance.
The floc turbidity is assumed to be described by a Gaussian curve
added on the raw water turbidity. On the acid and basic side, respec-
tively, the curves thus approaches the raw water turbidity.

The interrelation of CODMn—values and Eg5zm of corresponding samples
achieved in each set of jar tests is summarized in a diagram.

The schematic method applied here to fit curves of a predetermined
type to the data has some inherent inaccuracy. The number of values
is limited and the location of a maximum or minimum value may be

very uncertain, especially if it is determined by means of values
located only on one side of the extreme value (!). This is sometimes
the case, unfortunately. Each test has just been carried out once.
These curves must naturally be Tooked upon critically. Performance
for other coagulant doses and for other parameters with the same dose
is helpful when determining the reliability of such a curve.

The Tocation (and magnitude) of a minimum value can also be uncertain
due to experimental errors. If, for example two equal minimum values
are detected, maybe with a slightly higher value in between, the
calculation pattern demands a decision which is to be regarded as the
minimum value. Regularly in such cases, the value corresponding to the
lowest pH is chosen, which may introduce some bias. Some curves,
however, may look more arbitrary than they really are. As e.q.,
aluminium only was measured quantitatively in concentrations less than
1,0 mg A1/1, there may be points, not present in the figure, on which
considerations concerning possible Tocation of the curve is based. Any
practical way to represent analytical results such as > 1 mg/1, in a

figure, was not found.
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For simplicity, symmetry around the pH-value representing the minimum
or maximum value has been assumed. Sometimes this is obviously not
the case. For example, residual aluminium usually shows a more rapid
increase on the acid side than on the alkaline. It was thought, how-
ever, that the limited number of data did not justify a more sophis-
ticated curve-fitting. The rough method proposed here, is believed to

give enough information for the present purpose.
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Fig 2-2. Results from coagulation tests at Bords water treatment plant
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Fig 2-3. Results from coagulation tests at Bords water treatment plant
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plant
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-6. Results from coagulation tests at Goteborg (Lackarebdck)
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Fig 2-7. Results from coagulation tests at Goteborg (Lackarebdck)
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water treatment plant (contd)
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Fig 2-8. Results from coagulation tests at
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Fig 2-9. Results from coagulation tests at Hofors water treatment plant
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Fig 2-10. Results from coagulation tests

water treatment plant
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Fig 2-11. Results from coagulation tests at Helsingborg (Ringsjon)

water treatment plant (contd)
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Fig 2-12. Results from coagulation tests

plant
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Fig 2-13. Results from coagulation tests at Harngsand water treatment
plant (contd)
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Fig 2-14. Results from
plant
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coagulation tests

at Karlshamn water treatment
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Fig 2-15. Results from coagulation tests at Karlshamn water treatment

plant (contd)
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Fig 2-16. Results from
plant
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coagulation tests at Kramfors water treatment
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Fig 2-17. Results from coagulation tests at Kramfors water treatment
plant (contd)
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Fig 2-18. Results from
plant
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Fig 2-19. Results from coagulation tests at Lidkdoping water treatment
plant (contd)
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Lilla Edet

Fig 2-20.

plant
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coagulation tests

at Lilla Edet water treatment
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Fig 2-21. Results from coagulation tests at Lilla Edet water treatment

plant (contd)
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Mariestad

Mariestad

Fig 2-22. Results from
plant
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Fig 2-23. Results from coagulation tests at Mariestad water treatment
plant (contd)
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Fig 2-24. Results from coagulation tests at Mjolby water treatment plant
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Fig 2-25. Results from coagulation tests at M

(contd)
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Fig 2-26. Results from coagulation tests at Molndal water treatment

plant

SLINA-HY®  TYANIINI-HY Q3LYTNOWO 40 3218 &
Y

-
- - .
S
- =
] T8
2 §
Tw @ e “
Eo— 4
8. .8
x ok
=8 E
a &~ o]
° 3
g
3
Py * = &
g E
~ i
Je @ ~ = <
3“5 - - - @
H (1) HOLLONG3Y &
] (%29) WU G2 JONYEYOSEY QIAOWIY 2
(24) WU pg2  3DNVEHOSEY WNOISIE 1
™
4
~ oz 12
R
v T
Td
‘ =
€y 8 ~
cg
<« =
u> E @ e
od § S w 0.
8 O
8
-
Lt w
I
=
<
m 12
m w
S 3
2
L4 s
< & e g -
HOILVHLTLS ¥ILIV WNQISTY
SLINA-HA”  TA¥3LRI-HY 03LYINOWO 40 3ZIS ¥
= Py
- S —
g
=
g s 2
d 2
) © ~ - - @
G- ’ 4
8. 1.8
= i
=8 E
P g =5
° 2
2
8
L B +
:3 "
~ n i L
“s 2 3 s S
¥ () HOTLONG3Y ©
g 1/b0UHY B¥’ 00D QIAOWIY 2
/50Ny Be” Qo0 WNAISY 1
I =
o
- 12
S . ~
= 5
I
RN
3
& o=
w 8 T~
2
2 n
% w I
-
~ g § @ 0.
S 8o
C
= =
= ©
[ep}
P Ofd
. =
- w
-
&
9.
o 38 =
Be g & w
=

NOILYYLTIS M3LIY YNOIS3Y

Ms lndal

38 856 568
o

OPTIMUN pH-VALUES
¢

—_—
3
>S5
.
<(§<]
H
2 -
— S 0
= &
< 3 o
s
o 8 0
<C
[
[
o
T
o
[an
i
o —
Lt <
o P
o
H

SLINA-HY*  IWA¥IINI-HY G3LYIR0TVD 40 37IS 2
£

2.8

" N L —1
>

©
1Y Be [NyI09v00 narsI 1

1.8

HOTIVHINIL ¥3LJY WNAISIY

N

COABULANYT DOSE mmole AL/




M lndal

M5 lrdat

FLOC TURBIDITY , FTU

TURBIDITY , FTU

OPTINUN pH-VALUES

COAGULANT DOSE  amela AL/L

- .64

Co

OPTIRUR pH-VALUES

amole AL/L

COABULANT DOSE

595 588 585

685 648 635

4

¢

4

¢

i

i

Fig 2-27. Results from coagulation tests at Molndal water treatment

plant (contd)
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