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Abstract

The objective of this work is to attempt to improve the quality of
town water by application of alternating current, direct current and
magnetic field to raw water as pre-treatment to enhance the coagulation
and flocculation.

The research focuses particularly on development in water treatment
processes.

The design and operation for these processes and the evaluation
thereof have been mentioned. Treatment generally requires application of
electric current AC or DC (0.1- 1.0A) for residence current time 2-12
minutes, or application of magnetic field (20 -400 mT).

The measurement of turbidity of raw water before and after treatment
was done to obtain the efficiency of turbidity removal. Total suspended
solids (TSS) of raw water were determined before and after treatment to
obtain the efficiency of TSS removal.

Total bacteria count was determined using standard plate count
method. Most probable number (MPN) technique was used to determine
the number of coliform organisms that were present in water to obtain the
efficiency of water purification.

Electric susceptibility was determined for raw water and water
treated by magnetic field and by electric current to show the effect of
these parameter on polarization which in turn affect the stability of
colloids.

The results obtain revealed that treatment by AC electric current gave
turbidity removal efficiency in the range 40-81%, and TSS in the range
37-61%. Treatment by DC electric current gave turbidity removal
efficiency in the range 17-76 % and TSS 9-57 %.

Coagulation of natural colloids and other material suspended in water
is faster in water impacted by an electric current. When alum and
polymer was used as coagulant together with AC electric current,
clarification rate was greater by 1.8-2.4 times in Damira 2001; 1.5- 3.3
times by poly aluminum chloride together with AC electric current;
2.4-4.5 times by alum and poly diallyl dimethyl ammonium chloride
together with DC electric current in Damira 2002 .

The effect of the magnetic field on the removal of both turbidity and
total suspended solids does not follow a regular pattern. Whereas
coagulation is faster in water impacted by magnetic field together with
alum and polymer, clarification rate was greater 1.5- 4.8 times than in the
absence of the field.
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Electric currents have been shown to be capable of disinfecting
drinking water and reducing the numbers of bacteria in the raw water.

The mortality efficiency of total bacteria count was 57-83% and of
total coliform was 58-93% when exposed to electric current for an
extended residence current times between 2 to 11 minutes. The mortality
efficiency of total bacteria count was 60-85%, and of total coliform was
53-95% when exposed to current between 0.16-0.60A at constant current
time.

The results obtained from physical and chemical analysis of raw
water and water treated by AC, DC electric curreni and magnetic field
revealed that there was small changes in pH, total dissolved solids,
conductivity and temperature of water after treatment, whereas turbidity,
total suspended solids, and hardness of water were decreased after
treatment.

Chemical analysis of separated water sludge revealed that the
quantity of SiO., by mass percent was higher in sample treated by electric

current due to precipitation of soluble silica and decomposition of
carbonates.

Analysis for the elements of the separated water sludge by Atomic
Absorption Spectroscopy revealed that the concentration of the elements
was reduced due to decomposition of the sludge complexes by electric
effect.

Analysis of the separated water sludge by XRD, indicated that, there
was no significant change in the structure of the clay mineral before and
after treatment by AC, DC electric current.

Measurement of the electric susceptibility of magnetized water is
directly proportional to the intensity of the applied magnetic field. The
electric susceptibility of electrified water was decreased upon increasing
electric current due to the increase in the number of paraelectric particles
that align themselves in the direction of the field and thus decreases the
electric susceptibility.
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1- INTRODUCTION

Water is the essence of life as found on earth, and totally
dominates the chemical composition of all organisms.

The ubiquity'"' of water in biota as the fulcrum of biochemical
metabolism rests on its unique physical and chemical properties. This
fact has resulted in the development of direct relationship between its
abundance , population density, and quality of life.

Modern studies,^' in many countries, has shown with a high
accuracy that the rate of development of a country can be measured by
the utility of water per inhabitant. Environmental factors14' that have a
negative influence on human health include scarcity of drinking water
and inadequate sanitation. It is estimated that more than 1 billion people
do not have access to adequate supplies of clean water.

It has been investigated'3' that about 80% of all the diseases in the
world are attributed in one way or another to inadequate clean water
supply.

1.1 The Characteristics of Water
Water quality measures'"' can be classified in a number of ways

but most often are grouped as physical chemical and biological
characteristics.

The methods of analysis used to determine the physical and
chemical characteristics of water and waste water are reported by
American Public Health Association'6'. Quantitative measurement of
these characteristics is necessary for the determination of water
quality'"'.

1.2 Physical Characteristics of Water
Insoluble particles of soil(7) (such as clay, silt, rock fragments),

organics, microorganisms, and other materials impede the passage of
light through water by scattering and absorbing the rays. This
interference with light passage through water is referred to as turbidity.

Turbidity'8' measurements are of indispensable importance as a
guide to quality as well as an essential parameter for proper control and
operation of treatment plant. Turbidity'9) is not an exact determination
of the mass of the suspended particles. Instead, it is a measure of the
opacity of the water as compared to certain arbitrary standards, this

differs with varying materials and degree of fineness. A turbidity'10'
greater than 25 units would justify treatment of the water; values less
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than 5 units, however, are acceptable to many people. One unit(ll) of
turbidity is lmg / L of silica in water suspension.

The solids(2) found in water typically include silt and clay, from
river banks or lake bottoms, and organic matter and microorganisms
from natural or anthropogenic sources. The solids can be classified by
their size and state as settleable, suspended, colloidal or dissolved.
Suspended solids"2' consist largely of mud, humus, sewage, and
industrial waste products. Waters containing appreciable amounts of
suspended solids are not well suited for boiler feed, since they result in
deposits of mud within the boiler and may cause boiler water to foam
and prime and to lay down scale.

The solid phase'lj) transported on rivers and streams usually
consists of about 85% suspended matter, 10-15% settleable detritus and
some floating material. Thus suspended matter predominates with about
80% inorganic components and 20% organic substance. The removal'2'
of solids is of great concern in the production of clear and safe drinking
water, in industries, and when ever water of high quality is required.

Odour(2) associated with water usually results from the presence of
decaying organic matter or, in the case of mineral springs, by the
reduction of sulphate by bacteria to H2S gas according to the following
reaction.

2CH3CHOHCOOH+ SO/ 2 • 2CH3COOH + S'2+ 2H2O +2CO2 —(1.1)

lactic sulphate acetic sulphide
acid acid ion

The temperature"4' may affect life processes as much by its effects
on the properties of water as by its effects on rates of chemical
reactions. Gas solubility'2' decreases and mineral solubility increases
with increasing temperature. It has been claimed"5' that there are
anomalies in the properties of water at 15°, 30°, 45°, and 60° C which
are reflected in the behaviour of living organisms.

1.3 Chemical Characteristics of Water
Inorganic Matter
Chemical measures of water quality"6' include analysis of total

dissolved solids which comprise inorganic salts (principally calcium,
magnesium, potassium, sodium, bicarbonates, chlorides and sulphates)
and small amount of organic matter that are dissolved in water. The
palatability of water with a total dissolved solid level of less than 600
mg /L is generally considered to be good while drinking water becomes



increasingly unpalatable at total dissolved solids levels greater than
1200mg/L.

The pH value'i7) of most natural waters is between 5.8 and 8.6.
Water dissociates(7) to only a slight degree yielding concentration of
hydrogen ions equal to 10~7 mole per liter.

The temperature(18) has an influence on the pH because it affects
the dissociation coefficients of acids, and the solubility of salts.
Changes*l9) in pH are closely associated with precipitation of dissolved
matters.

The conductivity'20' of water is related to the concentration of ions
present and to the temperature at which the measurement is made. The
conductivity of water can be achieved by using the following
relationship:

Ec = £ C x F. (1.2)
I = I

where Ec = electric conductivity u.S / cm (S -Siemen)
Fi = conductivity factor for ionic species.
Ci = concentration of ionic species mg /L

The conductivity can be employed to obtain the ionic strength fJ of
a solution:

|J - 1.6x 10 "5x Ec (1.3)

In natural water'2) the presence of carbonate, bicarbonate and
hydroxyl ions account essentially for all of the alkalinity.

The alkalinity'21' can be determined by adding doses of a mineral
acid which linearly increase hydrogen ion concentration. It is
conventionally expressed'7* in terms of mg /L of CaCO3.

The hardness' ' of water can be represented as the sum of calcium
and magnesium concentrations. Waters with less than 50 rng/L hardness
are considered soft, up to 150 mg/L moderately hard, and more than 300
mg /L are extremely hard.

1.4 Biological Characteristics of Water
Biological characteristics'"1* of water, related primarily to the

resident aquatic population of microorganisms, impact directly on water
quality. The most important impact is the transmission of the disease by
pathogenic organisms in water. Up to 35 percent(22) of the potential
productivity of many developing nations is lost because of water borne
and water—related diseases.
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The amounts of microscopic organisms(23) bear direct relation to
the various forms of nitrogen determined in the chemical analysis and
frequently explain changes in these determinations. As these growths
increase free ammonia and nitrate decrease and albuminoid ammonia
increases, consequently the growths decrease the reverse relationship.

The relationship(24) between a chemical compound and the
biological effect in an organism exposed via environment.

Release of chemical Environment Organism •Target site- •Toxicity

Environmental
Chemodynamic
(Eco kinetic)

Phararnaco
kinetics

Chemical compound Biological effect

Release Contact with organism

fig. (1.1) Relationship Between a Chemical Compound and
Biological Effect in An Exposed Organism

Chemical pollution may have a multitude of undesirable effect, but
in the vast majority of all instances this will be a biological effect.
The principal water-borne diseases(25) are typhoid fever, caused by
Salmonela Typhosa, basillary dysentery, caused by Shigella dysenteria,
Asiatic cholera, caused by Vibria comma.

Bacteria(26) are the smallest of the free-living organisms, belonging
to the plant Kingdom and consisting of many different types and kinds.
There are two main classes(17), the saprophytes, living on dead or
decaying organic matter, which are harmless and necessary for
decomposition of such organic materials and the parasites, which have
their natural habitat in the living bodies of man and animals. Bacteria(27)

exhibit three characteristic shapes; spheres, rods, and curved forms,
commonly known as cocci, bacilli, and spirilla, respectively.
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Bacteria grow * ' by subdivision in two daughter cells. This type
of growth is logarithmic and is described by the equation:

Nt = Noe Pt (1-4)

where Ni = number of cells at time t.
No = number of cells originally present at zero time.

t= time.
|J = specific growth rate.

If Ni = 2No, then t = T, the time taken for the initial population to double
in number, (the mean generation time). Putting these values into
equation (1-4) yields

2No = NoeMT (1-5)

Which provide the following relationship between \l and T

\i = In 2- (1-6)
T

Growth of most bacteria(29) is inhibited at water activity of 0.91
(equivalent to about 57% sucrose).

A typical bacterium(30) consists of 12% protein, 6% nucleic acids
(all types), 1 % carbohydrate and 80% water. Most of the carbohydrate
is on the cell surface. Proteins are typically made up of 26 basic
building-blocks known as amino acids. The formula(2) for the most
common amino acid (glucine) is C2H5NO2, and the empirical formula

often used to define the composition of bacterial cells is C5H7NO2.

Different bacterial strains* * vary enormously with respect to
their surface properties. Most bacteria can be placed into one of two
categories, on the basis of their cell envelope structure and composition:
Gram-negative which contain protein, lipid, peptidoglycan and lipopoly
saccharide. Gram-positive which contain peptidoglycan, teichoic acid,
polysaccharides or protein. The presence of such complex molecules
increases the number of possible types of adhesion interaction for an
organism. In addition to the basic chemical components, bacterial
surfaces may also have associated polysaccharide capsules or slimes or
filamentous appendages.

Measurement of bacterial physico-chemical surface properties
have been made(32^ which include net charge, hydrophobicity, and
surface free energy.
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The presence of coliform bacteria(jj) in the water investigates the
faecal pollution of the water, and that the water therefore contains
pathogenic organism. Faecal coliforms are some times referred to as
Escherichia coli and nonfaecal coliforms as Enterobacter or Aerobacter.

The coliform bacterial test'34' is considered the best way to determine
whether or not water supply is safe from bacterial contamination.

Observation of bacteria'0' under the microscope is the value of
the study of these minute forms of life and their behaviour in cultures.
A culture may be defined as the growth of microorganisms in or upon a
suitable nutrient medium. The majority of bacteria can be cultivated
in nutrient broth, which is primarily an aqueous extract of yeast or other
cells, or blood.

Water that has been found(j6) to contain coliform bacteria to an
extent greater than 1 bacterium per 100 cmJ of water is always not
suitable for drinking purposes. Experience'"0' has shown that in general
less than 1 pathogenic bacterium is present per 100000 coliforms in
contaminated water. Accumulated evidence1'6' indicates that the
bacteria causing typhoid, para typhoid, cholera, and bacillary dysentery
respond to treatment in the same manner as coliform bacteria. Some
viruses appear to persist in water for longer times than coliform. Viruses
may penetrate through rapid sand filters more readily than coliform
bacteria.

Enumeration'2' of the bacteria in water is accomplished by
growing them, after suitable dilution, in either a solid, or a liquid -
culture medium. The useful techniques for the enumeration of bacteria
using a solid medium is known as the plate count method. The standard
plate count"7' provides an estimate of the total number of bacteria in a

sample which will grow at 36°C in 24 hours and under the condition of
food supply and moisture provided in the accepted laboratory
procedure.

Plate count are frequently employed as an additional aid in the
bacteriological examination of water. Such counts*27' are of most
importance in determining the efficiency of water purification measure.
A test using a liquid lactose medium'2' has been developed to determine
the number of coliform organisms that were present in water samples.
Concentrations of coliform bacteria are most often reported as MPN
(most probable number) per 100 ml. Typically the MPN value is
determined from the number of positive (lactose fermenting) tests.
1.5 Water Quality

The term "water quality" ' 6) is used to define the chemical,
physical, biological, or radiological characteristics by which the
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acceptability of the water can be evaluated. Water quality is dynamic
and its changing parameters require the water technologist to be in
constant touch with many segments of the scientific world. The needs
for water/37-* in term of quality, quantity and ultimate use, are variable
from one part to another. Water use ^ varies, depending on the
climate, characteristics of the environment concern, population,
industrialization, and other factors.

Water pollution(39) is an increasing problem world-wide,
accumulating from a complex set of parallel sources. An adequate^0-*
supply of water of quality suitable for use requires good water- quality
management: pollution abatement, improved waste treatment, efficient
use of water, re-cycling industrial water for reuse, reservoir release to
increase low stream flows, and conversion of salt water to fresh water
are some of the most widely used management techniques. To
minimize^ * ecosystem degradation, an integrated approach is needed
where water quality objectives are expressed by use of related-quality
criteria, and by ecosystem health.

The quality of domestic water(41) has to satisfy two requirements:
it must be safe and it must be attractive to use. The Federal Water
Pollution Control Act,(42) is stated to establish water quality standards of
bolh interstate and intrastate waters. The general esthetic requirements
are that all surface water should be capable of supporting aquatic life
and should be free of substances attributable to waste discharges. Raw
water quality criteria(41) have been developed to aid the selection of
water sources by commonly applied treatment processes that have been
proved by demonstration, and that are within reasonable economic
limit. The water which is highly turbid/43^ highly coloured, or has
objectionable taste will be rejected as for drinking purposes. The
correlation between neat water and a healthy society is clear;
authoritative estimates indicate that(44) each year about 500 million
people are affected by water-borne or associated diseases. The
majority(45) of the endemic and fatal diseases in Sudan are water borne
or water related- diseases. This emphasized that need for ensuring a
clean and regular supply of drinking water and an efficient means of
waste disposal. Due to this, Sudan has become a participant in the
United Nation Campaign for international drinking water supply and
sanitation.

According to World Health Organization (WHO), and the United
Nation Children Fund (UNICEF),(46) 2.2 million people in developing
countries, most of them children, die yearly due to diseases associated
with lack of save drinking water, inadequate sanitation and poor
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hygiene. The WHO states that(47) "Water intended for human
consumption must be free from organisms and chemical substances that
may be hazardous to health."

Table (1-1)
Drinking Water Standards ; Physical and Chemical

Characteristics1^)

Physical characteristics

Turbidity
Colour
Odour

Approval limit
1 unit
15 unit
3 threshold odour number

Chemical characteristics
Constituent
Mandatory Maximum
Lead
Fluoride
Aresenic
Selenium
Hexa valent chromium
Recommended Maximum
Phenolic compounds in terms of phenols
Iron and manganese
Copper
Zinc
Magnesium
Chloride
Sulphate
Total solids :
Desirable limit
Permitted limit

Concentration (ppm)

0.05
1.50
0.05
0.01
0.05

0.001
0.30
1.00
15
125
250
250

500
1000

The Public Health Service established(7) drinking waters standard
in 1914 with updating several times, and the latest revision occurred in
1962. The Save Drinking Water Act of 1974 gave the Environmental
Protection Agency (EPA) the power to set maximum limits on the level
of contaminants permitted in the drinking water.

Drinking Water Standards dictate the quality of water that should
be achieved in municipal water treatment without reference to desirable

-8-



raw water quality. In the Sudan'49', according to the 1975
Environmental Health Act, the standards are those adopted by WHO in
relation to water and environmental pollution. These standards apply to
all parts of the Sudan.

International bodies and national agencies(:>0) specified certain
levels of constituents which are expected, if not exceeded, to assure the
suitability of water for specific uses. Water quality standards'3" are
determined subjectively by each type of use of the water. The important
bases of standards in developing countries are potable water supply,
irrigation and fishing.

A study was made by Habib Allah'32', to evaluate the seasonal
fluctuation of the physical, chemical and bacteriological characteristics
of drinking water in Khartoum City, in order to find out the effect of
these fluctuations on the treatability of water from these sources so as to
meet required drinking water quality standards formulated by WHO. He
found that the levels of ions present in the raw water of the White and
Blue Nile are within permissible levels as stated by the WHO standards

of drinking water. The American Society for Testing Materials '"'1|

concern in the large spectrum of water quality problems is that of trace
elements, their occurrence in water, and their short and long- term
significance to man and the environment.

Medical Advice'54' on the possible health risks out of aluminum
ions in drinking water, concentrations over the 200 microgrammes per
liter may be a cause of Alzheimer's disease, a type of dementia. Water
with high dissolved solids'j8) (greater than 500 mg /L) often have
a laxative effect upon people whose bodies are not. adjusted to them.

The levels of radioactivity'21 in most waters are within the limits
established by the EPA and other agencies, including the WHO.

It has been found that, conventional water and waste water
treatment plans are quite effective in the removal of radioactivity.
International Standards for Drinking Water'53' has tentatively
established that water supplies must not contain more than 3p \iC per L

(micro micro curies per liter) of Ra, nor more than 10 [i\iC per L of
90 90

Sr When (̂  ~ emitters and Sr are essenti
concentrations must not exceed 1000 (jpC per L.

1.6 Bacteriological Water Quality
The Public Health Service Drinking Water Standards'36' imply

that drinking water must not contain more than one coliform organism
per 100 ml of water.
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Infected water(57) is that contaminated with pathogenic
organisms. Water intended for drinking and household purposes*58'
must not contain water borne pathogens.

The public heallh(:>9) significance of the degree of the bacterial
pollution of the water depends upon coliform organisms, which serve as
indicator of pollution. The incidence of a disease(36) producing
organisms in raw water is related to the endemic level of the particular
disease within the tributary population. Available evidence(60) indicates
that each epidemic of amoebic-dysentery resulted from pollution
introduced through cross connections between potable and
contaminated water system.

Experience has established that water in which the number of
coliform organisms is below a certain range of values will not contain
pathogenic bacteria, this range is specified in drinking water standards.
The number of coliform organisms found to be present in a sample of
water is expressed statistically as the "most probable number" of
coliform organisms per 100 cm3 of sample and is termed " MPN

Index"161 \
The microbiological safety of drinking water<36) is determined by

its being examined for coliform bacteria, an indicator rather than a
pathogenic organism. Two assumptions have been made: first, that the
coliform content of the water delivered to the consumer; and second,
that water containing an average of not more than one coliform bacteria
per 100 cm3 is free from disease - producing bacteria.

Mahgoub(62) cited that the standards for fish coliform bacteria
count is that the MPN is not to exceed 70 coliform/100ml. In the United
Kingdom drinking water standards consider that water is fit for human
consumption when it contains < 9 coliform/100 cm3, and no faecal
coliform . In Kenya the level is no more than 25 coliform/100 cm3 and
no faecal coliform in drinking water.
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Table (1-2)
Bacteriological Quality Standards07 '

Classification

i- Bacteria quality applicable to disinfiction
treatment only.

ii- Bacteria quality requiring conventional
methods of treatment, (coagulation,
filtration, disinfection).

iii- Heavy pollution requiring extensive
types of treatment.

iv- Very heavy pollution, unacceptable unless
special treatments designed for such water
are used

MPN/ cm3
coliform
bacteria

0 - 5 0

50 - 5000

5000 - 50000

> 50000

1.7 Water Treatment
Water treatment"7' involves physical, chemical, and biological

changes that transform raw waters into potable waters meeting
standards of quality. The treatment in any specific instance must depend
on the quality and nature of the raw water. There is a direct
relationship(59) between the character and degree of the pollution of raw
water, the type and effectiveness of water treatment processes, and the
character and quality of treated water produced.

The purpose of treatment was to accelerate the forces of nature
under controlled conditions in treatment facilities of comparatively
small size.

Water treatment processes"7) may be simple in nature, like
sedimentation, or may involve very complex physico-chemical changes,
as with coagulation. Early treatment objectives(63) were concerned with:
1 - The removal of suspended and floatable material,
II- The treatment of biodegradable organics and,
III- The elimination of pathogenic organisms.

Drinking Water Particle Counting Technology(64) has the
capability of significantly enhancing water treatment plant's ability to
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monitor, and optimize the process. It has been used in all types, sizes
and complexities of water treatment plants and has been shown to
provide benefits where ever it is used.

The treatment of water(65' may comprise pre- treatment (with or
without chemicals), mixing, coagulation, settlement, filtration, aeration
and disinfection. To this list further processes can be added for the
removal of colour, taste and odour, to make water aethetically
acceptable to the consuming public.

Sedimentation
Coagulation

and
Flocculation

Settlement

Raw water Screening

Distribution •*- Disinfection Filtration

Fig (1-2) General Processes of Water Treatment

Methods of the water treatment*66' can be divided into the two
major groups :

i. Chemical procedures, which are based on material modification,
due to chemical reactions and which can be made by analyzing
the water before and after treatment.

ii. Physical procedures, which by means of energy modifications,
affect the intermolecular forces of the water, in order to reduce
its surface tension and to increase the ion activity, finally
resulting in a change of the crystal structure of the disposal
substances. External energy forces, oscillating, heating,
electrical, and magnetic fields are required, in order to change
the surface tension.
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Table (1-3)
Methods of Water Treatment*66'

Chemical procedures Physical procedures

Pre- treatment

Method for clarifying: Filtrations of the sub-soil
Coagulation,flocculation,sedimentation water predominantly sand as
to clear floating and grey particles. filtering medium, in pressure
(applying chemical reacting and gravity filters,
substances)

Main handling
Softenine methods: - Reverse osmosis for
-Lime milk - soda principle, demineralization by use of
-Cations exchange (full softening). diaphragms
-Acid dosage (partly softening) - Methods for the reduction of
Demineralization method: the water surface tension and
Cation and anion exchanges (present improvement of ion activity,
most effective and economical resulting transformation of
method). the crystal structures of the
Hardness Stabilization hardening causing substances
Inhibitor dosage, also as dispersion and - Magnetic field methods by
corrosion protection agents. means of electrical alternating

or permanent magnet.
-Electrostatic method by
applied active anodes.

1.8 Electrical Water Treatment

The sedimentated products' ' from the water, form amorphous or
crystalline structure which will be deformed if influenced by external
electrical forces causing polarization. The polarizing effect is initiated
by the ions, which are becoming polarized. Increasing the polarization
will proportionally decrease the crystal stability. Water being dipolar(67)

can be partly aligned by an electric field and this may be easily shown
by the movement of a stream of water by an electrostatic source.

The dielectric in a capacitor, is said to be polarized'68' by the
application of the electric field, and the polarization (P) of the dielectric
is defined as the vector sum of the dipole moments((Ji) of individual
molecules per unit volume V. (P=£|Ji/V).To have a simple model of
the dielectric, Silbey and Alberty(68) assumed that each molecule has a
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charge +q that is separated from a charge -q by a distance d a t

a particular electric field so that each of the N molecules per unit
volume contributes a dipole moment of qd. Thus the magnitude of the
polarization is given by :

p= Nqd (1-7)
Measurements of the polarization'69' or of dielectric constant are

usually made by measuring the capacitance C of a capacitor.

C = 6 /AQ (1 -8)

where 6 = charge on the conducting plates

AQ = potential difference between the plates.

If the capacitor'68' has vacuum between the plates, the
capacitance Co is given by:

Co = e, A / d d-9)

where A= area of the plate.
d = distance between plates.
e = the permittivity of vacuum.

When a dielectric is placed between the plates. Gauss's law
shows that, the electric field strength E in the dielectric is given by:

E= o~ o~ , (1-10)
free — pol. —— —--—_____________ _____\ /

e
o

where o~ free = charge density of the plates

°~ poi =: surface charge density on the dielectric
since o~pol = P

E - °~free- P (1-11)
eo

At electric fields that are not too high, the polarization is proportional to
the electric field strength

P = X e 0 E (1-12)
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where X= is the electric susceptibility of the dielectric.
(70)

The greater the susceptibility of a material , the greater the
induced charge in a given field

x = o~poi ( i . 13)

E
Substituting equation (1-12) in (1-11) yields

E = °~ftee — (1-14)

The potential difference AQ between the plates is given by the product
of the electric field strength E and the distance d between the plates :

AQ = Ed = o~. w d (1-15)

eo(l+x)
o i • • • i • /-> O~t'ree A

Substituting equation (1-15) in to the expression C =
AQ

equation (1 -8) for the capacitance yields

where er = 1+X is the relative permittivity (dielectric constant).

Comparing equation (1-9) and (1-16).

er = C/Co (1-17)

Hayashi(7l) reported that electric field halves the mean water
cluster size as measured by I7O.NMR.

Boulanger(72) found that, at low- frequency, low level alternating
electric fields affect the electrical conductivity of pure water. Electric
fields(7j) also lower the dielectric constant of water, due to the resultant
partial destruction of the hydrogen bonded network. At metallic(74)

electrodes, even quite low voltages can have impressive effects on the
orientation at the water molecules and the positioning of ions

The force F on a particle(75) carrying an electric charge e in an
electric field E is given by

F = e E (1-18)
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In a static situation, the electric field can be computed using the
appropriate Maxwell equations

DivE = P/eo (1-19)

Curl E = 0 (1-20)

Where P is the charge distribution. Equation ( 1-20) indicates that
the static electric field is a conservative field, that is, the field can be
expressed in terms of a function V, called the electrostatic potential , in
the following manner:

E = - grad V (1-21)

The particles moving in an electric field may gain or lose energy
depend on the relative magnitudes of potential difference at the end
points. Electric fields can be employed to accelerate charges to well
defined energies.

Powell Water Systern(76), investigated the electrocoagulation
process which is based on valid scientific principles involving responses
of water contaminants to strong electric fields and electrically induced
oxidation and reduction reactions. This process can often neutralize ion
and particles charges, thereby allowing contaminants to precipitate.
Electrocoagulation(77) is the process that uses direct current and metal
plates to cause metal contaminants in waste water to become
destabilized and precipitate.

The alternating current electrocoagulation technology(78)offers an
alternative to the use of metal salts or polymers and polyelectrolyte
addition for breaking stable emulsions and suspensions. The
technology removes metals, colloidal solids and particles, and soluble

inorganic pollutants from aqueous media by introducing highly charged
polymeric aluminum hydroxide species. These species neutralize the
electrostatic charges on suspended solids and oil droplets so facilitate
agglomeration or coagulation and resultant separation from the aqueous
media.

The Waste Management and Research Center(79) investigated the
electrocoagulation process to determine its effectiveness. Reportedly,
electrocoagulation would replace the addition of extensive chemicals to
the waste water and would subsequently generate less solid waste, thus
saving on disposal costs.
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Song and others(80) investigated the effect of both electrolysis and
flocculation time on the turbidity removal efficiency and they
suggested the optimum operating conditions for electrocoagulation.

Water Tectonics process(81) consists of passing runoff water through
electrical cells that apply a positive and negative charge to the water,
which makes the particles cling together, gather weight and settle to the
bottom of catch basins.

The ION STICK(82) Alternative Environmental Water Treatment,
was the world-wide patented product; it functions by emitting
electrostatic field that conditions the contaminants in the water to
prevent the water side scales and deposits.

In electromagnetic water treatment(83) an alternating or pulsed
currents are passed through a coil forcing oppositely charged ions to
move in collisions that cause the calcium carbonate to precipitate within
the water rather than on surfaces. The Energy Systems Pulse (ESP) unit
is a patented electronic system which negatively charges the ions in
water, the energy is induced on minerals in the water, and they will
remain energized for months over an unlimited distance. The power unit
is double- converted, and does not require grounding. The output is low
voltage radio frequencies, and is not harmful to humans or other living
things.

Held(84) pointed out that the beneficial effect of pulsed electric
field (PEF) on flocculation behaviour, the dissolved solids content and
the dissolved organic content of the filtrate increased substantially
because of treatment with dewater's PEF technology, granted U.S.
patent 6,030,538.

Electrodeionization(85)(EDI), is an electrically-driven membrane
process. EDI combines ion-exchange resins, ion exchange membranes,
and a direct current electrical field in the production of ultra pure water.

Membrane Based Water Treatment Plant(86), is an important
mobile package water treatment plant designed to condition surface
water so as to comply with international water quality standards. The
unit incorporates flocculation and pre-filtration, membrane filtration,
adsorption and chemical disinfection.

1.9 Magnetic Water Treatment
The treatment of water ^87* with a magnetic field of about one

Tesla increases the strength of mortar due to its greater hydration.
Lower magnetic fields(88), (0.2T) have been shown in simulations, to
increase the number of monomer water molecules. The effective
hardness(89)is claimed to be reduced through magnetic treatment. No
magnesium or calcium is removed from water. Instead, the claim is that
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the magnetic field decreases the tendency of the dissolved minerals to
form scale. The magnetic susceptibility'00' of minerals flowing in water
is of great importance, as it determines their physical reaction passing
through a magnetic field, which provokes the segregation of these
minerals avoiding the formation of the large crystals which other wise
produce scaling, rust and corrosion.

At constant temperature191) and for relatively low values of
magnetic field H, the magnetic susceptibility Xm of diamagnetic and
paramagnetic substance are constant,

Xm = M/H (1-22)

where M is the magnetization

M = 0/ M'.A - B/|J (1-23)
where 0 = flux density

A = cross-section area
B = magnetic induction
[Jo = permeability of free space

B = (Jo (1 +X.n)H (1 -24)

The relative permeability |Jt= Xm + 1 (1-25)

Substituting equation (1-25) in (1-24) yields

B = |JO|JIH (1-26)

|Ji is slightly greater than one in the paramagnets and slightly less than
one in the diamagnets.

The orbits excuted(75) by moving charges in a magnetic field are
particularly simple if the magnetic field is constant and if the velocity of
the moving charged particle is perpendicular to the field direction. The
force F perpendicular to the direction of motion of the particle is called

centripetal force and is given by.

F = mv2/r - e v B (1-27)

where v is the instantaneous velocity of the particle
r is the instantaneous radius of the curvature of the

particle pass
e is charge of particle.
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Liburkin'92) and others found that magnetic treatment affects the
structure of gypsum(calcium sulphate).

Geher and others'93' found that magnetic treatment affects the
quantity of suspended and dissolved calcium sulphate. Similarly {94).
magnetic treatment changed the mode of calcium carbonate
precipitation. Chechel and Annenkova(95) have also found that magnetic
treatment affects the structure of subsequently precipitated solids.

Some researchers'96" 97" 98) hypothesized that magnetic treatment
affects tne nature of hydrogen bonds between water molecules. They
reported changes in water properties such as light absorbance. surface
tension and pH.

The direct magnetic water treatment'99" IOO1OI) effect results from
interaction of the applied magnetic field with the surface charges of
suspended particles. The carriers of charges'66' in the substances of
water stream are diverted according to the Lorentz force (FL).

FL = Q.C.B (1-28)
where Q = electrical charge (As)

C = flow rate (m/s)
B = magnetic induction (Vs/nr)

The frequency at which"02' the ions revolve in the magnetic field
is known as the ion's gyrofrequency n , which depends on the charge
/mass ratio of the ion and the magnetic field intensity .

n= qB/27t m--~ (1-29)
Where m is the mass of the ion. Cyclotron resonance occurs

when n is equal to the frequency of the magnetic field. At cyclotron
resonance, energy is transferred selectively from the magnetic field to
the ions with n equivalent to frequency of the magnetic field.

An ionized fluid(90) moving in one direction across a perpendicular
magnetic field produces an electric current (Farady current) proportional
to the Lorentz force. This current creates a dynamic force acts on the
flowing minerals separating those which are dominantly positive from
those which are dominantly negative. Lorentz force generates the electric
potential of the Farady current as long as there is a potential capacity to
absorb it is energy.

The magnetic field " ° - l04) also decreased the average particle
charge by about 23 percent. These results along with those of many
others imply that application of a magnetic field can affect the
dissolution and crystallization of at least some compounds.

The application of the magnetized105) helps at two levels:
1. Particles that would normally pass right through the filter (both
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suspended and dissolved) take on an electrical charge (are
polarized) that causes them to bind together into larger
particles, called ion floe clusters. They are large enough to be
efficiently removed by the filter system. The magnetizer breaks
the emulsion of the oils in water and keeps it in suspension until
it coagulates into clumps to be filtered out.

2. The magnetizer causes a cellular rupturing effect known as
lysing. Consequently, the rupture of the cell wall of the
bacteria results in the death of the microorganism.

It was reported that(l06) magnetic water treatment retains a
significantly changed effect on fungal spore germination for at least 24
hours, however other parameters (e.g. reduced dissolved oxygen levels)
may be responsible for such effect. Mechanically-induced hydrogen
bond breakage, caused by shaking (succussion) when producing
homeopathic solutions, has been reported to last for weeks.

1.10 Chemical Water Treatment
Chemical treatment'2* is the process in which the removal or

treatment of contaminants is brought about by the addition of chemicals
or by chemical reactions.The most important chemical treatment
methods are those used for disinfection, precipitation of dissolved
materials, coagulation of colloids, oxidation, and ion exchange.

The devising of a treatment*l()7) to inhibit or remove a deposit will
be much easier if the chemical composition of the individual minerals is
known. Ion exchange'91 demineralization process is employed to remove
all the minerals from water.

The primary components'108' of the clay fraction in temperate
climate are the clay minerals, which may operate as adsorbents for
dissolved chemicals in water. Clays*l09) may play a role in either
holding potential contaminants from entering under ground water (by
soil water reaction), or by acting as vehicles for the transport of
contaminants by surface water.

Langmuir adsorption"10) isotherm model was used in the study of
the removal of contaminants from solution based on equilibrium
conditions.

X/m =_a_b_cL (1-30)
1+bce

where a = empirical constant
b = saturation coefficient m3/g
X= mass of material adsorbed (adsorbate) on solid phase /g.
m = mass of solid (adsorbent) on which adsorption is taking

place / g.
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Ce = concentration of material being adsorbed remaining in
solution at equilibrium.

Reactive pollutants*m) undergo chemical, microbial or physical
reactions in the unsaturated zone in aquifers. Instantaneous sorption
processes may be described by comparing the tracer velocity with the
pollutant velocity, this ratio is defined as retardation factor Rf.

Rf = Vt / VP (1-31)

where Vt = tracer velocity
VP = pollutant velocity

Instantaneous sorption processes may also be characterized by the
distribution coefficient Kd,

Kd = CS/CL cm-Vg (1-32)
where Cs = concentration of solid surfaces

CL = concentration of liquid phase

(a) Colloids and Coagulation
A large variety of turbidity'7' found in polluted waters do not

settle out of solution; for example coloured compounds, clay particles,
microscopic organisms are referred to as colloids. The size'11"' of the
colloidal particles can be between 10-104A° in diameter, with suspended
solids between the soluble and settleable size of 10-108 A0.

Colloidal particles often possess electrical charges. When there is
attraction between the particle and water, the colloid is said to be
hydrophilic, but when the stability depends on mutual repulsion, the
colloid is hydrophobic. Collisions'l09) between colloidal particles obey
the Smoluchowski coagulation law which is a bimolecular collision law
governed by diffusion of the particles toward one another. Possession of
charges of the same sign on particles of hydrosol lowers the likelihood
of fruitful collisions leading to coagulation, but this factor is partly

offset by the high dielectric constant of water (88 to 78 at 0° to 25° C).
In many cases' l l j ), the stability of colloids depends upon the magnitude
of zeta potential, (zeta potential'109) is an electrokinetic potential, or the
electrical work necessary to bring a unit of charge from the surface of
slip between the two layers to some other arbitrary point of reference in
solution).

ZP = 4TTMU (1-33)
XE"
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where Zp = zeta potential
|J = viscosity of the medium
u = the electrophoretic mobility
X = the thickness of the double layer
E = the dielectric constant of the medium.

Heald and Smith(ll4) reported that the electrical double layer is
divided into two parts, the Stern layer, in which the charged ions are
held by adsorption to the surface, the second part, which extends into
the liquid phase is the diffused layer.

A natural force(7) of attraction exists between any two masses
(van der Waals forces). Random motion of colloids (Brownian
movement), caused by bombardment of water molecules, tends to
enhance this physical force of attraction in pulling the particles together.
However, a colloidal suspension remains dispersed indefinitely when
the force of repulsion exceeds those of attraction and the particles are
not allowed to contact.

Stem(l l2) proposed that the center of the closest counter-ions are
separated from the surface charge by a layer equal in thickness to the
hydrated radius of the ion having no charge. The electrical potential
created by the charge acquired by the colloidal particles will attract
counter ions towards the particles in order to maintain neutral charge on
colloidal dispersion. When there is a potential difference^13' across the
electrodes, the clay particles (dispersed phase) and the water (dispersing
medium) begin to move in opposite directions.

The work by Bier and Cooper (109) has been done on forced flow
electrophoresis cell, which utilizes the prevailing high potentials on the
colloid surface for their removal. An electrophoretic cell consists of
two membranes, that are separated into an input half-cell and out put
cell by means of filter. A direct current electrical field is established
across the cell by means of electrodes external to the cell assembly. The
effect of the electrical field is to modify the properties of the filter
which becomes retentive for electrically charged colloids. In forced-
flow electrophoresis, two fractions are obtained, a colloid free fraction
which has passed through the filter and a colloid enriched fraction
which has been retained.

Coagulation(1I2) is the process of destabilization of the colloid
particles by the addition of coagulants to the water. Water contaminants
such as ions (heavy metals) and colloids (organic and inorganic) are
primarily held in solution by electrical charge. Schulze(I16), in 1882,
showed that colloidal system could be destabilized by the addition of
the ions having a charge opposite to that of the colloid.
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When a salt of Al(iii) and Fe(in)( l l2) iis added to the waste water,
it yields Al3+ or Fe3+ which hydrates to form the aquometal complexes
Al (H2O) 3+ and Fe(H O) 3+. They are quite effective as coagulants

because they adsorb very strongly on to the surface of the most negative
colloids.

The interpretation of the action of Alum(104) Al2 (SO4)3.18H2O

was that the naked Al3+, because of its high charge opposite to that of
the clay or silica particles in the water led to their coagulation by purely
electrostatic actions, ie, the Al3+ reduces the repulsive potential between
the particles.

It was hypothesized*117) that interactions of calcium ion with
natural organic matter, may lower the demand for convential matter
coagulants (alum, ferric, salts), thereby reducing sludge production and
perhaps increasing precursor removal. In another way, it was proposed
that the addition of calcium to a surface water supply using coagulation
may have beneficial effects on plant operation and performance,
(b) Coagulation with Polyelectrolvtes

polyelectrolytes(7> have been applied to certain complex
synthetic and natural organic products which may be used as coagulant
aid(s) with an aluminum or ion coagulant or, in certain applications, as
coagulants. Polyelectrolytes(ll3) are linear or branched polymer chains
of small identical subunits.The subunits contain ionizable - COOH,-OH,

- POP^H-, - NH2 , and RNR- groups. They are soluble in water,

conduct electricity, and are affected by the electrostatic forces between
their charges. These polymers(112) contain many active sites along the
chain where colloids can interact and become adsorbed. When two or
more particles are adsorbed along the length of the polymer, a bridge is
formed. These materials are classified as being cationic, anionic or non
ionic polyelectolytes.
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Table (1.4)
Cationic, Nonionic and Anionic: Polyelecrrolvtes(M8)

Polyelectrolyte f
1

Description ||

Cationic

Nonionic

Anionic

1 Structural \\
1 Type••:-. |

Amines

Polyamide

Poly
alcohol

carboxylic

[Functional II
I Group \ ' ||

H
1

- N + R -

R
0

II
II

- C - NH3

- O H

O
II

-C-0

I Example

~ (- CH2-CH rNH r)x
 Cl

Polyethylene amine hydro
chloride

- (- CH3-CH-)\
i
1
c = o
11

NH3

Poly acrylamide

~(- CH,-CH-r

OH

poly vinyl alcohol

~ (- CH2- C-)"x

|
c=o
11
0

poly (meth) acrylic acid

When an electrolyte is dissolved in water, the important event
that occurs is hydration. Suryanarayana(119)gave a comprehensive
review of the thermodynamics of ionic hydration. Gurney(120> made
significant contributions to rigorous understanding of what happens to
water molecules around an ion.
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Action of electrolytes on lyophobic sols is to decrease the charge
on the dispersed particles and thus render them unstable. Ghosh and
Rathi(l21) showed that besides the valency of the oppositely charged ion,
the specific adsorption of both similarly and oppositely charged ions,
dilution of the sol, and even the mode of addition of the electrolyte
(such as in parts or all at once) define its precipitation value.

Polyelectrolytes(9) which have been certified, by the USPHS
Advisory Committee on Coagulant Aid(s) in Water Treatment, as being
nontoxic may safely be used on potable water. When polyelectrolytes
are used ?s coagulant aids in the clarification of natural waters, the
dosage may range from 0.5 to about 1.0 ppm. An excess dose of
polymer results in reversal of charges and restabilization.
(c) Coagulation Mechanisms:-

For colloidal particle to agglomerate,"12' the electrostatic
repulsive forces must be suppressed and particle transport must be
achieved to provide contact between the destabilized particles. Four
major coagulation mechanisms exist:

i. Double- layer compression
ii. Charge particle neutralization.
iii. Interparticle bridging.
iv. Precipitate enmeshment.

Doubl-layer compression'l22) is brought about by increasing the
total ion concentration, ie. increasing its ionic strength (I). The ionic
strength (l()7) depends on the square of the ionic charge

I = '/2£CiZi2 (1-34)
where G = concentration

Zi = charge of component i in solution

By compressing the electrical double layer, the effect of the
surface charge is limited to a thin layer around the particles. As a result,
the attractive body forces become larger than the repelling electrical
forces, so particle growth can occur if the particles collide during
flocculation.

Charge particle neutralization can be effected through pH control
or by providing cations that adsorb on particle surfaces.

Interparticle bridging"23' occurs when polymers form and are
adsorbed on several particles as the floe sweeps through the water.

In application of the polymer bridging model"09) to the
clarification of water with alum, there is a direct relationship between
the concentration of suspended solid and the concentration of
flocculants required. With a very low suspended solid content, a greater
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amount of precipitation is required to achieve a high enough particle
concentration for flocculation to proceed at the rapid rate.

Precipitate enmeshment results when a precipitate forms and traps
colloidal particles.
(d) Coagulation Theory:-

The theory of the coagulation (l24) of particles suspended in a
fluid is based on the assumption that the particles adhere upon every
contact. The time—dependent decrease in the concentration of particle in
monodisperse suspension due to collisions by Brownian motion can be
represented by a second order rate law (perikinetic transport).

-dN/dt = kpN2 (1-35)

where N = total number of particles cm"1

kp = reaction constant

kP = OC(4k)T (1-36)
(3u)

where <X= collision efficiency factor
T = absolute temperature
k = Boltzmann constant

(i = absolute viscosity
By comparing actual agglomeration rates*l2:>> with those of

theoretical collision frequencies, collision efficiency factor (Xxan be
determined; in this manner a relative measure of colloid stability is
obtained.

The rate of decrease*l2j) in the concentration of particles due to
agglomeration under the influence of a velocity gradient, du /dz, can be
described by first order kinetics.

-dN/dt = koN (1-37)
where ko is reaction rate constant, or

In N/No = -kot (1-38)
where No is the initial number of particles.

The basic equation for the motion of spherical particles,
suspended in a fluid and subjected to a constant force F contact, was
obtained by Stockes(l26). He equated that force to the opposite viscous
force exerted by the fluid when the particle attains a steady velocity u,

F = 6nrrj u (1-39)
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The constant down ward force, F= (4/3)n rJ (p-p') g (1-40)

where u = precipitation velocity
r = suspended particle size
g = acceleration due to gravity
p = density of the solid
p' = density of the liquid water

r\ = kinematics viscosity of water
From equation (1-39) and (1-40)

u = 2 g r2(p-p') (1-41)
9f)

u = h /1 (1-42)
where h = hight passed by the precipitated particle at

time t.

(e) Flocculation
Flocculation(l27) is the treatment operation, in which particle

collisions are brought about hydrodynamically, typically using rotating
paddles. The flocculation*l28) process involves both a rapid mixing step
to promote dispersion, and initial aggregation of the primary particles,
and slow mixing step (flocculation) where the aggregates can grow
without high shear forces.

There are three principal mechanisms'"2' for transporting
particles to collide:
i. Brownian motion (thermal motion).
ii. Motion of bulk solution due to stirring.
iii. Differential settling of particles.

When contacts are produced by random Brownian motion, the
process is perikinetic flocculation, and when produced by stirring or
settling the process is orthokinetic flocculation.

Recently/129) several water utilities have been using ozone on
microflocculation which is defined as a reduction in the optimum
coagulant dose or an increase in turbidity removal at a given coagulant
dose ; this information is used in optimizing coagulation and filtration
processes for control of turbidity and organic carbon removal.

Application of Particle Image Velocimetry(130) (PIV) technology
in the study of water and paniculate treatment processes to several
simple coagulation tests showed promising results. Specifically, to
develop instrumentation that would be capable of providing both
turbulence and particle interaction.
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1.11 Biological Water Treatment:-
Microbial cultures(2) are the active agents for removing

impurities from water in biological treatment. The biological treatment
is also used for the removal of selected inorganic ions and sludge
stabilization.

Since the emergence(131) of environmental microbiology in the
early 1970s, scientists have been both humbled by the devastating
impact of environmentally transmitted microorganisms on human
health. Today, microorganisms are being manipulated to provide a
natural method for cleaning up some of environmental worst chemical
hazards. These microbes often use contaminants as a food source,
thereby completely eliminating toxic compounds by changing them into
basic elements, a process known as mineralization. Typically,
bioremediation provides an efficient and economical way to reduce
environmental toxins, using indigenous or introduced microbes that
naturally degrade contaminants.

Heterotrophic<132) plate count is a non-specific term for the
measure of growth of viable, naturally occurring bacteria in water. It
has been used to evaluate overall finished water quality, maintenance of
disinfection residuals, absence of bacterial re-growth and general water
treatment effectiveness. The debate over the health implications of these
bacteria in drinking water ensued in the water treatment industry.

The aggregation(133) of microorganisms has been interpreted in
terms of colloid polymer interaction. Many bacteria(124) and algae have
a tendency to adhere to interfaces and to each other (biofloccualtion).
Because of the hydrophilic surface, the stability of a microbial
dispersion does not depend primarily on the electrostatic repulsive force
between the cells. Some bacterial suspensions can form stable
dispersions.

It has been proposed that flocculation of microorganisms (134>135)

is effected by an interaction (bridging mechanism) of polymer excreted
by the microorganisms or exposed as the microbial surface under
suitable physiological conditions.

Detection of pathogenic organisms^13 ^ provides information as to
the safety and public health risks associated with a given water supply.
Because many organisms are not easily cultured, gene probes are being
used to detect minutes amounts of DNA or RNA common to, or
conserved in various pathogens. Recent research has elucidated
molecular fingerprints, host specific genes, and phenotype
characteristics-visible properties of an organism produced by interaction
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of the genotype and the environment that are capable of providing direct
evidence of source origin.

It has been demonstrated that(137) Sorbital-fermenting
Biofidobacteria can be used as a human and waste water source
delineation tool to supplement coliform testing in a water shed
management and source water protection schemes.

The Pan American Health Organization*138) carried out a number
of projects to try the effectiveness of low cost interventions to improve
the microbial quality of drinking water. It suggests the use of suitable
water storage containers in which water can be stored, disinfected by
hypochlorite and protected against re- contamination.

1.12 Water Disinfection
Disinfection* ' is the process of reducing the number of

pathogens to a level at which the risk of infection has become
acceptable. Methods'2' and means that have been used for disinfection
include :

i. The addition of chemical.
ii. The application of physical agents such as heat and light.
iii. Mechanical means.
vi. Exposure to electromagnetic, acoustic, and particle radiation.

Water and waste water(<0) treatment processes require attention to
the quality of the suspended solids in the effluent, for the impact which
the particles have on the disinfection process and disinfectant demand
regardless of the disinfectant used. Where ultra low microbial counts
are required (eg. in reclaimed waste water or drinking water treatment),
controlling the number of particles and also the upper size in the particle
size distribution becomes the rationale for filtration.

Chlorination is the oldest method of continuous disinfection for
public water supplies. Chlorination requires a reaction of the
disinfectant molecules with some critical biomolecules within the
microbe. The ability of chlorine(139) to undergo oxidation and
substitution reactions complicates the understanding of chlorine
disinfection chemistry.

The contact time*140^ required for a selected germicidal action is a
function of residual chlorine concentration, temperature, presence of
entering materials, and the organism of concern.

A number of disinfection- rate models have been proposed*141 K
m

Nt/No = e* (1-43)
where Nt = number of organisms present at time t

No = number of organisms present at time to
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k = bacterial decay constant, t"
t = time
m = empirical constant, usually equal to 1

The use of chlorine can result in production of carcinogenic
compounds such as trihalomethanes and chloroform. Recent
publications*142) have rekindled concern over the carcinogenic and
hormonal perturbation potential of water with chlorinated organics.

UV disinfection(l43) has been used in water treatment since the
late 1970s; it is cost effective, reliable way to kill virtually all water
borne microorganisms; and it provides a whole- house solution for all
residential needs; drinking water, personal hygiene, cooking and other
uses. The taste of water is not affected, and there are no harmful by-
product .

UV(144) disinfects primarily by interacting with the nucleic acids
of the pathogen and by inducing damage which interferes with the
nucleic acid replication processes which are pre-requisites for functional
cell division. Most microorganisms are affected by UV radiation
between 200 and 300 nanometers.

Researchers*84* have developed a battery - powered disinfection
pen that relies on electrochemically-generated mixed oxidants to treat
drinking water. The device can safely disinfect contaminated drinking
water in a matter of minutes.

The application of electric field'l02) to biological cells in the
medium for example (water) causes build up of electrical charge at the
cell membrane. Membrane disruption occurs when the induced
membrane potential exceeds a critical value of one volt in many cellular
systems, which for example, corresponds to an external electric field of
about 10 kV/cm for E.coli.

Electric field intensity (145> 146) is one of the main factors that
influences microbial inactivation. The microbial inactivation(147)

increases with an increase in the electric field intensity, above the
critical transmembrane potential. This is consistent with the
electroporation theory in which the induced potential difference across
the cell membrane is proportional to the applied electric field.

Hulsheger and Niemann(145) proposed a mathematical model for
inactivation of microorganisms with pulsed electric field.

l n ( S ) = -BE(E-Ec) (1-44)
where S =N/No, ratio of living cell count before and after

pulsed electric field treatment.
BE = regression coefficient
E = applied electric field.
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Ec= critical electric field.

Hulsheger and others(I48) proposed an inactivation kinetic model
that relates microbial survival fraction (S) with PEF treatment time (t).
The inactivation of microorganisms increases with an increase in
treatment time.

S = - B, In (t / tc) (1-45)
where B, = regression coefficient

t = treatment time
tc - critical treatment time or extrapolate value of t

for 100% survival
The model can also be expressed as :

S = t/tc - (E-Ec) /k- (1-46)
where t = treatment time

tc - critical treatment time
Ec = critical electric field intensity
k = kinetic constant

The Gram- positive bacteria*149) are more resistant to PEF than the
Gram-negative ones. In general, yeasts are more sensitive to electric
fields than bacteria due to their larger size, although at low electric
fields they seem to be more resistant than Gram-negative cells.

Two mechanisms have been proposed(102) as the mode of action
of PEF on microorganisms: electrical breakdown and electroporation.

Zimmermann(150) considered the cell membrane as a capacitor
field with a dielectric. Breakdown of membrane occurs if the critical
breakdown voltage is reached by a further increase in the external field
strength. It is assumed that breakdown causes the formation of
transmembrane pores, which lead to an immediate discharge at the
membrane and thus decomposition of the membrane.

Electroporation(151) is the phenomenon in which a cell, exposed
to high voltage electric field pulses, temporarily destabilizes the lipid
bilayer and protein of cell membranes. The plasma(149) membranes of
cells become permeable to small molecules after being exposed to an
electric field, and permeation then causes swelling and eventual rupture
of the cell membrane.

The main effect of an electric field (LS2) on a microorganism cell
is to increase membrane permeability due to membrane compression
and poration. In addition (153), protein channels, pores and pumps in
these membranes are extremely sensitive to transmembrane electric
field and become initiation sites for the electropores.
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The objectives

The objectives of this work is to attempt to improve the quality of
city water by employing AC, DC electric current and magnetic field to
the raw water as pretreatment operations, to enhance the effect of
polyelectrolytes and alum afterwards, in water treatment plants in the
Sudan. The economic and safety measures are main directives also.

- 3 2 -



2- EXPERIMENTAL

2.1 Samples Collection

The samples of raw water were collected from
I. White Nile
II. Blue Nile
III. River Nile

(a) Field Work
The field work was carried out during the period

I. July - September/ Damira 2001
II. July - September/ Damira 2002
III. July 2001 to April 2002 for bacteriological treatment
(b) Sampling

One-liter capacity plastic bottles were used to collect samples for
chemical treatment.
For bacteriological treatment, water samples were collected in
sterile glass bottles of 500 cmJ capacity.

2.2 Materials and Instrumentation
I. Alum (Aluminum sulphate) G.P.
II. Polymers; diallyl dimethyl ammonium chloride and poly

aluminum chloride, G.P.
III. Electrical cell consists of:
- Plastic container of dimensions 15 x 6 xl6 cm
- AC source from National Network (220 volt, 50 Hz)
- DC power supply GP0250-5TAKASAGD (250 volt- 5Ampere)
- Digital multimeter in the rage (0.0-20A), sensitivity 0.01 A, was

utilized to measure the electric current which flow through
water.

- Two stainless steel parallel plates of dimensions 10 x 3.6 cm
were used as electrodes connected in series.

- Polystyrene sulfone was used as insulation material fixed on the
top of the two electrodes to allow changing the distance
between them.

- The suitable electric current was chosen by altering the distance
between the two electrodes.
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- The electrode configuration was obtained by optimizing the
electrode design with a numerical electric current computation.

IV. Equipment for bacteriological analysis:
- Harvard trip balance
- Pressure cooker autoclave with solid-flame gas burner (15

minutes at 121 C)
- Dehydrated Bactotryptone / glucose extract agar.
- Dehydrated Bacto MacConkey broth.
- Dehydrated Bacto brilliant green /lactose bile broth 2%
- Oven hot-air sterilizer to operate at 160 to 180 C.
- Incubator equipped to maintain constant temperature between

34°and36°C.
- Glass Petri-dishes, 90 mm in diameter and 15 mm deep, with

porous covers.
- Glass container of dimensions 10 x 5.4 X 15 cm.
- Fermentation tubes with inverted vials.
- Test tubes, dilution bottles volumes 20, 120 cm', graduated

pipettes.
V. LEYBOID 562 13 (N=250,L=2.2 mH, R=0.6 ohm, I=5A) for

magnetic field.
VI. TDS-Temperature and conductivitymeter HACH 41600-00.
VII. X- Ray Diffraction instrument, X" pert PRO X RD.
VIII. Perkin-Elmer 2380 Atomic Absorption Spectrophotometer.
IX. Flame Photometer PAT.No.712700. KEG-DES.No.866150

Evans Electro Selenium LTD England.
X. Turbidimeter 2100 NT HACH.
XI. Spectrophotmeter DR/2000 HACH.
XII. Jar kit Instrument.

2.3 Electrical Treatment of Water Using AC current (general
procedure)/Damira 2001

(i) The treatment processes were carried out on different water samples. Two
electrodes connected in series to an AC source (220 volts, 50Hz) through a
digital multimeter, were immersed in a plastic container with 400 cm J raw
water. AC of 0.20A was applied to the raw water for 3,7,9, and 11 minutes.
The general procedure was repeated in all electrical water treatment
experiments. Turbidity of raw and treated water was determined by
turbidimeter 2100 NT. Total suspended solids of raw and treated water were
also determined by spectrophotometer with A. max 810mu. . The results are
shown in table (3.1)
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(ii) Electrical Treatment Using 0.25A
AC current of 0.25A was applied to 1300 cm3 raw water for

3,5,8,10, and 12 minutes. The results are shown in table (3.2), and
represented by fig. (3.1)
(iii) Electrical Treatment Using 0.30A

AC current of 0.30A was applied to 400 cmJ raw water for 2,4,8, and
11 minutes. The results are shown in table (3.3), and represented by fig.
(3.2)
(iv) Electrical Treatment Using 0.35A

AC current of 0.35A was applied to 1300 cmJraw water for 2,4.6,10
and 12 minutes. The results are shown in table (3.4), and represented by
fig.(3.3)
(v) Electrical Treatment Using 0.46 A

250 cmJ of raw water samples were treated with 0.46A electric
current for 2,4,8, and 11 minutes (procedure (2.3)). The results are shown
in table (3.5), and represented by fig.(3.4).
(vi) Electrical Treatment Using 0.52A

400 cmJ of raw water samples were treated with 0.52A electric
current for 2,4,8, and 11 minutes (procedure (2.3)). The results are shown
in table (3.6), and represented by fig.(3.5).
(vii) Electrical Treatment Using Variable Electric Current for 5

Minutes ( constant time)
The electrical treatment processes were repeated using 0.46, 0.62.

0.72,and 0.93A to 1300 cmJ raw water. The turbidity of raw and treated
water were determined. The results are shown in table (3.7), and
represented by fig.(3.6).

(2.4) Effect of Electrical Treatment on Hardness of Water
AC current of 0.30 A was applied to 500 cm' raw water for 2,4,6,

and 8 minutes (procedure 2.3(i)). Small amount of dye, Eriochrome
Black T, was added to 50 cm3 raw water and to 50 cm3 of each treated
water at pH=10. Hardness of raw and treated water was determined by
EDTA titration. The results are shown in table (3.8).

(2.5) Effect of Electrical Treatment on Water Temperature,
Conductivity, and Total Dissolved Solids
AC current of 0.40 A was applied to 500 cm3 raw water for 2,4,6,

and 8 minutes (procedure 2.3(i)). The temperature, conductivity, and total
dissolved solids of raw and treated water were determined by the TDS-
Temperature and Conductivitymeter. The results are shown in table (3.9).
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(2.6) Effect of AC Current on Water Coagulation
(i) one liter portions of raw and treated water following procedure (2.3(ii))

were placed in beakers 1,2,3,4,5, and 6; and then stirred. 20 mg/L alum and
2.0 ppm polymer (diallyl dimethyl ammonium chloride) were added quickly
to the raw water and treated water by 0.25A (beaker no.l to 6) then agitated
for 2 minutes (fast stirring), then for 15 minutes (slow stirring). The contents
were allowed to settle for one hour. The turbidity was then determined. The
results are shown in table (3.10), and represented by fig. (3.7).

(ii) Coagulation processes were repeated using 25 mg/L alum and 2.0
ppm polymer to raw water and treated water by AC current of 0.3 5 A (beaker
no.l to 6), following procedure (2.3(iv)). 30 mg/L alum, 3.0 ppm polymer
were added to raw and treated water (procedure 2.3 (vii)). The results are
shown in tables (3.11),(3.12), and represented by fig.(3.8),(3.9) respectively.

(2.7) Effect of Alum Addition on Raw Water Turbidity
(i) One liter portions of raw water were placed in beakers number

1,2,3 and 4; 45,50,55 and 60 mg/L alum were added to the four samples
respectively following procedure (2.6(i)). Turbidity of each sample was
determined. The results are shown in table (3.13).

(ii) Effect of Alum on Water Turbidity and Precipitation Time
When Applying 0.40A Electric Current

One liter portions of water treated by applying 0.40A electric current
for 3 minutes were placed in beakers number 1,2,3 and 4; 45,50,55 and 60
mg/L alum were added to the four samples respectively following procedure
2.6(i). Water turbidity, and precipitation time were determined. The results
are shown in tables (3.14), (3.15) respectively.

(2.8) Electrical Treatment Using 0.35A /Damira 2002
(i) AC current of 0.35A was applied to 500 cm raw water for 3,5,7, and

9minutes. The turbidity of raw and treated water were determined. The
results are shown in table (3.16).

(ii) Electrical Treatment Using 0.40A
AC current of 0.40A was applied to 1200 cm3 raw water for 2,4,6,and

8 minutes following procedure (2.3(i)). The results are shown in table (3.17),
and represented by fig. (3.10).

(iii) Electrical Treatment Using 0.50 A
Electrical treatment processes were repeated by applying 0.50A

electric current to 1200 cm3 raw water for 3,5,7,and 9 minutes. The results
are shown in table (3.18), and represented by fig.(3.11).
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(iv) Electrical Treatment Using 0.60 A
AC current of 0.60A was applied to 1200 cm3 raw water for 3,5,7, and

9 minutes. The results are shown in table (3.19).
(v) Electrical Treatment Using 0.70 A

AC current of 0.70 A was applied to 1200 cm' raw water for 2,4,6, and
8 minutes (procedure 2.3(i)). The results are shown in table (3.20), and
represented by fig. (3.12).
(vi) Electrical Treatment Using Variable Electric Current for 3

Minutes (constant time)
AC current 0.30, 0.40, 0.50, and 0.60A were applied to 1200cm3 raw

water for constant residence current. The turbidity and total suspended solids
for raw and treated water were determined. The results are shown in table
(3.21), and represented by fig. (3.13).
(vii) Electrical Treatment Using Variable Electric Current for 4

Minutes (constant time)
AC current 0.40, 0.50, 0.60, and 0.70 A were applied to 1200 cm3 raw

water for constant residence current. The turbidity and total suspended solids
for raw and treated water were determined. The results are shown in table
(3.22), and represented by fig. (3.14).
(2.9) Effect of Electric Current on Water Coagulation / Damira 2002
(i) Coagulation processes were repeated following procedure ( 2.6 (i)) for
raw and treated water (procedure 2.8(iii)) using 20 ppm polymer (poly
aluminum chloride) and 12 ppm polymer for raw and treated water
(procedure 2.8 (iv)). The results are shown in tables (3.23), (3.24), and
represented by fig. (3.15), (3.16) respectively.
(ii) procedure 2.6(i) was repeated using 30 mg/L alum and 2.5 ppm polymer

(diallyl dimethyl ammonium chloride) to raw and treated water (procedure
2.8(vi)). The results are shown in table (3.25), and represented by fig. (3.17).
(iii) 20 ppm poly aluminum chloride was used to coagulate water treated by
electric current using procedure (2.8(vii)). The results are shown in table
(3.26), and represented by fig. (3.18).

(2.10) Electrical Water Treatment Using. DC Electric Current
(i) The electrical water treatment processes were carried out using two
electrodes connected in series to an AC power supply (250 volts,
5Amper) through digital multimeter; the electrodes are immersed in a
plastic container with 1300 cm3 raw water. Electric DC current of 0.20A
was applied to the raw water for 3,5,7, and 9 minutes. Turbidity and total
suspended solids for raw and treated water were determined. The results
are shown in table (3.27)
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(ii) Electrical Treatment Using 0.30A
DC current of 0.35A was applied to 750cm3 raw water for 2,4,6, and 8

minutes. The results are in table (3.28), and represented by fig.(3.19)
(iii) Electrical Treatment Using 0.35A

DC current of 0.35A was applied to 1300 cm3 raw water for 3,5,7,
and 9 minutes (procedure 2.10(i)). The results are shown in table (3.29).

(iv) Electrical Treatment Using 0.40A
1300 cm raw water were treated with DC current of 0.40A for

2,4,6, and 8 minutes. The result are shown in table (3.30), and represented
by fig. (3.20).
(v) Electrical Treatment Using 0.50A

DC current of 0.50A was applied to 1300 cmJ raw water for 3,5,7 and 9
minutes. The results are shown in table(3.31), and represented by fig. (3.21).
(vi) Electrical Treatment Using 0.60A

DC current of 0.60A was applied to 1300cmJ raw water for 3,5,7, and 9
minutes. The results are shown in table (3.32).
(vii) Electrical Treatment Using 0.70A

750 cmJ raw water were treated with DC current of 0.70A for
2,4,6, and 8 minutes (procedure 2.10(i)). The results are shown in
table (3.33), and represented by fig. (3.22).
(viii) Electrical Treatment Using Variable Electric Current

For 3Minutes (constant time)
DC current 0.20, 0.30, 0.40, and 0.50A were applied to 750 cm3 raw

water for constant residence current time. The results are shown in table
(3.34), and represented by fig. (3.23).
(ix) Electrical Treatment Using Variable Electric Current for 4

Minutes (constant time)
The electrical treatment processes were repeated using 0.40, 0.50 0.60,

and 0.70A direct current to 1300 cm3 raw water for constant residence
current time. The results are shown in table (3.35).
(x) Electrical Treatment Using Variable Electric current for 5

Minutes (constant time)
DC current 0.30, 0.40, 0.50, and 0.57A were applied to 750cm3 raw

water for constant residence current time. The results are shown in table
(3.36), and represented by fig (3.24).

(2.11) Effect of Electric Current (DC) on Water Coagulation
(i) Coagulation processes were repeated using procedure 2.6(i) for

raw, and treated water by DC current following procedure 2.10(vii) by
using 15 mg/L alum and 0.5 ppm polymer. The results are shown in table
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(3.37), and represented by fig. (3.25).
(ii) 15 mg/L alum, 1.0 ppm polymer were added to raw and treated
water by DC electric current using procedure 2.10 (ix). The results are
shown in table (3.38), represented by fig (3.26)
(iii) Procedure 2.6(i) was repeated using 30 img/L alum, 1.0 ppm polymer
(diallyl dimethyl ammonium chloride) for water treated by DC electric
current (procedure 2.10(x)). The results are shown in table (3.39),
represented by fig. (3.27).

(2.12) Magnetic Treatment of Water (general procedure)
(i) The magnetic treatment of water processes were carried out using an

electrically generated magnetic field, LEYBOID 562 13. The raw water in
the container was allowed to flow through a tube inserted between the two
magnetic poles which are connected by the two electric coils, 2 cm apart,
where the magnetic field is changed by changing the electric current and by
changing the distance between the two poles. The water was treated by 20,
60, 100, 160, and 180 mT were collected in containers. The turbidity and
total suspended solids of raw and treated water were determined. The results
are shown in table (3.40). Coagulation processes for raw and magnetized
water were carried out as procedure 2.6(i), using 15 mg/L alum, 0.5 ppm
polymer. The results are shown in table (3.40), and represented by fig.
(3.28).

(ii) Magnetic Treatment Using 60 ,100 , 140 , and 200 mT
One liter portions of raw water were treated by magnetic field

(procedure 2.12(i)). Turbidity and total suspended solids for raw and treated
water were determined. The results are shown in table (3.41).

Coagulation processes for raw and treated water were carried out using
15 ppm of poly aluminum chloride (procedure 2.6(i)). The results are shown
in table (3.41), and represented by fig.(3.28).

(iii) Magnetic Treatment Using 80 ,120 ,180 ,and 220 mT
One liter potions of raw water were treated by magnetic field

(procedure 2.12(i)). The results are in table (3.42). Temperature,
conductivity, and total dissolved solids were determined. The results are
shown in table (3.43).

Coagulation processes were repeated (procedure 2.6(i) using 25mg/L
alum, 50ppm polymer. The results are shown in table (3.42), and represented
by fig.(3.28).
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(iv) Magnetic Treatment Using 100 ,140 , 200 , and 260 mT
Magnetic treatment was repeated (procedure 2.12(i)) by applying

magnetic field of varying strength to one liter portions of raw water.
Turbidity and total suspended solids were determined. The results are shown
in table (3.44). Temperature, conductivity, and total dissolved solids were
determined .The results are shown in table (3.45), Coagulation processes
were repeated (procedure 2.6(i)), using 20 mg/L alum, and 2.0 ppm polymer.
The results are shown in table (3.44), and represented by fig.(3.29).

(v) Magnetic Treatment Using 120 ,180 , 220 , and 300 mT
One liter portions of raw water were treated by magnetic field

(procedure 2.12 (i)). Coagulation processes were repeated (procedure 2.6 (i))
using 30 mg/L alum and 4.5 ppm polymer. The results are shown in table
(3.46), and represented by fig.(3.29).

{vi) Magnetic Treatment Using 150 ,220 ,320 ,and 400 mT
One liter portions of raw water were treated by applying magnetic field of

varying strength (procedure 2.12(i)). Coagulation processes were repeated
(procedure 2.6 (i)) using 15 mg /L alum, 0.5 ppm polymer. The results are
shown in table (3.47), and represented by fig.(3.29).

(2.13) Variation of Turbidity Against Magnetic Field and
Precipitation Times

Magnetic treatment was repeated (procedure 2.12(i)) by applying 140,
200, and 260 mT to one liter portions of raw water. Coagulation processes
were repeated (procedure 2.6(i) using 50 mg/L alum. The turbidity of raw
and treated water was determined at precipitation times 15, 30, 45, and 60
minutes. The results are shown in table (3.48).

(2.14) Effect of Electric Current on the Mortality of Bacteria in Raw
Water

(i) The electrical treatment processes were carried out using two electrodes
connected in series to an AC source (220 volts, 50 Hz) through a digital
multimeter, immersed in a sterile glass container with 400 cmJ

raw water, covered by a metal sleeve. 0.14A electric current was applied to
the raw water for 3,5,7, and 9 minutes. The experiments were surrounded by
flame from a gas burner to avoid contamination of the water,
(a) Determination of Total Bacteria Count

1.0 cm^>f raw and treated water (procedure 2.14(i)) of the serial
dilution 1O"',1O"2,1O"3 (which was prepared according to the standard
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methods for the examination of water and waste water) were transferred
respectively after shaking several times with hand to sterile Peteri-dishes,
each dilution in duplicate 20 cm' of melted plate count agar at temperature

o

44 C, were poured in to the dishes. The contents were thoroughly mixed to
facilitate distribution of the sample throughout the medium, then left to
solidify and then incubated, inverted, at 37 C ± 0.5° C for 48 hours. Total
bacteria as colonies were counted. The results are shown in table (3.49), and
represented by fig. (3.30).
(b) Determination of Total Coliform

The most probable number (MPN) colifbrm bacteria was carried out
using tubes containing MacConkey broth and inverted Durham tubes.
Inoculation was carried out for raw and treated water (Procedure 2.14 (i)) in
the following manner:

- To each of three double strength MacConkey broth tubes, 10
cm1 of the original sample was added.

- To each of three single strength MacConkey broth tubes, 1 cm'
of the original sample was added.

- To each of three single strength MacConkey broth tubes, 1 cm1

of the 10"' dilution was added.
All tubes were incubated at 37 C for 48 hours for the observation of

gas production and colour change. The most probable number value
(MPN) of each sample was calculated. The results are shown in table
(3.49), and represented by fig. (3.31).

(ii) The Effect of Electric Current on the Mortality of Bacteria
Using 0.20A

Electric current was applied to 250cm3 raw water for 2,4,6,8, and 10
minutes (procedure 2.14 (i)). Total bacteria count and MPN coliform
bacteria were carried out following procedure 2.14 (a) and 2.14 (b). The
results are shown in table (3.50), and represented by figures (3.32),(3.33)
respectively .

(iii) The Effect of Electric Current on the Mortality of Bacteria
Using 0.23A

Electric current was applied to 250cm3 raw water for 3,5,7,9, and 11
minutes (procedure 2.14(i)). Total bacteria count and MPN coliform bacteria
were carried out following procedure 2.14 (a) and 2.14 (b). The results are
shown in table (3.51), and represented by figures (3.34), (3.35), respectively.
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(iv) The Effect of Electric Current on the Mortality of Bacteria
Using 0.26A

Electric current was applied to 400 cm3 raw water for 2,4,8 and 10
minutes (procedure 2.14(i)). Total bacteria count and MPN coliform bacteria
were carried out following procedure 2.14(a) and 2.14(b). The results are
shown in table (3.52), and represented by figures (3.36), (3.37) respectively.

(v) The Effect of Electric Current on the Mortality of Bacteria
Using 0.32

Electric current was applied to 250 cm3 raw water for 3,5,7 and 9 minute
(procedure 2.14(i). Total bacteria count and MPN coliform bacteria were
carried out following procedure 2.14 (a) and 2.14(b). The results are shown
in table (3.53), and represented by figs (3.38), (3.39) respectively.

(vi) The Effect of Electric Current on the Mortality of Bacteria
Using 0.34A

Electric current was applied to 400 cm3 raw water for 3,5,7 and 9 minutes
(procedure 2.14(i). Total bacteria count and MPN coliform bacteria were
carried out following procedure 2.14(a) and 2.14(b). The results are shown
in table (3.54) and represented by figures (3.40), (3.41) respectively.

(vii) The Effect of Residence Current Time (2minutes) on the
Mortality of Bacteria

Electrical treatment processes were repeated using 0.21, 0.30, 0.41, and
0.50A electric current to 250cm3 raw water for constant residence current
time 2 minutes (procedure 2.14(i)).

Total bacteria count and MPN coliform bacteria were carried out
following procedure 2.14(a) and 2.14(b). The results are shown in table
(3.55), and represented by figures (3.42), (3.43), respectively.

(viii) The Effect of Residence Current Time (2.5minutes) on the
Mortality of Bacteria

Electric current 0.28, 0.45, 0.52, and 0.60A were applied to 250 cm3 raw
water for constant residence current time 2.5 minutes (procedure 2.14(i)).
Total bacteria count and MPN coliform bacteria were carried out. The
results are shown in table (3.56), and represented by figures (3.44), (3.45),
respectively.
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(ix) The Effect of Residence Current Time (3minutes) on the
Mortality of Bacteria

Electrical treatment processes were carried out using 0.21, 0.34, 0.47, and
0.57A electric current to 400 cm"1 raw water for constant residence current
time 3 minutes (procedure 2.14(i)). Total bacteria count and MPN coliform
bacteria were determined (procedure 2.14 (a) and 2.14(b). The results are
shown in table (3.57), and represented by figures (3.46), (3.47), respectively.

(x) The Effect of Residence Current Time (4minutes) on the
Mortality of Bacteria

Electric current 0.24, 0.34, 0.46 and 0.54 A were applied to 400 cm"1 raw
water for constant residence current time 4minutes (procedure (2.14(i)).
Total bacteria count and MPN coliform bacteria were carried out following
procedure 2.14(a) and 2.14(b). The results are shown in table (3.58). and
represented by figures (3.48), (3.49), respectively.

(xi) The Effect of Residence Current Time (Sminutes) on the
Mortality of Bacteria

Electrical treatment processes were repeated using 0.16, 0.22, 0.36, 0.44.
and 0.50 to 250 cm'1 raw water for constant residence current time 5 minutes
(procedure 2.14(i)). Total bacteria count and MPN coliform bacteria were
carried out following procedure 2.14 (a) and 2.14(b).

The results are shown in table (3.59), and represented by figures (3.50)
and (3.51), respectively.

(2.15) Physical and Chemical Analysis of Raw and Treated Water
AC electric current of 0.50A was applied to 500 cmJ raw water

(procedure 2.3(i)). DC electric current of 0.50A was applied to 500 cm'1 raw
water (procedure 2.10(i)); and 500 cm3 raw water was treateded by 260 mT
(procedure 2.12(i)). Physical and chemical analyses of raw and treated water
were determined. The results are given in table ( 3.60).

(2.16) Chemical Analysis of The Separated Water Sludge Before and
After Treatment by Electric Current

(a) Gravimetric Analysis of Water Sludge.
The sludge from raw water and treated water by AC electric current

0.70A for 4minutes and by DC electric current 0.50A for 5minutes, were
dried at room temperature for analysis:

(i) 1.0 g of each sample was accurately weighed in a clean weighed
platinum crucible. The crucible was heated for two hours in a muffle
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furnace adjusted at 1000 C. The crucible was cooled in a desiccator and
weighed
(ii) The residue from ignition, was covered with fusion mixture (A.R.
sodium and potassium carbonate), and then heated in the muffle furnace
at 1000C for two hours. The crucible containing the fused silica was
placed in the porcelain dish. HC1 was added to remove the fusion
mixture. The silica was baked at HOC for two hours, then the contents
were moistened with dilute HC1 and then filtered. The filtrate was placed
into a 500 cm1 volumetric flask and completed with distilled water. The
solution was used in all subsequent determinations of combined oxides.
Cax", and Mg+~. The filter paper containing silica was ignited to 1000 C
in a weighed crucible for two hours, cooled and weighed as SiO:

(iii) To the filtrate after SiO2 determination, 5g of ammonium chloride
crystals were added. The solution was heated, and then 2 drops of
methyl red indicator were added followed by dilute ammonia, the
mixture was boiled for two minutes and then filtered. The filter paper
with residue was ignited to 1000 C for half an hour. Then Fe^O;, + AUO;,
oercent bv mass was obtained.

-,
(iv) To 50 cm'1 of the solution obtained after silica determination,

stannous chloride was added dropwise, and the mixture was heated, then
10 cm1 of saturated mercuric chloride solution were added, followed by
10 cmJ of phosphoric acid. The solution was titrated with
0.001M K2CT2O7. The amount of Fe:O;, % by mass was obtained, and
then A12O3 % by mass was also calculated.

(v) To the combined filtrate of iron and alumina, cm' of cone. NH4OH
was added, the mixture was heated to boiling, and then 25 cm' of
(NH^iCiC^ were added. The mixture was boiled, filtered, then washed
with hot water; the filter paper was burned off in a crucible. The residue
was ignited in weighed crucible, then cooled and weighed as CaO.
(vi) To the filtrate, HC1 and NH^OH were added. The mixture was

boiled, and then cooled, 10 cm3 of NaNH_,HPO4 solution, NH4OH was
added, and then filtered off. The precipitate was ignited in a Meker
burner, cooled and weighed as Mg2P2O7. MgO was then calculated.

(vii) 1 g of sludge of raw and treated water was dissolved in deionized
water, then 5 cmJ of cone. HC1 were added, heated to boiling and
filtered. The filtrate was placed in a 250 cm' volumetric flask and
completed to the mark with deionized water. From the calibration curves
of the standard Na+ and K+, the percentage masses of Na+ and fC in the
sludge were obtained.
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The results of chemical analysis of water sludge before and after
treatment are given in tables (3.61), (3.62).

(b) Analysis of the Elements in the Separated Water Sludge by
Atomic Absorption

Mineral constituent of the separated sludge from raw water and treated
water by applying AC electric current of 0.60A for 3minutes (procedure
2.3(i)) and by applying DC electric current of 0.50A for 3minutes (procedure
2.10(i)) was determined using standard Atomic Absorption method.The
results are given in tables (3.63), (3.64).

(c) Mineralogical Composition of Separated Water Sludge BY
X- Ray Diffraction ( XRD)
Analysis of the separated sludge from raw water and treated water by

applying AC of 0.40A for 3 minutes (procedure 2.3(ii)) and by applying DC
of 0.40A for 4minutes (procedure 2.10(i)) was determined using X-Ray
Diffraction: 5 g of each sample were ground in porcelain mortar to get
homogeneous powder of grain size between 1 and 25 u.m. Self-adhesive
tape (Sellotape) was used to secure a glass plate to the front side of
PW1172/01 sample holder with back plate. The powder was put in the
holder, and pressed by a piece of glass, the surplus was removed with glass
plate. The sample holder was turned upside down and the glass cover was
removed carefully. The sample stage was mounted on to the Pre FIX stage
interface on X'pert PRO goniometer PW3050/6X that supplied the X-Ray
tube. Measurements of the samples were performed in the range (2-30)° of
20. The d-Spacing 29, for the samples reflections and their intensities were
recorded at scanning parameters.

Title
- Starting angle = 2°
- End angle = 32°
- Step size = 0.05,
- Counting time = 25 seconds,
-Peak width =0.14,
- X- scale = 2° per cm
- Y-scale = 100 counts per second.

The built in computer enabled background subtraction and peak
finding. The results are given in figures (3.52), (3.53) respectively.
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(2.17) Determination of Electric Susceptibility of Raw and
Treated Water By Magnetic Field
In experiments 2.12(iii), 2.12(iv), and 2.12(v), electric susceptibility

of raw and treated water by magnetic field were determined. The results are
given in tables (3.65), (3.66), and (3.67) respectively, and represented by
fig.(3.54).

(2.18) Determination of Electric Susceptibility of Raw and
Treated Water By Electric Current

In experiments 2.10 (viii), and 2.10(ii), electric susceptibility of raw
and treated water by electric current were determined. The results are given
in tables (3.68), (3.69) respectively.



Experimental Water Treatment Device

Power supply

water

steel

Electrical cell used in alternating and direct current electrocoagulation



RESULTS AND DISCUSSION

Optimum operating conditions for the parallel electrodes unit were
developed in this research. These conditions were considered as the basis for
subsequent experiments. Parallel electrodes unit was setup as: electrode spacing:
1.0 to 12 cm, electric current: 0.1 to 1.0A, residence current time = 2 to 12
minutes.

TableQ.l)
Water Turbidity, Total Suspended Solids(TSS) When Applying AC Electric

Current of 0.20A in E>amira 2001

Time
(min)

0
3
7
9
11

Turbidity
(NTU)

2870
2350
1530
1205
1075

Removal
Efficiency

%

18
47
58
63

TSS
(mg/L)

6600
6000
4700
4200
3700

Removal
Efficiency

%

9
29
36
44

NTlJfe Nephelometric Turbidity Unit.

Results of Experiment (2.3(i))
The removal efficiency as a function of residence current time for both

turbidity and total suspended solids were given in table (3.1).
Stumm and Morgan have stated that near neutral pH values, clays,

most insoluble oxides, organic pollutants, bacteria and algae, are characterized
by a negative surface potential as indicated by negative values of the
electrophoretic mobility. By electrostatic treatment, " the following notes on
the electrodeposition action may be made; the negative surface become more
negative in electrical charge. The repulsive forces between the similar
negatively charged surfaces are enhanced, as is the attraction towards the
opposite positively charged surfaces. As overall, the electrical interaction was
intensified. The repulsive action is a natural barrier towards scale and deposit
formation.
In table (3.1), the residence current time was in the range 3 to 11 minutes with
efficiencies 18 to 63 % turbidity removal and 9 to 44 % total suspended solids
removal. The system is sensitive to turbidity removal more than total suspended

- 4 7 -



solids because the particles causing turbidity have large surface area that may be
ready for interaction with electric effect.

Table (3.2)
Water Turbidity When Applying AC Electric Current of 0.25A

Time
(min)

0
3
5
8
10
12

Turbidity
(NTU)

2340
2075
1968
1678
1575
1410

Removal
Efficiency %

11
16
28
33
40

Table (3.3)
Water Turbidity When Applying AC Electric Current of 0.30A

Time
(min)

0
2
4
8
11

Turbidity
(NTU)

1700
1490
1300
848
638

Removal
Efficiency %

12
24
50
62

Table (3.4)
Water Turbidity When Applying AC Electric Current of 0.35A

Time
(min)

0
2
4
6
10
12

Turbidity
(NTU)

2150
1925
1762
1570
1200
1050

Removal
Efficiency %

11
18
27
44
49
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Table (3.5)
Water Turbidity When Applying AC Electric Current of 0.46A

Time
(min)

0
2
4
8
11

Turbidity
(NTU)

486
431
388
287
209

Removal
Efficiency %

11
20
41
57

Table (3.6)
Water Turbidity When Applying AC Electric Current of 0.52A

Time
(min)

0
2
4
8
11

Turbidity
(NTU)

1320
1135
905
480
245

Removal
Efficiency %

14
31
71
81

Results of Experiments (2.3(ii),(iii),(iv),(v) and (vi))
The turbidity removal as a function of residence current time is given in

tables (3.2) to (3.6) and illustrated in figs. (3.1) to (3.5). In table (3.2), the
removal efficiency increases as residence current time increases. However, the
removal efficiency of 40 % can by attained by applying AC current 0.25A for 12
minutes, whereas it reached 62 % when applying AC current 0.30A (table 3.3).
An increase in electric current to 0.52A improves the removal efficiency to
approximately 81 % (table 3.6).

The straight regression lines illustrated in fig. (3.1) to (3.5) indicated that
the residence current time was essential for turbidity removal efficiency using
variable magnitudes of electric current. The straight regression lines, illustrated
in fig. (3.1) to (3.5), are the same indicating that there is no significant
difference in the trend of turbidity removal using variable magnitudes of electric
current.
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Table (3.7)
Water Turbidity When Applying Variable AC Electric Current for

5Minutes (constant time)

Electric current
(A)
0.00
0.46
0.62
0.72
0.93

Turbidity
(NTU)
3500
2550
2025
1765
1470

Removal
Efficiency %

27
42
49
58

(79)
Results of Experiment (2.3(vii))

Waste Management and Research Center ' has shown that applying a
direct or alternating current and voltage of varying strength to electrode in
contact with water causes the suspended and dissolved solids in that water to
form a floe or precipitate of sufficient size.

Table (3.7) shows the relation between water turbidity and applied variable
electric current. The turbidity removal efficiency increases gradually with
increasing electric current. When electric current of 0.93A was applied for 5
minutes, the turbidity dropped from 3500 to 1470 NTU. (removal efficiency
58%). As illustrated in fig.(3.6), the turbidity removal is expected to reach its
maximum value when the electric current is 1.66A. Here we confirm Waste

(79)

Management and Research Center that the different current strengths result
in more deposition of carried material.

- 5 0 -



2400

2300

2200

2100

2000

^ 1900

£• 1800

1700

1600

1500

1400

1300

1200

2 4 6 8 10 12 14 16

Time(minutes)

Fig.(3.1) Water turbidity with residence current time
(AC electric current 0.25A)
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Fig.(3>-2) Water turbidity with residence current time
(AC electric current 0.30A)
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Fig.(3 3) Water turbidity with residence current time
(AC electric current 0.35A)
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Fig.(3-4) Water turbidity with residence current time
(AC electric current 0.46A)
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Fig, (3.5) Water turbidity with residence
current time(AC electric current 0.52A)
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Fig,(3.6) The effect of AC electric current on water turbidity
(residence current time 5 minutes)
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Table (3,8)
The Effect of Electric Current on Hardness of Water

Time
(min)

0
2
4
6
8

Hardness
(mg/L)

80
72
68
68
64

Removal
Efficiency

%

10
15
15
20

Results of Experiment (2.4)
Hardness of water is quantified bv the concentration of dissolved

(93)

minerals causing the hardness. The tests by Gehr etal on magnetic treatment
demonstrated a decrease in dissolved mineral concentration of about 10 percent.

Table (3.8) indicates that total hardness of water was affected by electric
current, i.e. when residence current time was increased the measured hardness of
water decreased. On 8 minutes application of 0.30A electric current, the total
hardness decreased by approximately 20%. It is obvious that residence current
time was inversely proportional to water hardness. This phenomenon is referred
to CaCCK and other hardness forming salts. The removal hardness of water is a
result of coagulation and precipitation of flocculants.

Table( 3.9)
The Effect of Electric Current on Temperature , Conductivity and Total

Dissolved Solids (TDS)

Time
(min)

0
2
4
6
8

Temperature

(C°)
28.7
30.1
30.3
30.4
30.5

Conductivity
(US/cm)

215
213
213
212
212

TDS
(mg/L)

108
107
106
106
106
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Results of Experiment (2.5)
The current passing in water resulted in evolution of heat energy and

consequently temperature rise.
The conductivity of a material depends on several factors including

temperature and the presence of impurities. It was usually related to the
total dissolved solids. The low removal of total dissolved solids and small
decrease of conductivity with increasing residence current time was a

concern (table 3.9). The conductivity of distilled water is normally a bout 1
uS whereas rain water may have conductivity in the range of 20-40 |iS, as it
contains dissolved ions.

The decrease of both conductivity and TDS removal (table 3.9), confirm
(79)

the electrocoagulation theory that the electric current neutralizes the
electrostatic charges on suspended materials and/or prompts the
coprecipitation of certain soluble ionic species, and thereby facilitate their
removal.

Table (3.10)
The Effect of Polymer (2.0ppm) and Alum (20ing /L) on Turbidity

Removal After Applying 0.25A AC

Time (min)
Turbidity (NTU)

0
8.0

3
6.6

5
5.2

8
4.7

11
4.4

12
3.3

Table (3.11)
The Effect of Polymer (2.0ppm) and Alum (25mg /L) on Turbidity

Removal After Applying 0.35A AC

Time (min)
Turbidity (NTU)

0
8.1

2
7.0

4
5.2

6
4.5

10
4.0

12
3.5

Table (3.12)
The Effect of Polymer (3.0ppm) and Alum (30mg /L) on Turbidity

Removal After Applying Variable Electric Current

Electric current (A)

Turbidity (NTU)

0.00

5.5

0.46

4.6

0.62

4.0

0.72

3.3

0.92

3.0
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Results of Experiments (2.6(0 and (ii))
In tables (3.10), (3.11), and (3.12), Jar tests were used to determine

optimum chemical dosages for the treatment plant. This laboratory test
attempts to simulate the full-scale coagulation-flocculation process and can be
conducted under a wide range of conditions. The results obtained in tables
(3.10) to (3.12) provide proof of the important role of coagulation when the
electric current was applied. Keeping the amount of polymer and alum the same
with the progress of time, more decrease of turbidity was observed. 20 mg/L
alum and 2.0 ppm polymer alone gave 8 NTU and with 0.25A applied for 12
minutes gave 3.3 NTU; the turbidity was lowered by 59% (table 3.10).

Table (3.12) shows the effect of polymer and alum with constant time and
varying current. Mainly 30 mg/L alum and 3.0 ppm polymer together with
0.93A applied for 5 minutes, the measured turbidity was found to be 3.0 NTU.

Comparing the result illustrated in fig.(3.7) to (3.9), it would be noted that
the shape of the curves were similar to each other. These results demonstrated
that coagulation of natural colloids and other materials suspended in water was
faster in electrified water. When alum and polymer were used as coagulants
together with electric current, the clarification rate was greater by 1.8-2.4 times.
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Fig.(3 -7) The effect of coagulation on water turbidity after
applying electric current(AC) 0.25A
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Fig.(3-9) The effect of coagulation on water turbidity

after applying various AC electric current for 5 minutes

- 6 0 -



Table(3.13)
The Effect of Alum on Water Turbidity for 60 Minutes Sedimentation

Time

Alum (mg/L)

Turbidity (NTU)

45

12.1

50

8.9

55

7.8

60

5.0

Table (3.14)
The Effect of Alum and Electric Current (0.40A) on Water Turbidity for

60 Minutes Sedimentation Time

Alum (mg/L)
Turbidity (NTU)

45
4.6

50
3.8

55
3.0

60
2.7

Table (3.15)
Turbidity as Function of Sedimentation Time and Alum Addition (Applied

current = 0.40A)

^--Sedimentation 7jm e

^ " \ ^ (min)

Alum (mg/L)"- \
45
50
55
60

10

10.7
6.3
5.3
4.3

20

6.3
4.8
4.6
3.0

35

5.3
4.1
3.9
2.9

45

5.0
3.9
3.5
2.8

60

4.6
3.8
3.0
2.7

Results of Experiments(2.7 (i) and (ii))
The experiments were conducted to investigate the effect of alum on

turbidity removal at sedimentation time of 60 minutes (table 3.13). It is
observed that the measured turbidity of water decreased when the amount of
alum increased. This phenomenon is known in water treatment as coagulation
of suspended particles due to electrostatic power of the alum. The optimum
amount of alum was found to be 60 mg/L, which resulted in turbidity of 5 units,
similar to that of the standard potable water.

Table (3.14) shows that when electric current was applied to raw water
together with alum, the result was that more decease of water turbidity was
observed. 60 mg/L of alum gave 5NTU without current, while the same amount
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of alum gave 2.7NTU when electric current of 0.40A was applied. The
application of current lowered drastically the turbidity by 46%.

Table (3.15) gives results due to treatment of the water by variation of alum
amount; precipitation time while electric current is kept constant.

These results indicate that coagulation of suspended materials in water is
facilitated by electric current and alum, resulting in lowering of turbidity,
especially for long durations.

Table (3.16)
Water Turbidity. Total Suspended Solid When Applying AC Electric

Current 0.35A / Damira 2002

Time
(min)

0
3
5
7
9

Turbidity
(NTU)

8934
6660
5480
4160
3140

Removal
Rate

(NTU/min)

758
590
660
510

Removal
Efficiency

%

25
39
53
65

TSS
(mg/L)

9500
7550
6300
5150
5000

Removal
Rate

(mg/L/min)

650
625
575
75

Removal
Efficiency

%

21
34
46
53

(2) .

Results of Experiment (2.8 (i))
The removal of suspended solids is of great importance in providing safe

potable water. The results from experiments conducted on raw water, showed
that turbidity and total suspended solids are important factors in determining
water susceptibility to microflocculation.

Table (3.16) indicates that the removal efficiency of both turbidity and total
suspended solids increases with increasing residence current time.

For high turbidity water, the removal efficiency of turbidity was found to be
65% at 9 minutes residence current time. Compare this to removal efficiency
(51%) for low turbidity water obtained at 12 minutes residence current table
(3.4), Damira 2001. Damira 2002 was greatly infested than the season of 2001.
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Table (3.17)
Water Turbidity, Total Suspended Solids (TSS) When Applying 0.40A AC

Time
(min)

0
2
4
6
8

Turbidity
(NTU)

8920
7500
6500
5400
4336

Removal
Efficiency

%

16
27
39
51

TSS
(mg/L)

11600
9500
7500
5750
4560

Removal
Efficiency

%

18
35
50
61

Table (3.18)
Water Turbidity, Total Suspended Solids (TSS) When Applying 0.50A AC

Time
(min)

0
3
5
7
9

Turbidity
(NTU)

13400
9250
6750
4500
3200

Removal
Efficiency

%

31
50
66
76

TSS
(mg/L)

14500
10750
8700
6500
5800

Removal
Efficiency

%

26
40
55
60

Table (3.19)
Water Turbidity, Total Suspended Solids (TSS) When Applying 0.60A AC

Time
(min)

0
3
5
7
9

Turbidity
(NTU)

7020
5562
4650
3690
3376

Removal
Efficiency

%

21
37
43
52

TSS
(mg/L)

9000
7800
7000
6480
5640

Removal
Efficiency

%

13
22
28
37
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Table (3.20)
Water Turbidity, Total Suspended Solids (TSS) When Applying 0.7QA AC

Time
(min)

0
2
4
6
8

Turbidity
(NTU)

11040
8556
6752
4388
2592

Removal
Efficiency

%

23
38
60
76

TSS
(mg/L)

11250
9250
7300
5500
4450

Removal
Efficiency

%

18
35
49
60

Results of Experiments 2.8 (ii),(iii),(iv),(v)

(78)

Barkley demonstrate that, application of the alternating current under
certain pi I conditions causes the following electrodeposition action: reduction
in the total suspended solids, and in the concentrations of metals, fluorides and
phosphates from streams.

The turbidity and total suspended solids, which are related to the degree of
contamination of water, were measured over various residence current times as
shown in tables (3.17) to (3.20), figs.(3.10) to (3.12).The effect of residence
current time in the removal efficiency of both turbidity and total suspended
solids show that at 8 minutes both turbidity and total suspended solids gave the
same value, 4800, fig.(3.10). Comparing the results obtained in table (3.18)
with those given in table (3.5), it could be noted that, turbidity removal
efficiency of 76% can be attained by only 9 minutes of residence current time,
while 57% efficiency can be attained by 11 minutes residence current for low
turbid water (table 3.5). It is seen from table (3.20) that there is increase in
removal efficiency of both turbidity (76 %) and total suspended solids (60%)
with the increased electric current. Figs.(3.11), (3.12) illustrate the results for
high turbidity water when 0.50A and 0.70A were applied respectively. The
trend is the same in both figs; total suspended solids reached its minimum value
at 9 minutes residence current. For comparison, the turbidity removal reached
maximum value at 8 minutes residence current for high turbid water fig.(3.11).
whereas it reached its maximum value at 12 minutes residence current for low
turbid water fig.(3.5).

In table (3.19), the removal efficiency of turbidity 52% and of total
suspended solids 37% when 0.60A electric current was applied for 9 minutes
residence current were obtained. This result indicates that the optimum range
for low turbidity water is smaller than that of high turbidity water. This can be
explained by the modified Smoluchowski equation, (equation (1.35))
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describing kinetics of flocculation, which imply that the rate of flocculation is
second order with respect to particle number concentration, that is, the
flocculation rate of high turbidity water is greater than that of the low turbidity
water.
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Table (3.21)
Water Turbidity, Total Suspended SoIids(TSS) For Residence

Current Time 3 Minutes at Various AC Electric Current

Electric
current

(A)
0.0
0.4
0.5
0.6
0.7

Turbidity
(NTU)

9005
6000
5512
4640
3680

Removal
Efficiency

%

33
39
48
59

TSS
(mg/L)

8225
6330
5830
5600
5200

Removal
Efficiency

%

23
29
32
37

Table (3.22)
Water Turbidity, Total Suspended Solids(TSS) For Residence

Current Time 4 Minutes at Various AC Electric Current

Electric
current

(A)
0.0
0.4
0.5
0.6
0.7

Turbidity
(NTU)

12240
8340
7250
5650
4770

Removal
Efficiency

%

32
41
54
61

TSS
mg/L

14100
11250
10750
9800
8500

Removal
Efficiency

%

20
24
30
40

Results of Experiments 2.8 (vi),(vii)
The removal efficiency of turbidity and total suspended solids increased with
increasing electric current as shown in table (3.21) and table (3.22). Vik

etal investigated electroaggregation by a newly developed water treatment
technology, which applies an electric field to re-arrange the charges of the
pollutants. The removal efficiency in electroaggregation can be affected by the

charge loading, the current density and the characteristics of raw
water. The results in fig.(3.13) indicate that when electric current (0.37A)
was applied for 3 minutes, both turbidity and total suspended solids reached
the same value of 6500. Fig. (3.14) shows that, minimum value for turbidity
and total suspended solids were obtained when 0.95A and 1.55A were applied
respectively
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Fig.(3.13) Water turbidity.total suspended solids with AC
electric current (residence current time 3 minutes)
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Table (3.23)
Varying Treatment Time With Polymer Concentration (20ppm) on

Turbidity Removal After Applying Current of 0.50A

Time (min)
Turbidity (NTU)

0
6.1

3
4.8

5
4.1

7
3.8

8
3.4

Table (3.24)
Varying Treatment Time With Polymer Concentration (12ppm) on

Turbidity Removal After Applying Current of 0.60A

Time (min)
Turbidity (NTU)

0
8.7

3
8.2

5
7.0

7
5.5

9
2.6

Table (3.25)
Varying Electric Current With 30 mg/L Alum and 2.5 ppm Polvmer
(DADMAD) on Turbidity Removal at Treatment Time of 3 Minutes

Electric current
(A)

Turbidity (NTU)

0.0

4.8

0.4

4.4

0.5

4.0

0.6

3.6

0.7

3.2

Table (3.26)
Varying Electric Current With 20 ppirn Polymer (PAC) on Turbidity

Removal at Treatment Time of 4 Minutes

Electric current
(A)

Turbidity
(NTU)

0.0

8.8

0.4

5.0

0.5

4.5

0.6

3.9

0.7

3.2

Results of Experiments 2.9 (i),(ii),(jii)
Coagulation and flocculation are sensitive to many variables; for

instance, the nature of the turbidity-producing substances, type and
dosage of coagulant, and pH of water.

The influence of electrolytes upon the stability of hydrophilic
colloids with polyvalent cations will effectively screen the negatively
charged groups of the hydrophiiic particles and lessen the mutual
electrostatic interaction of the charged groups. A polymer molecule can
attach itself to the surface of colloid particles at one or more adsorption sites
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with the remainder of the molecule extending into the solution. These extended
segments can then interact with vacant sites on another colloidal particle.

Coagulation experiments were conducted using polyaluminum chloride (PAC)
to clarify the raw water. The turbidity removal shown in table (3.23) and table
(3.24) is affected by both residence current time and polymer concentration. The
turbidity of raw water after coagulated by 20ppm polymer was found to be 6.1
NTU. Whereas it reached 3.4 NTU using the same dose of polymer together with
0.50A electric current applied for 8 minutes. In table (3.24), the turbidity dropped
from 8.7 NTU for coagulated raw water by 12 ppm polymer to 2.6 NTU for water
treated by 0.60A for 9 minutes. The turbidity was lowered drastically by 70%.

The results obtained in tables (3.25) and (3.26) show the effect of electric
current and concentration of alum and polymer on the turbidity removal. The
turbidity dropped from 4.8 to 3.2 NTU using 30 mg/L alum and 2.5 ppm polymer
for residence current time 3 minutes (reduction by 33%). table (3.25). whereas it
dropped from 8.8 to 3.2 NTU using 20 ppm polymer for residence current time of 4
minutes (table 3.26). The turbidity was lowered drastically by 64%. These results
indicate that treatment by electric current together with addition of polymer achieve
good improvement in turbidity removal efficiency.
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Fig.(3-15) The effect of coagulation on water turbidity after applying electric
current (AC) 0.50A

10

11

10

9

8

7

6

5

4

3

2

1

0

2 4 6 8

Time(minutes)

Fig.(3 16) The effect of coagulation on water turbidity after applying
electric current (AC) 0.60A

10

- 7 4 -



0.1 0.2 0.3 0.4 0.5 0.6

Electric current (A)

Fig.(3.17) The effect of coagulation on water turbidity after
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Fig.(3.18) The effect of coagulation on water turbidity after
applying various AC electric current for 4 minutes
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Table (3.27)
Water Turbidity, Total Suspended Solids (TSS) When Applying DC

Electric Current 0.20A

Time
(min)

0
3
5
7
9

Turbidity
(NTU)

2924
2463
1750
1375
1125

Removal
Efficiency

%

16
40
53
62

TSS
(mg/L)

2580
2000
1730
1500
1250

Removal
Efficiency

%

22
33
42
52

Results of Experiment (2.10(i))
Results of the removal efficiency of turbidity and total suspended solids as

a function of residence current time were determined using DC electric current.
The results obtained in table (3.27) showed that at residence current of 9

minutes for applied DC electric current of 0.20A. the turbidity reduced from
2924 to 1125 NTU (reduction by 62%), and total suspended solids from 2580 to
1250 NTU (reduction by 52%). It can be concluded that the electrical treatment
is essential for removal efficiency ai.J that a longer treatment time is preferable
with AC or DC electric current.

Table (3.28)
Water Turbidity, Total Suspended Solids (TSS) When Applying PC

Electric Current Q.30A

Time
(min)

0
2
4
6
8

Turbidity
NTU

6030
4458
3256
2212
1424

Removal
Efficiency

%

26
46
62
76

TSS
(mg/L)

7500
6440
5380
4370
3320

Removal
Efficiency

%

14
28
42
56
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Table (3.29)
Water Turbidity, Total Suspended Solids (TSS) When Applying DC

Electric Current 0.35A

Time
(min)

0
3
5
7
9

Turbidity
(NTU)

1640
1475
1366
1275
1245

Removal
Efficiency

%

10
17
22
24

TSS
(mg/L)

1800
1680
1640
1580
1500

Removal
Efficiency

%

7
9
12
17

Results of Experiments 2.10 (ii),(iii)
The results obtained in table (3.28) demonstrated that when applying

0.30A electric current (DC) for 8 minutes, the turbidity reduced from 6030 to
1424 NTU (reduction by 76%) and total suspended solids from 7500 to 3320
mg/L reduction by 56%). It can be seen from fig.(3.19) that good removal
efficiency can be obtained for high turbidity water and optimum treatment
time(9minutes) by applying DC 0.30A, whereas optimum treatment time of
11 minutes was obtained by AC 0.30A for low turbidity water (table 3.3).

In table (3.29), the removal efficiency is low for both turbidity (24%) and
total suspended solids (17%) in case of low turbidity water when applying
electric DC of 0.35A for 9 minutes.

Table (3.30)
Water Turbidity, Total Suspended Solids (TSS) When Applying DC

Electric Current 0.40A

Time
(min)

0
2
4
6
8

Turbidity
(NTU)

2443
2325
2260
2120
2010

Removal
Efficiency

%

5
7
13
18

TSS
(mg/L)

2350
2275
2200
2082
1990

Removal
Efficiency

%

3
6
11
15
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Table (3.31)
Water Turbidity, Total Suspended Solids (TSS) When Applying DC

Electric Current 0.50A

Time
(min)

0
3
5
7
9

Turbidity
(NTU)

1098
1020
947
910
860

Removal
Efficiency

%

7
14
17
22

TSS
(mg/L)

1260
1120
1062
980
940

Removal
Efficiency

%

11
14
22
25

Results of Experiments 2.10(iv),(v)
Table (3.30) shows the effect of treatment time on the removal efficiency.

For comparison, a result for low turbidity water treated by DC electric current
of 0.40A did not result in good improvement in removal efficiency (18%. 15%
for turbidity and total suspended solids respectively), whereas, for high
turbidity water using the same current at the same treatment time of 8 minutes,
gave good removal efficiency of 51% for turbidity and 61% for total suspended
solids (table 3.17).

The removal efficiency shown in fig.(3.20) gives important role of
removal efficiency by electric treatment. However, 7 minutes of treatment time
result in good removal efficiency, i.e. both turbidity and total suspended solids
reached the same value. 2013.

According to table (3.31). the removal efficiency of both turbidity (22%),
and total suspended solids (25%) was lower than that at high turbidity water,
76%, 60%, table (3.18), (Damira 2002), when 0.50A electric current was
applied at the same treatment time.
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Table (3.32)
Water Turbidity, Total Suspended Solids When Applying DC Electric

Current 0.60A

Time
(min)

0
3
5
7
9

Turbidity
(NTU)

910
805
755
696
650

Removal
Efficiency

%

11
17
24
28

TSS
mg/L

940
900
875
838
819

Removal
Efficiency

%

4
7
11
13

Table (3.33)
Water Turbidity, Total Suspended Solids When Applying DC Electric

Current 0.70A

Time
(min)

0
2
4
6
8

Turbidity
(NTU)

536
490
470
441
410

Removal
Efficiency

%

9
12
18
24

TSS
(mg/L)

610
575
544
509
500

Removal
Efficiency

%

6
11
17
18

Results of Experiment 2.10(vi),(vii)
Experiments were conducted to show the removal of turbidity and total

suspended solids by DC electric current applied to raw water. It has been
noticed that when the ratio of TSS/turbidity was low, the removal of TSS and
turbidity was obtained with low percent 13%, 28% (table 3.32) and 18%, 24%
table (3.33) respectively. As far as treatment time is concerned, it can be noted
that, the turbidity removal reaches its maximum value at approximately 11
minutes (fig. 3.22). Compared to fig.(3.12), for high turbidity water, turbidity
removal reached a maximum value at approximately 9 minutes; this implies
that for high turbidity water, the required treatment time may be reduced to
achieve a good removal efficiency.
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Fig.(3.19) Water turbidity.total suspended solids with residence
current time (DC electric current 0.30A)
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Fig.(3.20) Water turbidity.total suspended solids with residence
current time (DC electric current 0.40A)
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Fig.(3.22) Water turbidity.total suspended solids with residence
current time (DC electric current 0.70A)
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Table (3.34)
Water Turbidity, Total Suspended Solids(TSS) at Various DC Electric

Current When Residence Current Time 3Mintues

Electric
Current

(A)
0.0
0.2
0.3
0.4
0.5

Turbidity
(NTU)

3725
2602
1980
1504
1120

Removal
Efficiency

%

30
47
60
70

TSS
(mg/L)

3200
2800
2600
2489
2390

Removal
Efficiency

%

13
19
22
25

Table (3.35)

Water Turbidity, Total Suspended Solids(TSS) at Various DC Electric
Current When Residence Current Time 4Mintues

Electric
Current

(A)
0.0
0.4
0.5
0.6
0.7

Turbidity
(NTU)

784
708
683
668
648

Removal
Efficiency

%

10
13
15
17

TSS
_(mg/L)

915
867
858
845
831

Removal
Efficiency

%

4
5
8
9
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Table (3.36)
Water Turbidity, Total Suspended Solids(TSS) at Various DC Electric

Current When Residence Current Time 5Mintues

Electric
Current

(A)
0.00
0.30
0.40
0.50
0.57

Turbidity
(NTU}

8000
4688
3448
2308
2040

Removal
Efficiency

%

41
57
72
75

TSS
mg/L

9840
6720
5800
4750
4250

Removal
Efficiency

%

32
41
52
57

Results of Experiments 2.10(viii),(ix),(x)

( 1 5 9 1

A study of electrorheological fluid dynamic process has revealed that
upon application of the electric field, electrorheological (ER) fluids form
chains. The chains then aggregate together to form thick columns, all serving to
dramatically alter the rheology of suspension.

Chaplin observed that high interfacial fields (E >10 Vm ) at electrode
surfaces could cause a phase transition that orients water molecules towards the
electrode. Similar orientations may take place at the surface of minerals
containing positive and negative charges and a solid water layer has been
reported at the surface of highly polar complex silicates. Powel Water
System emphasized that electron flooding of the water in electrocoagulation
eliminates the polar effect of the water complex, allowing colloidal material to
precipitate.

The results obtained in tables (3.34), (3.35) and (3.36) show the effect of
DC electric treatment process on the removal efficiency with constant time and
varying current. In table (3.35), the removal efficiency of turbidity and total
suspended solids were increased with low percent (17%, 9% respectively) for
low turbidity water. However, for highly turbid water, the removal efficiency
increases as the electric current increases. Turbidity removal efficiency of 75%
can be attained by 0.57A DC electric current, while 57% efficiency for total
suspended solid can be attained using the same magnitude of electric current,
table (3.36).
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It could be noted, in fig.(3.23), that the use of low DC electric current
(0.20A) gave sufficient and good results. These results indicate that the removal
efficiency improves as the magnitude of electric current increases.
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Fig.(3.23) Water turbidity.totat suspended solids with DC electric current
(residence current time 3 minute)
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Fig.(3.24) Water turbidity .total suspended solids with DC electric
current (residence current time 5 minute)



Table (3.37)
Varying Treatment Time With Alum (15mg/L) and Polymer (O.Sppm) on

Turbidity Removal After Applying Electric DC 0.70A

Time (min.)

Turbidity
(NTU)

0

7.2

2

3.9

4

3.8

6

3.3

8

3.0

Table (3.38)
Varying Electric Current With Alum (15mg/L) and Polymer (l.Oppm) on

Turbidity Removal at Treatment Time 4 Minutes

Electric current
(A)

Turbidity
(NTU)

0.0

10.3

0.40

5.3.

0.50

4.9

0.60

4.2

0.70

3.5

Table (3.39)
Varying Electric Current With Alum (30mg/L) and Polymer (l.Oppm) on

Turbidity Removal at Treatment Time 5 Minutes

Electric current
(A)

Turbidity
(NTU)

0.0

10

0.30

5.2

0.40

2.7

0.50

2.4

0.57

2.2

Results of Experiments 2.11 (i),(ii),(iii)

(P4)

The VODL theory predicts that the colloid stability decreases with
increasing ionic strength; hence, stability ratio for sea water was calculated to

(811

be close to one. Wolcott estimated that electrocoagulation process
destabilized colloidal particles that were less than 1 micron in size. Larger
particles created by electric treatment process would settle out at 50 to 75
microns.

In tables (3.37) to (3.39), it was emphasized, however, that coagulation of
natural colloids and other materials suspended in water is enhanced in water
that was treated by electric current. When alum (15mg/L) and micro amount of
polymer (0.5ppm) were used together with DC electric current 0.70A, the
clarification rate was 1.8 - 2.4 times greater, table (3.37).

The turbidity of clarified water with 15mg/L alum and 1.0 ppm polymer
was 10.3 NTU (table 3.38), using the same doses of coagulants together with
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0.70A electric current, the turbidity was 3.5 NTU. Thus the clarification rate is
1.9 - 2.9 times greater. Whereas the turbidity of clarified water with 30 mg/L
alum and 1.0 ppm polymer was 10 NTU, table (3.39), using the same doses of
coagulant together with 0.57A electric current for 5minutes, the turbidity was
2.2 NTU. The clarification rate is 1.9 - 4.5 times greater. These results indicate
that coagulation enhancement was influenced by the electric current, residence
current time and doses of coagulants.
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Fig.(3.25) The effect of coagulation on water turbidity after applying DC 0.70A
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Fig.(3.26) The effect of coagulation on water turbidity after

applying various DC electric current for4 minutes
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Fig.(3.27) The effect of coagulation on water turbidity
after applying various DC electric current for 5 minutes
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Table (3.40)
Water Turbidity, Total Suspended Solids When Applying Magnetic

Field 20,40,60,100 and 120 mT

Magnetic Field
"(mT)

20
60
100
160
180

Turbidity
(NTU)

38
32
32
31
30
30

Total Suspended
Solids
(mg/L)

34
35
45
47
49
45

Turbidity of
Clarified Water

by 15 mg/L Alum
and 0.5ppm

Polymer
4
3
2
1
1
1

Results of Experiment 2.12(T)
The clarification of water using magnetic field is investigated and results

are shown in table (3.40) and all subsequent tables.
In accordance with modern theory of stability , the coagulation of

colloidal systems depends on the electrokinetic potential, and on colloidal
panicles hydration. which block up mechanical agglomeration of colloidal
particles. The magnetic treatment of water reduces the magnitude of zeta
potential of colloidal particles approximately by 23 - 29%. This shows that

magnetic exposure as stated by Rinkeviciene reduces the thickness of the
diffuse layer. Some opposite charged ions penetrate to the adsorbed layer and
micelle hydration rate would then decrease. It was demonstrated that
coagulation of colloids and other materials suspended in water is enhanced in
water impacted by a magnetic field.

Table (3.40) shows the effect of magnetic field on turbidity and total
suspended solids of water. It is clear that an increase in magnetic field results in
decrease in turbidity. Moreover at 180 mT, the removal efficiency of turbidity
reached 20%, whereas the total suspended solids increased with the increase in
the magnitude of the magnetic field. This result may be due to the fact that
charged particle motion in the magnetic field are more intensive because they

(160)

are under influence of Lorentz force . Particles with opposite charges rotate
in different directions and move at corresponding frequency by helical
trajectory around the magnetic field lines.
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When 15mg/L alum and 0.5ppm polymer were used as coagulant and
flocculant, respectively, table (3.41), the turbidity of clarified water was 4NTU,
whereas it reached 1NTU for water impacted by magnetic field. As it was given
in the experimental results clarification rate with magnetic field was 1.3 - 4.0
times greater.

Table (3.41)
Water Turbidity, Total Suspended Solids When Applying Magnetic

Field Of Varying Strength

Magnetic Field
" (mT)

60
100
140
200

Turbidity
(NTU)

1175
1042
1100
1083
1052

Total Suspended
Solids
(mg/L)

1040
1020
1000
1034
996

Turbidity of
Clarified Water

by 15ppm
Polymer(PAC)

10
6.8
5.9
4.7
4.6

Results of Experiments 2.12(ii)
Lorentz found that the force on the moving charge is proportional to the

strength of the magnetic field and the speed of the charge. The direction of the
force is always perpendicular to both the magnetic field and the velocity of the
charge. The Lorentz force on the moving electrical charges tends to align
electric dipoles. This alignment of randomly oriented dipoles, enhancing the
grouping of existing ionic associates, enhances the formation of colloids.
Coagulation enhancement is thus influenced by the magnitude of the magnetic
field, the gradient of the magnetic field, the orientation of the magnetic field
with respect to the direction of the fluid flow and the velocity of the fluid flow
in the region of the magnetic field.

Table (3.41) illustrates that 200mT reduces both turbidity and total
suspended solids from 1175 to 1052 and from 1040 to 996 respectively. The
clarification efficiency approximately 54% when 15ppm polyaluminum
chloride (PAC) was used as coagulant, whereas it was approximately 75% in
table (3.40). This implies that good clarification efficiency was obtained for
low concentrated water particles. Because of the higher concentration of
particles, it is necessary to supply more positive ions to neutralize particles in
high turbidity water.
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Table (3.42)
Water Turbidity, Total Suspended Solids When Applying Magnetic

Field Of Varying Strength

Magnetic Field
"(mT)

80
120
180
220

Turbidity
(NTU)

8520
5548
4000
4320
5252

Total Suspended
Solids
(mg/L)

6600
5600
5000
5750
6300

Turbidity of
Clarified Water

by 15 mg/L
Alum and

0.5ppm Polymer
6.4
5.0
4.2
4.6
4.5

Table (3.43)
The Effect of Magnetic Field on Temperature, Conductivity and Total

Dissolved Solids(TDS) of Water

Magnetic Field
(mT)

80
120
180
220

Temperature
(C)
32.2
32.0
31.9
31.9
31.4

Conductivity
(uS/cm)

225
226
228
228
229

TDS
(mg/L)

113
113
108
114
115

Results of Experiment 2.12(iii)
An externally applied magnetic field can induce different types of

structure in a magnetorheological fluid where magnetizable particles are
suspended in a liquid.

Table (3.42) shows that the removal of turbidity and total suspended solids
increases with an increase in magnetic field. At 120mT the removal efficiency
of turbidity is approximately 53% and of total suspended solids approximately
24.2%. and the turbidity of clarified water by 25 mg/L alum and 0.5 ppm
polymer together with 120mT magnetic field approached 4.2NTU. Using
strong magnetic field (60 - 2000 T), it is possible to accelerate distinctly the
precipitation of Cd, Hg, Pb, Cr, Ni, Zn ions and other ions, which are found in
drains, by flocculation. Table (3.43) shows the effect of magnetic field on
temperature, conductivity and total dissolved solids. The relationship between

these parameters has been explained by HellaWelJ , (page 3).
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The results obtained in table (3.43) demonstrated that there are no
significant change in conductivity and TDS as the strength of magnetic field
increases.

Rinkeviciene estimated that, the impact of magnetic field on water
leads to increased electrical conductivity both before coagulation and in
clarified water. Negligible increase of electric conductivity proves the
hypothesis that magnetic water treatment reduces hydration of electrolytes and
enlarges mobility of particles, which exist in water. This decreases
electrokinetic potential of dispersive particles and thus accelerates coagulation.

Table (3.44)
Water Turbidity, Total Suspended Solids When Applying Magnetic

Field Of Varying Strength

Magnetic Field
(mT)

100
140
200
260

Turbidity
(NTU)

1100
964
1022
960
1050

Total Suspended
Solids
(mg/L)

1180
1004
1152
1124
1020

Turbidity of
Clarified Water

by 20 mg/L
Alum and

2.0ppm Polymer
5.8
4.6
4.5
4.8
3.7

Table (3.45)
The Effect of Magnetic Field on Temperature, Conductivity and Total

Dissolved Solids

Magnetic Field
(mT)

100
140
200
260

Temperature
(C°)
31.6
31.2
31.1
31.1
30.7

Conductivity
(|J.S/ciTl)

217
221
207
210
248

TDS
(mg/L)

109
110
103
105
124

Results of Experiments 2.12(iv)
The results obtained from table (3.44) showed that treatment by a strong

magnetic field (100 - 260 mT) does not result in a real improvement in the
removal of turbidity. However the removal of turbidity and total suspended

- 9 5 -



solids which do not change significantly as the magnetic field increases,
changes rapidly with the addition of coagulants and flocculants. With 20mg/L
alum. 2.0ppm polymer, the clarification rate with magnetic field is greater by
1.2 - 1.5 times.

Table (3.45) shows the effect of magnetic field on temperature.
conductivity and total suspended solids, when the magnetic field strength was
increased to 260 mT.

Table (3.46)
Water Turbidity, Total Suspended Solids When Applying Magnetic

Field Of Varying Strength

Magnetic Field
(mT)

120
180
220
300

Turbidity
(NTU)

12660
4712
4588
3728
4660

Total Suspended
Solids
(mg/L)

14200
6600
5200
5100
7150

Turbidity of
Clarified Water

by 30 mg/L
Alum and

4.5ppm Polymer
8.3
7
5
4
5

Table (3.47)
Water Turbidity, Total Suspended Solids When Applying Magnetic

Field Of Varying Strength
Magnetic Field

(mT)

150
220
320
400

Turbidity
(NTU)

402
317
283
322
330

Total Suspended
Solids
(mg/L)

460
366
344
390
400

Turbidity of
Clarified Water

by 15 mg/L
Alum and

0.5ppm Polymer
13
8.5
2.7
4.0
4.7
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Results of Experiments 2.12(v),(vi)

Schnell explained that the cations and anions of CaCCK are diverted by

the magnetic field in such away that they move towards each other. Hereby
collisions take place between the different ions with a short-term
transformation of unstable CaCO^ molecules. Krylov and others found that

the electrical charges on calcium carbonate particles are significantly affected
by the application of magnetic field. Further, the magnitude of change in
particle charge increased as the strength of the applied magnetic field increased.

For the high turbidity water, table (3.46), the removal of turbidity, total
suspended solids increased as the strength of applied magnetic field increased.
At 220mT, the turbidity was reduced from 12660 to 3728NTU (70.5%
reduction) and total suspended solids from 14200 to 5100NTU (64% reduction)
and the turbidity of clarified water by 30mg/L alum and 4.5ppm polymer
together with 220mT reached 4NTU. However, for low turbidity water, table
(3.47) , a magnetic field 220mT improve good removal of both turbidity and
total suspended solids. In table (3.47), the removal efficiency of turbidity 30%
and of total suspended solids 25% for the water impacted by 220mT, and the
turbidity of clarified water by 15mg/L alum and 0.5ppm polymer together with
220mT was 2.7NTU, table (3.47), under the same experimental conditions.
These results indicate that magnetic field (220 mT) improves the removal
efficiency for high and low turbidity water. An increase in magnetic field to
400 mT improves the clarification rate to approximately 1.5 - 4.8 times.
Compared to 300 mT, the clarification rate is 1.2 - 2.1 greater. It can be
concluded that the magnetic treatment process is essential for high clarification
rate efficiency and that high magnetic field is preferable in the range tested in
this study.
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Fig:(3-28) Kinetic curves of clarification of magnetized water
withn alum and polymer,performance of which is specified in :

A -Table(3-40), o -Table(3-41),y-Table(3-42)
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Fig.(3-29) Kinetic curves of clarification of magnetized water with alum
and polymer.performance of which is specified in :A—Tabl(3-44),

X-Table(3-46), « - Table(3-47)
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Table (3.48)
Variation of Turbidity Against Magnetic Field and Precipitation

Times

Precipitation
Time
(min)

15
30
45
60

Turbidity (NTU)

Raw
Water

107
98
95
89

Clarified Water By

50mg/L
Alum

11.8
10.7
10.4
8.9

140 mT
+ 50mg/L

Alum
4.9
4.7
4.5
4.4

200 mT
+ 50mg/L

Alum
4.6
4.4
4.2
4.0

260 mT
+ 50mg/L

Alum
3.7
3.5
3.3
3.0

Results of Experiment 2.13
Table (3.48) shows the effect of magnetic and precipitation time on

turbidity removal. In the case of magnetic field, the turbidity removal increased
as magnetic field increased. In the case of precipitation time, the turbidity
removal improves as precipitation time increases. At precipitation time of 30
minutes, the turbidity of clarified water by alum only was 10.7NTU, by alum
together with 140mT was 4.7NTU, by alum together with 200mT was 4.4
NTU, and by alum together with 260 mT 3.5NTU. When precipitation time and
magnetic field increases, the turbidity decreases; the clarified water is sensitive
to the applied magnetic field. These results, along with those of many

others imply that application of a magnetic field can affect the ionic
interaction of the colloids, causing the magnetic dipoles to align, which in turn
enhances flocculation.
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3
5
7
9

8800
6800
5300
4300
3800

23
40
51
57

>1100
1100
1100
460
460

58
58

Results of Experiment 2.14(i)
Experimental results presented in table (3.49) demonstrate the effect of

electric current in disinfecting drinking water and reducing the numbers of
bacteria.

(58)

Bernal describes ions, protein molecules, and cell surfaces in general as
being coated with "ice" i.e., with layers of structural water molecules.
Simulation and modeling studies are being used to explore dynamics in a
wide range of ion channels and related pore-like transporters. Previous
studies had revealed that changes in nanopores dimensions and polarity
could result in pore "gating" to water permeation. The outer membranes of
Gram-negative bacteria contain a large number of membrane proteins based
upon an anti-parallel-barrel architecture. Numerous structures of bacterial outer
membrane proteins are known from X-ray diffraction and more recently from
NMR studies. The importance of studying dynamics versus environment is
emphasized by the observation that the small changes in conformational
flexibility can open the central pore of the bacterial outer membrane protein
molecule.

For a bacterium surface , one may visualize the charge as resulting from
protolysis of functional amino and carboxyl groups,

,COOH COO'

R

NH 3
+

H2O R -(3.1)

NH3
+

At the isoelectric point or the zero point of charge, the rupture of bacterial
cell membranes may occur due to destabilization of the lipid bilayer and
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proteins of cell membranes, as well as the formation of pores induced when a
microbial cell is temporarily exposed to electric current.

In table (3.49) and all subsequent tables, the total bacteria count were
determined by plate count method, and the total coliform bacteria were
determined by the most probable number (MPN) technique.

It could be noted that in table (3.49), the total bacteria count prior to
electric treatment was 8800 cfu/cm . After treatment by electric current of
0.14A for 9 minutes, total bacteria count dropped to 3800 cfu/cm (57%
reduction). Whereas total coliform dropped from 1100 to 460 cfu/cm (58%
reduction). This implies that reduction of bacteria increases as residence current
time increases.

Held imply that, the dewatered pulsed electric field technology creates
holes in or disrupts the bacterial cell membranes in the waste activated sludge
and enhances its dewatering. Field strength up to about 50kV/cm are employed
to disrupt the cellular matter. The Battelle researchers explained this on the
basis that pulsed electric field causes electroporation, leading to deflation of
cells, because of the release of intracellular fluid and the associated dissolved
solids.

Hoffman stated that, exposure to magnetic fields causes inhibition in
the growth and reproduction of microorganisms. When an oscillating magnetic
field of intensity of 5 to 50 Tesla and frequency of 5 to 500 kHz was applied it
reduced the number of microorganisms by at least 2-log cycles.
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Fig.(3.30) The mortality of total bacteria count with
residence current time(electric current 0.14A)
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Fig.(3.31) The mortality of total coliform with
residence current time (electric current 0.14A)
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Table (3.50)
The Effect of Electric Current on The Mortality of Bacteria Using 0.20A

Time
(min)

2
4
6
8
10

Total
Bacteria
Count

(cfu/cm )

2400
2000
1600
1200
800
500

Mortality
Efficiency

%

17
33
50
67
79

Total
Coliform

(cfu/cmJ)

23
23
9
4
3
3

Mortality
Efficiency

%

61
83
87
87

Table (3.51)
The Effect of Electric Current on The Mortality of Bacteria Using 0.23A

Time
(min)

5
7
9
11

Total
Bacteria
Count

i

(cfu/cm )

12900
10300
8100
6800
4500
2500

Mortality
Efficiency

%

20
37
47
67
81

Total
Coliform
(cfu/cm )

43
43
23
23
3
3

Mortality
Efficiency

%

47
47
93
93
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Table (3.52)
The Effect of Electric Current on The Mortality of Bacteria Using 0.26A

Time
(min)

2
4
8
10

Total
Bacteria
Count

(cfu/cm )

980
780
640
285
170

Mortality
Efficiency

%

20
35
71
83

Total
Coliform
(cfu/cm )

1100
1100
460
460
240

Mortality
Efficiency

%

58
58
78

Results of Experiments 2.14(ii),(iii),and(iv)
At constant electric current, the mortality of bacteria increases with an

increase in treatment time, tables (3.50), (3.51). and (3.52). and figures (3.32)
to (3.37).

A model proposed by Peleg describes a sigmoid shape of the survival
curves generated by the microbial inactivation with pulsed electric field. The
model (equation 3.2) represents the percentage of surviving organisms as a
function of the electric fields and number of pulses applied.

1 -(3.2)

1 + e
[E-Ed(n)]/k(ni

This model is defined by a critical electric field intensity that corresponds to
50% survival (Ed) and a kinetic constant (kn, a function of the number of
pulses) that represents the steepness of the sigmoid curve.

The results in tables (3.50), (3.51) indicate that the population of bacteria
varied significantly with magnitude of applied electric current at low
population density. Specifically the mortality efficiency of total bacteria count
was 79% and of total coliform was 87% when exposed to 0.20A electric current
table (3.50), whereas the mortality efficiency of total bacteria count was 81%
and of total coliform was 93% when exposed to 0.23A electric current table
(3.51). According to table (3.52), at high population density, the mortality
efficiency of total bacteria count was 83% and of total coliform was 78% when
exposed to 0.26A electric current. The straight regression lines obtained for
total bacteria count, figures (3.32), (3.34), and (3.36) indicate that the mortality
of total bacteria is inverse proportion with residence current time. So there is no
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significant difference in mortality rate for differing population densities when
exposed to different current magnitudes. The curve obtained for the mortality
of total coliform is very steep after 4 minutes of treatment time and becomes
flat as times increases fig. (3.33). Whereas a zigzag shape of the survival curves
was generated by the mortality of coliform by electric current of 0.23A, 0.26A,
figures (3.35), (3.37) was obtained respectively.

The zigzag lines indicate the resistance of bacteria to the current of 2
minutes, then there is sudden group death, then resistance to 8 minutes
(fig.3.37), the final death of bacteria comes in steps. These results indicate that
there are no significant changes in the mortality of total coliform when exposed
to electric current of:

0.20A for 2, 10 minutes.

0.23A for 3, 7, 11 minutes.

0.26A for 2. 8 minutes.
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Fig.(3.32) The mortality of total bacteria count with
residence current time (electric current 0.20A)
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Flg.(3.33) The mortality of total coliform with
residence current time (electric current 0.20A)
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Fig.(3.34) The mortality of total bacteria count with
residence current time (electric current 0.23A)
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Fig.(3.35)The mortality of total coliform with
residence current time (electric current 0.23A)
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Table (3.53)
The Effect of Electric current on The Mortality of Bacteria Using 0.32A

Time
(min)

3
5
7
9

Total
Bacteria
Count

(cfu/cmJ)

8500
6200
4500
2800
1600

Mortality
Efficiency

%

27
47
67
81

Total
Coliform
(cfu/cmJ)

43
23
9
3
3

Mortality
Efficiency

%

47
79
93
93

Table (3.54)
The Effect of Electric Current on The Mortality of Bacteria Using 0.34A

Time
(min)

3
5
7
9

Total
Bacteria
Count

(cfu/cm )

19000
15000
12500
9600
6500

Mortality
Efficiency

%

21
33
49
66

Total
Coliform

(cfu/cm )

43
43
21
21
9

Mortality
Efficiency

%

51
51
79

Results of Experiments 2.14(v),(vi)
In table (3.53), the effect of electric current on the mortality of bacteria was

observed when total bacteria reduction increased from 8500 to 1600cfii/cmJ

(81% reduction) and total coliform from 43 to 3cfti/cmJ (93% reduction) with
treatment time change from 3 to 9 minutes, whereas the effects of the treatment
were minimal in the case of high population density table (3.54). However, the
decline of the bacterial population with increasing current (0.34A) was not

severe at high population density, table (3.54). It has been demonstrated
that the number of microorganisms in water may have an effect on their
inactivation with electric field, however increasing the number of
microorganisms resulted in slightly lower inactivation. The effect of microbial
concentrations on inactivation may be related to cluster formation of yeast cells
or possibly concealed microorganisms in low electric field region.
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The inactivation rate of total bacteria count, exposed to 0.34A table (3.54),
was greater than that exposed to 0.32A (table 3.53) by a factor of 1.8 compared
to a factor of 2.6 to that exposed to 0.14A electric current (table 3.49). The
straight regression lines for total bacteria in figures (3.38), (3.40), indicate that
the mortality of bacteria was inversely proportional to treatment time, whereas
the steepness of the regression line for total coliform fig.(3.39) indicates that
the mortality efficiency by 0.32A electric current was 93% compared to 79%
generated by the inactivation curve (zigzag shape) with 0.34A electric current.
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Fig.(3.38) The mortality of total bacteria count with
residence current time (electric current 0.32 A)
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Table (3.55)
The Effect of Residence Current Time(2minutes) on The Mortality of

Bacteria

Electric
Current

(A)

0.21
0.31
0.41
0.50

Total
Bacteria
Count

(cfu/cmJ)

6400
4800
4200
3200
2500

Mortality
Efficiency

%

25
34
50
70

Total
Col i form

(cfu/cn/)

93
93
64
43
43

Mortality
Efficiency

%

31
54
54

Table (3.56)
The Effect of Residence Current Time(2.5minutes) on The Mortality of

Bacteria
Electric
Current

(A)

0.28
0.45
0.52
0.60

Total
Bacteria
Count

(cfu/cm )

4300
3000
2000
1600
1200

Mortality
Efficiency

%

30
53
63
72

Total
Coliform

(cfu/cm )

21
21
9

<3
<3

Mortality
Efficiency

%

57
86
86
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Table (3.57)
The Effect of Residence Current Time(3minutes) on The Mortality of

Bacteria

Electric
Current

(A)

0.21
0.34
0.47
0.57

Total
Bacteria
Count

(cfu/cm )

10500
7800
5800
3900
1800

Mortality
Efficiency

%

26
45
63
83

Total
Coliform

(cfu/crn^)

460
460
150
75
43

Mortality
Efficiency

%

67
84
91

Table (3.58)
The Effect of Residence Current Time(4minutes) on The Mortality of Bacteria

Electric
Current

(A)

0.24
0.34
0.46
0.54

Total
Bacteria
Count

(cfu/cm )

4800
3600
2600
1500
800

Mortality
Efficiency

%

25
46
75
83

Total
Coliform
(cfu/cmJ)

93
93
43
15
15

Mortality
Efficiency

%

54
84
84
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Table (3.59)
The Effect of Residence Current Time(5minutes) on The Mortality of

Bacteria

Electric
Current

(A)

0.16
0.22
0.36
0.44
0.52

Total
Bacteria
Count

(cfu/cm )

9500
7500
6100
4200
2100
1500

Mortality
Efficiency

%

21
36
56
78
85

Total
Coliform

(cfu/cm )

64
64
23
7
3
3

Mortality
Efficiency

%

64
89
95
95

Results of Experiments 2.14 (vii),(viii),(ix),(x) and (xi)
The mortality of bacteria as a function of residence current time are

illustrated in tables (3.55) to (3.59) and figures (3.42) to (3.51).
Hulsheger and others reported a 4-log reduction of E.coli in an electric

field intensity of 40kV/cm accompanied with a long treatment time of 1080 uS.

The corresponding electric field is:
E = V / £ f — (3.3)

critical critical
Where f is the radius of the cell and £ is the form that depends on the

shape of the cell. The critical field strength for the lysing of bacteria with a
dimension of approximately 1 urn and critical voltage of IV across the cell
membrane is therefore of the order of lOkV/cim for pulses of 10 microsecond to
millisecond duration.

Castro and others reported a 5-log reduction in bacteria, yeast, and
mold counts suspended in milk, yogurt, orange juice and liquid egg using
electric field intensity of 18-22kV/cm, 70 pulses, with short treatment time of
0.7-0.8 uS.

Keith and others reported a 0.30 log reduction of aerobic plate count,
basil, dill, onion, in an electric field intensity 10-25kV/cm, 200-320 u.S pulse
widths, and a short treatment time of 1-10 JIS.

Zhang and others achieved a 9-log reduction in E.coli suspended in
simulated milk ultrafiltrate and treated with pulsed electric field by applying
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converged electric fields strength of 70kV/cm and a short treatment time of 160
US.

In table (3.55) and all subsequent tables, it is obvious that, at constant
residence current time, there was an increase in mortality of bacteria as the
electric current increased. When electric current of 0.5A was applied for 2
minutes, total bacteria count dropped from 6400 to 2500 cfti/cm (70%
reduction) and total coliform from 93 to 43cfu/ cm (54% reduction), table
(3.55).

With both increased electric current (0.6A) and increased residence
current time (2.5minutes), table (3.56), the mortality of bacteria reaches
approximately 72% of total bacteria count and 86% of total coliform.

The effect of electric duration time on the mortality efficiency of bacteria
was, shown in table (3.57). The mortality efficiency of total bacteria increases
from 26% to 83% with electric current change from 0.21 to 0.57A at constant
treatment time of 3 minutes. Under the same experimental conditions, the
mortality efficiency of total coliform was approximately 91%. This result
indicates that the inactivation rate of total bacteria count for 3 minutes
residence current time was 2.3 greater than inactivation for 2 minutes residence
current time.

Potermarakis and Fountoukidis exposed total coliform population
densities of 200-26.800 cells/cm in natural surface water to 25mA/cm~ and
reduced the culturable counts by an order of magnitude of 15.7 times.

(170) " 2

Matsunaga et al. reduced E.coli K12 from a population density of 10
cells/cm in water to less than 2% of the original numbers for a 10-min
exposure to 0.7V.

The results obtained in table (3.58) and (3.59) provide more evidence of
the mortality efficiency by increasing residence current time. In table (3.58),
the mortality efficiency varied significantly (25 to 83%) for total bacteria count
with the magnitudes of applied electric current at constant time of 4minutes,
whereas total coliform was approximately 84% under the same conditions. An
increase in treatment time to 5minutes, table (3.59) improves the mortality
efficiency to approximately 85% total bacteria count and 95% total coliform.
The inactivation rate for total bacteria count for 5minutes was 1.3 time greater
than inactivation rate for 3minutes (table 3.57), whereas it decreased by a factor
0.2 for total coliform.

Drees et al. confirmed that the inactivation rate (slope of the regression
line) for E.coli was greater than bacteriaphage by a factor of 2.1 for low
population density when exposed to various electric currents.

The straight regression lines for total bacteria count at various treatment
times (figs.3.42, 3.44, 3.46, 3.48, and 3.50) indicate that the mortality of total
bacteria count was inversely proportional to electric intensity applied.
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The inactivation rate of total coliform with increasing residence current
time was illustrated in figs.(3.43), (3.45), (3.47), (3.49), and (3.51). The shape
of the curve for inactivation rate by residence current 2minutes (fig.3.43) is
similar to that obtained by 4minutes residence current time (fig.3.49). It could
be noticed that from fig.(3.44), when applying 1.06A electric current for
2.5minutes, the mortality efficiency of total bacteria attained maximum value,
whereas for total coliform it was attained by 0.78A (fig.3.45). For comparison,
a result illustrated in fig.(3.46) demonstrated that, the mortality efficiency
attained minimum value when 0.84A electric current was applied for 3minutes
for high population density, whereas for low population density it attained
minimum value at applied electric current:

- 1.06A for 2.5minutes (fig. 3.44)
- 0.82A for 4minutes (fig.3.48)
- 0.72A for 5minutes (fig.3.50)

Therefore table (3.59), gives the best straight regression line fig.(3.50)

Two significant observations are made from the results of the previous
experiments:

The first is the fact that total coliform tolerates greater electric current
magnitudes and greater duration of exposure to electric current than total
bacteria count.

The second is that, there is a population- dependent effect upon the
efficiency of the electric current in the mortality of total bacteria count and total
coliform. This protective effect was observed for total coliform in the current
experiment (table 3.54), which shows clearly that total coliform was capable of
tolerating greater magnitudes of electric current at higher population density.

The population- dependent protective effect experienced by bacteria may
also be due to the production of catalase; a ubiquitous heme protein that
catalyzes the dismutation of hydrogen peroxide into water and molecular
oxygen. The high population density suspensions would presumably contain
more catalase than the low population density suspensions, which would offer
more protection to the cells.
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Table (a)
Deduced From Table (3.49) to Table (3.54)

Kinetics With Respect to Bacteria (constant electric current)

Electric
K (total
K (total

Current (A)
bacteria)
coliform)

0
0
0

.14

.09

.10

0
0
0

.20

.15

.20

0
0
0

.23

.15

.24

0
0
0

.26

.18

.15

0
0
0

.32

.19

.29

0
0
0

.34

.12

.17

Table (b)
Deduced From Table (3.55) to Table (3.59)

Kinetics With Respect to Bacteria (constant residence current time)

Residence Current Time
(min)

K (total bacteria)

K (total coliform)

2

1.88

1.54

2.5

2.13

3.24

3

3.09
4.16

4

3.32

3.38

5

3.55

5.89

The mortality of bacteria can be described by the following empirical
formula:

inN = -k( t ) (3.4)
No

inNl = - k ( E C ) (3.5)
No

Where No is the initial concentration of bacteria; N is the concentration of
bacteria at any time t; k is the kinetic constant of mortality rate of bacteria; t is
the residence current time, EC is the electric current; N is the concentration of
bacteria at any electric current applied.

k values were calculated by fitting experimental data for total bacteria and
total coliform compiled from tables (3.49) to (3.54), and tables (3.55) to (3.59)
using equations (3.4), (3.5) for tables (a), (b) respectively.

A small value for the kinetic constant (k) indicates a wide span in the
mortality rate curve and lower sensitivity to electric current, whereas a large
value implies a steep decline or higher susceptibility to electric current. The
tables also show that total coliform are more sensitive to inactivation with
electric current than total bacteria count.
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Fig.(3.42) The mortality of total bacteria count with electric current
(residence current time 2 minutes)
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Fig.(3-43) The mortality of total coliform with electric current
(residence current time 2 minutes)
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Fig.(3.44) The mortality of total bacteria count with electric current
(residence current time 2.5 minutes)
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Fig.(3.45) The mortality of total coliform with electric current
(residence current time 2.5 minutes)
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Fig.(3>46) The mortality of total bacteria count with electric current
(residence current time 3 minutes)
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Fig.(3.47) The mortality of total coliform with electric current
(residence current time 3 minutes)
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Fig.(3.48) The mortality of total bacteria count with electric current
(residence curent time 4 minutes)
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Fig.(3.49) The mortality of total coliform with electric current
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Fig.(3.50) The mortality of total bacteria count with electric current
(residence current time 5 minutes)
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Fig.(3.51)The mortality of total coliform with electric current
(residence current time 5 minutes)
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Tah)e(3.60)
Physical and Chemical Analysis of Raw and Treated Water

Water
Performance

Turbidity
Colour
Odour
PH
Temperature
Conductivity
TDS
TSS
Hardness
Alkalinity
Calcium
Magnesium
Chloride
Nitrate
Fluoride
Copper

Raw
Water

76.2

7.8
25.6

200
90
68
64

100
15.6
2.4

16
0.07
0.18
Nil

Physical Water Treatment By
AC 0.50A

73.6

7.8
26.7

195
87
65
45

100
12.8
1.6

10
0.07
0.20
Nil

DC 0.50A

71.7

7.8
26.5

195
87
64
40

100
11.2

1.4
16
0.09
0.30
Nil

Magnetic
Field 260mT

74.7

7.8
26.1

200
95
67
48

100
11.2
2.4

16
0.08
0.10
Nil

Results of Experiment 2.15
The continuing need to increase the quality and reliability of drinking

water supplies embraces the management of the raw water catchments,
improved treatment performance and the maintenance of treated water quality"
in the distribution network. Physical and chemical analysis of raw and treated
water table (3.60) were determined using Khartoum State Water Corporation
facilities. It has been show that there were no significant change in
conductivity, alkalinity, TDS, temperature in raw and treated water by AC, DC
0.50A electric current and by magnetic field 260 mT. Hardness of treated water
was lower than that of raw water; turbidity and total suspended solids were also
lower in treated water. These results indicate that the physical treatment of
water has advantages, that it maintains the water quality and the contents of
minerals with no significant change.
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Table(3.61)
Chemical Analysis of The Separated Water Sludge Before and After

Treatment By Electric AC

Water
performance

Sluge From
Raw Water
Sluge from

Treated Water
Bv AC

Chemical Composition %
Loss on
Ignition

19.02

18.84

SiO2

36.79

38.06

A17O3

14.01

14.48

Fe2O3

12.47

12.48

CaO

05.45

05.24

MgO

09.84

09.10

Na90

00.06

00.06

KoO

00.15

00.18

Table (3.62)
Chemical Analysis of The Separated Water Sludge Before and

After Treatment By Electric DC

Water
Performance

Singe From
Raw Water
Sluge From

Treated Water
BY DC

Chemical composition %
Loss on
ignition

15.25

15.14

SiO-,

38.38

41.95

A19O3

15.12

15.08

Fe2°3

12.52

12.40

CaO

07.02

07.20

MgO

07.17

07.75

Na-,0

00.10

00.06

K?O

00.18

00.15

Results of Experiment 2.16 (a)
The sludge samples obtained from raw water and water treated by AC.

DC electric current were chemically analyzed, tables (3.61) and (3.62). The
loss on ignition determines the water, CO9 arid SO2 contents of the sludge.

The silica was determined gravimetrically. The combined oxides (AI9O3+

Fe-^O-j), were also determined gravimetrically. Fe70-j was determined

volumetrically using standard KMnO^ method, then by subtraction AI2O3 was
+ +

obtained. CaO and MgO were determined gravimetrically. Na and K were
determined by Flamephotometer. The results obtained in tables (3.61) and
(3.62) indicate that the loss on ignition is greater in separated sludge before
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treatment than after treatment. The quantity of SiC^ percent by mass of treated

samples is higher than the un treated samples and that is due to precipitation of
soluble silica by the effect electric current and decomposition of carbonates.
There fore, the silica percent will be raised.

Table(3.63)
Analysis For The Elements of The Separated Water Sludge of Raw and

Electrified Water (AC) By Atomic Absorption

Water Performance

SIuce From Raw Water
Sluge From Treated

Water By AC

Chemical composition %
Ca

3.80
2.75

Ma
3.32
3.30

Fe
15.80
15.70

Na
1.20
1.14

Pb
0.0009
0.0006

K
1.44
1.42

Cr
0.01
0.01

Table (3.64)
Analysis For The Elements of The Separated Water Sluge of Raw and

Electrified Water (DC) By Atomic Absorption

Water Performance

Sluae From Raw Water
Sluge From Treated

Water By DC

Chemical Composition %
Ca

4.77
4.56

Me
3.24
2.26

Fe
15.50
15.60

Na
1.08
1.08

Pb
0.0007
0.0004

K
1.40
1.36

Cr
0.01
0.01

Results of Experiment 2.16 (b)
Mineral constituent of the separated sludge was determined using

standard Atomic Absorption method.
It appears that from tables (3.63) and (3.64), the treatment by electric

current resulted in the reduction in the concentration of elements of the
separated water sludge. This may be due to decomposition of the sludge
complexes by electric effect. Therefore, the individual elements of the
complexes were washed away partially from the sludge.

Mineralogical Composition of The Sludge Separated From Water Bv
X-Ray Diffraction (XRD)

(107)
Results of Experiment 2.16(c)

XRD is used to identify clay minerals. The crystalline components1 in
water-formed deposit can be identified from their X- ray diffraction patterns,
which showed that the major portion of the deposit was quartz (72%).
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Ahmed used XRD to identify mineralogical composition of a clay to
be used for bleaching of vegetable oils. He revealed that kaolinite and ililte
could be activated for oil bleaching

Bragg equation is the basic equation used in X- rays:

n X = 2d sin 6 (3.6)
Where n is the order of a Bragg reflection, A. is the wavelength, d is the

spacing between the layers and 0 is the Bragg angle
The analysis of the separated sludge for raw and treated water was

conducted by XRD to study the effect of AC and DC electric current on the
structure of the clay minerals contained in the separated sludge, fig.(3.52) and
tlg.(3.53).

When the clays were subjected to X- ray radiation each of its minerals
diffracts or scatters the rays at different characteristic angle (Bragg equation
3.6), due to different chemical and physical properties of an elements: even in
specified mineral the state of whether raw or activated sample determines the
reflection angle 20 that is represented by the X- axis. The intensity is shown by
y- axis of the X- ray records, fig.(3.52) and fig.(3.53): the percentage was
represented by peak heights.

The result illustrated in fig.(3.52), indicated that, there was no significant
change in the clay mineral structure before and after treatment by AC electric
current because the curve obtained from analysis of separated sludge of raw
water was superimposed with that obtained from separated sludge after
treatment by applying AC of 0.40 A electric current for 3minutes. Similar
results were obtained from analysis of separated sludge from raw and treated
water by applying DC of 0.40 A electric current for 4minutes. fig.(3.53). These
results provides proof of the important role of treatment by electric current,
which makes no significant difference in the clay mineral structure of separated
water sludge. This observation seemed to be advantage, as it proved that, no
chemical reaction occurred during electric treatment.
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Determination of Electric Susceptibility of Raw and Treated
Water By Magnetic Field

Results of Experiment 2.17
Electric susceptibility, which is related to the degree of polarization, was

determined over various magnetic field intensities to investigate the result
shown in table (3.40) to (3.47). These investigations were done to show the
effect of applying external magnetic field on raw water. This effect can be
observed easily by bearing in mind that any change in the magnetic field
produces an electric field, which in turn affect the electric susceptibility of raw
water.

The electric susceptibility was determined according to equations (1.9).
(1.16) and (1.17) in table (3.65) and all subsequent tables.

Table (3.65)
Electric Susceptibility When Applying Magnetic Field 80, 120, 180, and

220 mT

Magnetic Field (mT)

80
120
180
220

Capacitance (uF)
0.503
0.492
0.476
0.481
0.472

Electric Susceptibility
-0.07957742132
-0.07957742237
-0.07957742389
-0.07957742241
-0.07957742427

Table (3.66)
Electric Susceptibility When Applying Magnetic Field 100,140, 200, and

260 mT

Magnetic Field (mT)

100
140
200
260

Capacitance (̂ iF)
0.542
0.510
0.509
0.490
0.480

Electric Susceptibility
-0.07957742006
-0.07957742310
-0.07957742320
-0.07957742500
-0.07957742595
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Table (3.67)
Electric Susceptibility When Applying Magnetic Field 120, 180, 220, and

300 mT

Magnetic Field (mT)

120
180
220
300

Capacitance (u.F)
0.538
0.529
0.537
0.534
0.525

Electric Susceptibility
-0.7957741800
-0.7957741887
-0.7957741809
-0.7957741838
-0.7957741923

When Applying a magnetic field to raw water, it was observed that the
negative value of electric susceptibility increases upon increasing magnetic
field, tables (3.65). (3.66) and (3.67). This may be due to the fact that the

(69)

change in the magnetic field induces an increasing electric field, which may
increase the number of water dipolar molecules and the suspended dipolar
particles that act as electric dipoles having their electric field opposite to the
applied external field. These results indicate that the electric susceptibility of
magnetic water is directly proportional to the intensity of the applied magnetic
field.

X= -n»e"(e(o)B = -a B

Co' + B~ e to" C + DB"

-(3.7)

,(173)
Equation (3.7) describes a relation between electric susceptibility X

and magnetic flux density B together with atom concentration Co in addition to
angular frequency of atomic vibration co beside the restoring force constant no
with e standing for the electric charge.

Equation (3.7) can be represented graphically as shown in fig.(3.54a)
where the electric susceptibility decreases sharply till it reaches a minimum at a
certain point and then increases abruptly until it: reaches a maximum value and
then decreases again.
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Table (3.68)
Determination of Electric Susceptibility of Raw and Electrified Water

Electric Current (A)

0.2
0.3
0.4
0.5

Capacitance (JJ.F)

0.791
0.982
1.042
0.950
0.954

Electric Susceptibility
-0.79577396
-0.79577378
-0.79577372
-0.79577381
-0.79577380

Table(3.69)
Determination of Electric Susceptibility When Applying Electric Current

0.30A

Time (min)

2
4
6
8

Capacitance (yF)
0.941
0.950
1.021
1.003
1.044

Electric Susceptibility
-0.079577382
-0.079577381
-0.079577375
-0.079577376
-0.079577372

Results of Experiments 2.18
In table (3.68), the time of applying electric current was kept constant (t

=3minutes) while the electric current was increased gradually. It was observed
that negative value of electric susceptibility decreased upon increasing current.
This may indicate that raw water consists of paraelectric suspended particles
that tend to align themselves in the direction of the external electric field and
thus decreases the negative electric susceptibility. When the current was
increased, more paraelectric particles were forced by it to be in the direction of
the external electric field, therefore the negative electric susceptibility
decreases in conformily.

In table (3.69), the value of the applied electric current was kept fixed
(0.30A), whereas, the residence current time was increased gradually. It has
been noted that, the electric susceptibility has a tendency to decrease
monotonically with increased residence current time. This may also be
attributed to the fact that increasing the residence current time, increases the
number of paiaelectric particles that align themselves in the direction of the
field and thus decreases the negative electric susceptibility.
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CONCLUSION

The experimental results of these investigations demonstrate the
efficiency of the described electrical treatment method for water
disinfection. These results show the effectiveness of the low cost
intervention to improve the microbial quality of drinking water.

The physical and chemical analysis of the water before and after
treatment revealed that turbidity, total suspended solids and hardness
of water were decreased after treatment with electric current.

Chemical analysis of water sludge by Atomic Absorption
Spectroscopy revealed that the concentration of the elements was
reduced by the effect of electric current.

Chemical analysis of water sludge by XRD revealed that there was
no significant change in the clay mineral structure before and after
treatment by AC. and DC.

Kinetics of bacterial mortality reveals that total coliform have
higher kinetic constant than total bacteria count, implying that total
coliform are more sensitive to inactivation by electric current than
total bacteria count.

Treatment by magnetic Held revealed that electric susceptibility of
magnetized water is directly proportional to the magnetic field.

The greatest benefits that can be gained from applying electric
current are:

- a greater level of public health protection,
- lowering energy demand.
- more efficient treatment and some microbiological inactivation,
- reduction or elimination of chemicals,
- dramatic reduction of operation and maintenance cost.

Recommendation

Despite significant development in water treatment by electric
current, several areas need further investigation :

1- Further study should be conducted to explore the full capabilities of
this system before it may be accepted for use by water utilities.

2- Determination of zeta potential, which is related to the degree of
particle destabilization, by electro kinetic measurements.

3- Development and evaluation of kinetic models on sedimentation time
which affects removal of turbidity and of total suspended solids.
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4- Development and evaluation ot kinetic models that take into
consideration the critical factors influencing the mortality of bacteria.

5- Identification of the bacteria of concern most resistant to electric
current.

6- Studies are needed to continue to better understand the effect of the
type of microorganisms on microbial inactivation.

7- Confirm the mechanisms of microbial inactivation.
8- Process system design, evaluation, and cost reduction.
9- The work results might find application in improving drinking water.

in rural and urban area in the Sudan.
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