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Abstract
In this work the removal efficiency of the calcium- magnesium hardness, nitrite, nitrate and
phosphate in brine water in " Sheikh Radwan charitable station " using electrocoagulation process
and the generation of sodium hypochlorite from the treated water using electroxidation method
were investigated. The effects of various operating parameters on the removal of the calciummagnesium hardness, nitrite, nitrate, phosphate on the brine water and chemical oxygen
demand (COD) removal efficiency were determined such as current density, initial pH,
electrode kind, surface area ratio of anode to cathode, electrode number, inter-electrode
distance. The effects of various operating parameters on the generation of sodium hypochlorite
from the treated water using electroxidation method on the brine water were studied such as
current density, initial pH, surface area ratio of anode to cathode, inter-electrode distance and
temperature. The optimal operating condition for removal of Ca-Mg hardness were: initial pH
of 10, inter electrode distance 0.8 cm, the ratio of anode to cathode surface area was unity,
temperature of 25oC, current density 41.66 mA/cm2 and at time of 15 min using Fe, S-S and Al
electrodes, respectively. While the optimal operating condition for nitrate, nitrite and
phosphate were: initial pH of 10, inter electrode distance 0.8 cm, the ratio of anode to cathode
surface area was unity, temperature of 25 oC, current density 41.66 mA/cm2 and at time of 30
min using Fe, S-S and Al electrodes, respectively. The results showed that the removal
percentage for Ca-Mg hardness (92.05, 83.8 and 88.2%), nitrite (62.7, 54.5, 60 %), nitrate (85, 82
and 84 %), phosphate (96, 92.3 and 94.2%) and COD (84, 69 and 75 %) using Al, Fe SS

electrodes respectively. Also the optimal operating condition for generation sodium
hypochlorite were initial pH of 10, inter electrode distance 7cm, the ratio of anode to cathode
surface area was unity, temperature of 10o C, current density 500 mA/cm2 and at time of 90
min using C/PbO2 electrodes. The results showed that the hypochlorite concentration was
(312.4 ppm) before treatment of brine water and (7497.6, 5997.6 and 9997.6 ppm) after
treatment using Al, Fe and SS electrodes respectively.

v

هلخض الذراسح
الِذف هي ُذٍ الذراسح الرحقق هي كفاءج إسالح ّالوغٌيسيْم ّالكالسيْم الٌيرزيد ّالٌرزاخ ّالفْسفاخ في هعالدح الوياٍ
الزاخعح هي هحطاخ الرحليحّ ،عيٌح الذراسح هي هحطح الشيخ رضْاى الخيزيحّ ،ذن اسرخذام عوليح الرحليل الكِزتي في
الكالسيْم ّالوغٌيسيْم الٌيرزيد ّالٌرزاخ هعالدح الوياٍ الزاخعَّ .ذن ذحذيذ العْاهل الوخرلفح الري ذؤثز على إسالح
ّ ،كفاءج إسالرَ هي الورغيزاخ )ّ( CODالفْسفاخ هي الوياٍ الزاخعح هي هحطاخ الرحليح ّطلة األكسديي الكيويائي
الوؤثزج في شذج الريارّ ،در خح الحوْضح األّليح ّ ًْع القطةًّ ،سثح الوساحح السطحيح تيي األًْد ّ الكاثْد ّعذد
األقطاب الكِزتائيحّ ،تعذ الوسافح تيي القطثيي ذود دراسح آثار هعاهالخ الرشغيل الوخرلفح في طٌاعح الظْديْم
الزاخع هي هحطاخ الرحليح  ،هثل :كثافح ُيثْكلْريد هي الوياٍ الوعالدح تاسرخذام طزيقح الرحليل الكِزتائي على الواء
الريارّ ،درخح الحوْضح األّليحً ،سثح سطح الوساحح تيي القطة الوْخة ّ القطة السالةّ ،تعذ الوسافح تيي القطثيي
ّالوسافح تيي األًْد ّهٌطقح ّدرخح الحزارجّ .كاًد حالح الرشغيل الوثلى إلسالح الكالسيْم درخح الحوْضح األّليح هي 10
سطح الكاثْد  0.8سنّ ،درخح الحزارج  25درخح سليشيحّ ،كثافح الريار  41.66هللي أهثيز  /سنّ ٢في هذج سهٌيح هقذارُا
دقيقح تاسرخذام قطة الحذيذ ّالسلسريي ّااللوًْيْم هْطال على الرْالي .تيٌوا كاًد حالح الرشغيل الوثلى إلسالح 15
) درخح الحوْضح األّليح هي ّ ،10الوسافح تيي األًْد CODالٌرزاخ ّالٌيرزيد ّالفْسفاخ ّالطلة األكسديي الكيويائي (
ّهٌطقح سطح الكاثْد  0.8سنّ ،درخح الحزارج  25درخح سليشيحّ ،كثافح الريار  41.66هللي أهثيز  /سنّ ٢في هذج
دقيقح تاسرخذام قطة الحذيذ ّ السلسريي ّااللوًْيْم هْطال على الرْاليّ .أظِزخ الٌرائح أى ًسثح 30سهٌيح هقذارُا
, ،)٪84 ّ 82إسالح الكالسيْم ّالوغٌيسيْم (ّ )٪88.2 ّ 83.8 ،92.05الٌيرزيد (ّ ،)٪60 ،54.5 ،62.7الٌرزاخ (85
 )٪75 ّ 69تاسرخذام أقطاب الحذيذ ّالسلسريي هْطلح على الرْاليّ, ّ )٪94.2 ّ 92.3 COD ( ,84 .الفْسفاخ ( 96
7سن  ،كوا كاًد حالح الرشغيل لظٌاعح الظْديْم ُيثْكلْريد عٌذ درخح الحوْضح األّليح ّ ،10الوسافح تيي القطثيي
هللي أهثيز  /سن500 ٢سن ّ ،درخح حزارج 10درخح سليشييحّ ،شذج الريار 1الٌسثح تيي هساحح سطح األًْد ّ الكاثْد
ّأظِزخ الٌرائح أى ذزكيش ّ PbO2أكسيذ الزطاص Cأقطاب الكزتْى دقيقح تاسرخذام ّفي سهي هقذارٍ 90
(ُ 5997.6 ،7497.6يثْكلْريد كاى ( 312.4خشءا في الوليْى) قثل هعالدح الوياٍ الزاخعح هي هحطاخ الرحليح
الحذيذ ّ السلسريي ّ 9997.6خشءا في الوليْى) تعذ العالج تاسرخذام اقطاب هي االلوًْيْم
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Chapter One
Introduction

1

1. INTRODUCTION
1.1 Water Hardness
Water hardness creates a lot of problems for life and industry. Except (calcium and
magnesium), iron, manganese, strontium and some other metals can cause water hardness
too, but their amount in comparison to the amount of calcium and magnesium can be ignored
(Schaep et al., 1998; Inc, 2001; Yildiz et al., 2003; Park et al., 2007).

1.2 Various Techniques for the Removal of Water Hardness
There are various techniques for the removal of water hardness, such as using chemical
substances and ion exchange resins (Gasco and Me´ndez, 2005; Park et al., 2007). Applying
each of these techniques has undesirable effects on the quality of product water.

1.2.1 Ion exchange
Calcium and magnesium ions are atoms having a positive electrical charge, as do sodium and
potassium ions. Ions of the same charge can be exchanged. In the ion exchange process, a
granular substance (usually a resin) that is coated with sodium or potassium ions comes into
contact with water containing calcium and magnesium ions. Two positively charged sodium
or potassium ions are exchanged (released into the water) for every calcium or magnesium
by

T

“ x

” happens because sodium or potassium

are loosely held by the resin. In this way, calcium and magnesium ions responsible for
hardness are removed from the water, held by the resin, and replaced by sodium or potassium
w

T

k

w

“

” Ev

y

w

v y

few sodium or potassium ions remain on the resin, thus no more calcium or magnesium ions
can be removed from the incoming water. The resin at this point is s
“

”

b “

”

“

b “ x

”

”

1.2.2 Liming process
In the process of liming, coagulants such as alum or ferric chloride are used to increase the
weight of insoluble particles and consequently sedimentation velocity (Degremond, 2002).
This technique in addition to its economic cost, has undesirable health effects such as
increasing the risk of Alzheimer disease (Kawamura, 2000; Park et al., 2007). In addition to
above disadvantages, great amount of produced sludge causes clogging of filters and water
distribution systems (Bazrafshan et al., 2007).
2

1.2.3 Adsorption process
Adsorption process is also used for hardness removal. This process due to adsorbent loss
during the process and the necessity of backwashing has also gained less attention (Gasco and
Me´ndez, 2005; Ramesh et al., 2007). Use of membranes, has the problem of scaling and
frequent membrane fouling (Park et al., 2007; Walha et al., 2008).

1.2.4 Electrocoagulation process
Electrochemical processes due to its simplicity have gained great attention and are used in
purification of water.
One of these techniques is electrocoagulation process (EC), which is being used for the
removal of ions, organic matters, colloidal and suspended particles, dyes, surfactants, oil and
heavy metals from aqueous environments (Escobar, 2006). This procedure has a broader
v

w

q

‟

C

9

T

process has three stages (Ghernaout et al., 2008).
1. Coagulants forming due to anode electrical oxidation.
2. Destabilizing pollutants, suspended substances and emulsion breaking take place.
3. Combining instable particles to form floc.
Destabilization mechanisms in this process include electrical double-layer compression,
adsorption and charge neutralization, enmeshment in a precipitate and inter-particle bridging
(Druiche et al., 2008; Kim et al., 2007). If in this process M is considered as anode, the
following reactions will occur:
In anode:
M(s)→ M
2H2O(L) →

+

(aq) +

ne−

(1.1)

H+(aq) + O2(g) + 4e−

(1.2)

Cathode:
Mn+(aq)+ ne− → M(s

(1.3)

2H2O(L) + 2e− → H2(g) + 2OH−

(1.4)

Where M denotes metal of electrode.
3

Calcium carbonate and magnesium carbonate are settled on cathode (Mameri et al., 1998).
Usually underground water contains high concentration of hardness, nitrate and fluoride
either naturally or by agricultural activities (Nouri et al., 2006,) and it seems that
electrocoagulation process is suitable for removal of these matters (Bazrafshan et al., 2006).
1.3 Hardness
1.3.1 Hard water
Water that contains salts of calcium and magnesium principally as bicarbonates, chlorides,
and sulfates. Ferrous iron may also be present; oxidized to the ferric form, it appears as a
reddish brown stain on washed fabrics and enameled surfaces. Water hardness that is caused
by calcium bicarbonate is known as temporary, because boiling converts the bicarbonate to
the insoluble carbonate; hardness from the other salts is called permanent.
Hard water causes many problems in domestic and industrial consumptions like scale
formation in hot water pipes, kitchen devices, water supply facilities, boilers, cooling towers,
membrane clogging, declining efficiency of heat exchangers and reaction to the soap and
formation of hard foam (Saurina,2002; Lima, 2004).

1.3.2 Soft water
Soft water is preferred to be hard enough to prevent Nephritis (Entezari, 2009) Hence, water
hardness is one of the compounds which has to be removed and this process is called water
softening (Suk Park, 2007).

1.3.3 Standard limits of hardness
World Health Organization (WHO) recommendation for drinking water hardness is based on
maximum 500 mg/L calcium carbonate (APHA, 1999). The degree of hardness standard as
established by the American Society of Agricultural Engineers (S-339) and the Water Quality
Association (WQA) is expressed as the equivalent amount of calcium carbonate in parts per
million (mg/L).
The following table shows the normal ranges of hardness:
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Table (1.1): Standard total hardness limits
Country/organization

[Calcium], mg/L

[Magnesium], mg/L

WHO

500

500

(WHO, 2011)

The USEPA

249

411

(USEPA, 2009)

300-500

500

(ODWS, 2006)

361

217

(PMH, 2015)

(ODWS)
PMH

Reference

1.4. Nitrate and Nitrite
Ammonia (NH3), ammonium (NH4+), nitrite (NO2-), and nitrate (NO3-) are the important form
of nitrogen compounds in aqueous solution and soil (Eddy and Stensel, 2003). These
compounds are considered as pollutants enter the environment from a variety of sources,
which have increased environmental problems in recent years. Therefore, effort to reduce
emission and improve treatment methods for water and wastewater should be highlighted as a
main public concern in the future (Liu, 2009; Park, 2005; Ramírez, 2009).
Among these nitrogen components, NO3 - is discharge into the environment from various
sources (natural cycle and human activities), and is known as a worldwide health hazard.
Nitrate in drinking water may reduce to nitrosamines in the stomach which is believed to
cause gastric cancer (Gálvez,2003; Glass,1999). In addition, high concentration of nitrate can
b

“b

b by y

”

stomach of fetus, and nitrite reacts with the hemoglobin in blood and converts the
hemoglobin into met-hemoglobin. This new compound does not carry oxygen to cell tissues
(Shrimali, 2001). To protect consumers from the adverse effects of high nitrate intake,
standards were determined for it in drinking water. The World Health Organization (WHO),
US Environmental Protection Agency (EPA), and European Community establishes the limit
maximum contaminant level for nitrates in drinking water at 50 mg NO3- /L, 12 mg NO3 -/L
and 50 mg NO3-/L, respectively (European Council1998).
Nitrite is an inorganic oxoanion of the nitrogen cycle and it can be formed by the reduction of
the nitrate. It is frequently associated with the metahemoglobinemia syndrome (blue baby
syndrome). As well as nitrites can react with secondary and tertiary amino compounds to
form N-nitrous compounds diagnosed as potent carcinogens (WHO, 2011). The World
Health Organization (WHO) has established a maximum value of 3 mg L -1 in water (WHO,
2011).
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1.4.1. Nitrate and nitrite standard limits
Despite conflicting research findings, standards have been set for nitrate and nitrite in
drinking water as shown in table (1.2)
Table (1.2) International standards of nitrate and nitrite concentration in drinking water

Country/Organization

[Nitrate], mg/L

[Nitrite], mg/L

Reference

WHO

50

3

(WHO, 2011)

The USEPA

10

1

(USEPA, 2009)

Canada

45

1

(Health Canada, 2012)

Malaysia

30

3

(Heath Malaysia, 2004)

Australia

50

1

(Health Austalia,2004)

WHO Guideline

50

1

WHO Guideline ,2012

PMH

53

__

(PMH, 2015)

1.4.2 Nitrate and nitrite removal techniques:
Recently, many treatment methods for nitrate and nitrite removal have been proven.
Chemical coagulation (CC) process has been used widely in order to treat water and
wastewater for many decades. In the (CC) process, it is used typical coagulants and
flocculants include natural and synthetic organic polymers, metal salts such as alum or ferric
sulfate, and prehydolized metal salts such as polyaluminum chloride and polyiron chloride
(Metcalf and Eddy Inc., 2003). In recent decades, electrochemical treatment having features
like relatively more economic and higher treatment efficiency has been a promising method.
Electrocoagulation (EC) is one of the simple and efficient electrochemical methods for the
purification of many types of water (Un et al., 2006). This technique is characterized by its
simple equipment, easy operation, and decreased amount of sludge, the coagulant is
generated by electrolytic oxidation of an appropriate anode material to form the insoluble
metal hydroxide which is able to remove a large variety of pollutants (Adhoum and Monse,
2004). These metal hydroxide species neutralize the electrostatic charges on suspended solids
and oil droplets to facilitate agglomeration or coagulation and resultant separation from the
aqueous phase (Mollah et al., 2001). The mechanism of generating ions by EC can be
explained with the examples of iron and aluminum used as both the anode and cathode. In an
electrolytic system, iron produces iron hydroxide. In the case of iron or steel and aluminum
anodes, two mechanisms for the production of the metal hydroxide have been proposed
(Rajeshwar, 199; Ibanez, 1997; Chen, 2004).
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An ideal electrochemical method must combine a high rate of reduction, a selective
conversion of nitrate to the desired product, a high current efficiency (%CE) and low energy
consumption (Gekko, 2012).
1.5. Phosphate (PO43-)
Naturally occurring levels of phosphates in surface and ground water bodies are not harmful
to human health, animals or the environment. Conversely, extremely high levels of
phosphates can cause digestive problems (Jiang, 2013). Furthermore, excessive amounts of
phosphates in water bodies can lead to eutrophication, a condition of accelerated, algal
production to extreme quantities until they die off.

1.5.1 Removal techniques of phosphate
Various methods have been used for phosphate removal from wastewater. These methods can
be classified into three main categories physical (Moharami, 2013; Jiang, 2013), chemical
(Thistleton, 2002; Caravelli, 2012) and biological (Zuthi, 2013; Chena, 2013).


Physical methods are too expensive.



Chemical treatments are not used due to disadvantages like high maintenance cost,
problems of sludge handling and its disposal, and neutralization of the effluent.

Phosphorus removal techniques are chemical treatments like adsorption, chemical
precipitation, ion exchange, electrodialysis, hybrid systems containing fly ash adsorption and
membrane filtration and electrocoagulation. Adsorption and chemical precipitation among the
above methods have been widely used for phosphate removal (Irdemez, 2005). The removal
of phosphate from aqueous streams consists of the conversion of soluble phosphate to an
insoluble solid phase. This solid phase can be separated from water by means of
sedimentation or filtration.
In recent years, electrocoagulation has been successfully tested to treat wastewater.
Electrocoagulation is a process consisting of creating metallic hydroxide flocks within the
wastewater by electrodissolution of soluble anodes, usually made of iron or aluminum
(Koparal, 2002). The difference between electrocoagulation and chemical coagulation is
mainly in the way of aluminum ions are delivered. In electrocoagulation, coagulation and
precipitation are not conducted by delivering chemicals called coagulants to the system, but
via electrodes in the reactor (Koparal, 2002). Electrocoagulation is based on the fact that the
stability of colloids, suspensions and emulsions is influenced by electric charges. Therefore,
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if additional electrical charges are supplied to the charged particles via appropriate electrodes,
the surface charge of particles is neutralized and several particles combine into larger and
separable agglomerates (Utveren, 1997). Electrode assembly is the heart of the treatment
facility. Therefore, the appropriate selection of its materials is very important. The most
common electrode materials for electrocoagulation are aluminum and iron. They are cheap,
readily available, and proven effective (Chen, 2000). When aluminum is used as electrode
material, the reactions are as follows:
•

:
3H2 O + 3e− → 3/ 2 H2(g)+ 3OH−

•

(1.5)

:
Al →

• I

3+

+ 3e−

(1.6)

:
Al3+(aq) + 3H2O → Al(OH)3 + 3H+(aq)

(1.7)

1.5.2 Phosphate standard limits
Despite conflicting research findings, standards have been set for phosphate in drinking water
as shown in table (1.3).
Table (1.3) International standards of phosphate concentration in drinking water

Country/organization

[Phosphate], mg/L

Reference

EPA

0.05

(WHO, 2011)

The USEPA

.001-0.03

(USEPA, 2009)

(ODWS)

0.025

(ODWS, 2006)

PMH

0.09

(PMH, 2015)

1.6. Sodium hypochlorite (NaOCl)
Hypochlorite is the term used to denote the sum of hypochlorous acid (HOCl) and the
hypochlorite anion (ClO-) (Ellingson, 1981). NaOCl can be produced by infusing chlorine gas
into a cold solution of NaOH or by electrolyzing NaCl solution. Concentrated sodium
hypochlorite is hyper-unstable, and the available chlorine in the solution rapidly decreases
during storage and transportation (Hua, 1999). Both hypochlorous acid and hypochlorite ion
in water undergo a decay process, whose rate depends on exposure to light (UV),
temperature, pH, initial available chlorine concentration and presence of catalysts,
atmospheric carbon dioxide, organic materials and metal ions (Gerhardt, 1991; Cottone,
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1987). Studies indicated that decay rates are increasing at higher concentration and higher
temperatures (Adam, 1997).
Sodium hypochlorite (NaOCl) is used on a large scale for surface purification, fabric
bleaching, odor removal and water disinfection (CCC, 2008).

1.6.1. Advanced electrolytic generators of sodium hypochlorite
An advanced electrolytic generator has been developed for the on-site production of
hypochlorite. An electrochemical cell electrolyzes sodium chloride brine to chlorine gas and
sodium hydroxide solution, which are reacted immediately outside the cell to produce a 5 to
10 percent sodium hypochlorite solution (Berutti, 1996).
A process for producing an alkali metal hypochlorite which comprises electrolyzing an
aqueous solution of an alkali metal chloride in an electrolytic cell including a plurality of unit
cells, each equipped with at least one anode and at least one cathode, in which the unit cell is
arranged in series via partitioning plates, wherein hydrogen gas generated at the cathode in
each unit cell is passed out of each 5 unit cell such that the hydrogen gas does not contact the
cathode portion that takes part in electrolysis in the next adjacent unit cell and an electrolytic
cell (Goto, 1979).
An apparatus and method for producing small quantities of chlorine and sodium hydroxide or
sodium hypochlorite was presented (Lynn, 1981). The apparatus of the invention includes the
use of an electrolytic cell embodying an anode chamber charged with an acidic, concentrated
sodium chloride solution and a cathode chamber charged with a basic aqueous solution and
through which an electric current be passed under controlled condition to initiate and
maintain reaction that produces chlorine gas in the anode chamber and hydrogen gas and a
solution of sodium hydroxide in the cathode chamber may be combined as separate product
to form a solution of sodium hypochlorite. (Krstajic, 1987) established a model for
production of hypochlorite giving the dependence of the cathodic current efficiency on the
hypochlorite concentration and the total catholic current density. Measurements have shown
good agreement with the value predicted by the model. (Cheng, 2007) developed two models
to predict the hypochlorite (HOCl + OCl −) production by electrolysis of near-neutral aqueous
sodium chloride solution, in reactors with:
a. an anode and cathode in the form of plates.
b. a lead dioxide-coated graphite felt anode and titanium plate cathode.
The model was used to investigate the feasibility of using a porous anode to achieve high
single pass conversions in oxidizing chloride ions. For the same operating conditions, the
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overall current efficiency was also predicted to increase from 0.71 to 0.77 by replacing the
plate with the porous anode.
Chlorine treatment of the cooling water of coastal power station is required to prevent
infestation of the circulating water culverts by mussels and marine organisms. As such
enormous quantities of cooling water are required at modern coastal power station, the
addition of even a fraction of a ppm of chlorine will result in the consumption of large
tonnages of chlorine. The possibility was therefore investigated of producing hypochlorite
(which is claimed to be equally effective for controlling mussels) by the direct electrolysis of
sea water. (Adamson, 2007).

1.6.2. Generation of sodium hypochlorite from sodium chloride solution
On-site chlorine or sodium hypochlorite generation is a feasible alternative compared to
purchased and delivered chlorine. The technology is based on the electrolysis of brine
solution to produce either variable concentrations of sodium hypochlorite or pure chlorine
gas. Three best available technologies that should be considered for this application include:
1. direct electrolysis, producing 0.8% liquid sodium hypochlorite by weight.
2. membrane cell electrolysis, producing 12.5% liquid sodium hypochlorite by weight.
3. membrane cell electrolysis, producing gaseous chlorine and liquid caustic soda.
(Fei, 2007). On-site electrochlorination (OSEC) is a technology for producing sodium
hypochlorite as an effective disinfectant from the electrolysis of water and saltsolutio
(Esposto, 2009) evaluated the introduction of this technology in Iraq and compared it with
two traditional disinfection systems already present in the country.

1.6.2.1. Generation of sodium hypochlorite using undivided cell
The oxidation of chloride ion at DSA anodes gives higher yields of hypochlorite than were
obtained at Pt or graphite electrodes. It is also shown that the problem of hypochlorite
reduction at the cathode in undivided cells can largely be overcome by use of a " reduced area
" cathode.
These two improvements have both been included in a new cylindrical hypochlorite cell
capable of a 70% conversion of a 0.048 mol. dm –3 NaCl solution to NaOCl with a production
rate of 50 gh–1 active chlorine (Bechtold, 2006) investigated the production of hypochlorite
for denim bleach using undivided unipolar electrolysis.
The current efficiency of the electrolysis process was studied at laboratory scale with up to 20
A cell current and at the technical scale using a 1200 A electrolyze. NaCl solutions in the
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concentration range 0.236–0.944 M NaCl were used. Anodic current densities up to 400 A
m−2 were used.
Hypochlorite solutions with active chlorine concentration (Cl) 0.10–0.12 M were obtained
with current efficiency of 58–70%. The technique overcomes problems of insufficient
reproducibility of bleach, chemical costs and released wasted water due to the use of
commercial NaOCl solution.
The invention provides method and a device for the production of an alkali metal
hypochlorite solution, in particular a sodium hypochlorite solution, having at least one nondivided electrolytic cell, means for supplying a brine solution in to the electrolytic cell at a
defined volumetric flow rate and a defined salt concentration, and having an act. voltage
source for the production of current across the electrolytic cell (Siemer, 2008).

16.2.2 Generation of sodium hypochlorite using divided cells
A hypochlorite cell divided by an anionic membrane was examined )Krstaji et al., 2001). The
results clearly showed that it is possible to suppress cathodic reduction of hypochlorite and to
achieve a higher degree of chloride to hypochlorite conversion, at relatively high current
efficiencies, than in the case of an undivided cell, using seawater or untreated diluted brine
electrolyte.
Electrochemical synthesis of sodium hypochlorite in a membrane electrolyzing cell with an
alumina zirconia ceramic membrane and comprising a titanium anode coated with cobalt
oxide has been investigated (Yu et al., 199). Effects of the current density, concentration of
the NaCl solution, and the rate of supply of solutions into electrode chambers are
investigated. Under optimum conditions, the current efficiency for sodium hypochlorite is
77% (Yu et al., 2001).

1.6.3 Generation of sodium hypochlorite from sea water
Due to its abundance and its high sodium chloride content, sea water appears to be an ideal
medium for the electro generation of active chlorine (Pletcher, 1990). The main
inconvenience of using sea water as a starting material is that it contains magnesium and
calcium ions, which in local alkaline conditions, precipitate as hydroxides.

1.6.4 Operating conditions of sodium hypochlorite
the relationship between the quantity of the obtained hypochlorite and the electrical energy
consumption from one part and the current value and the concentration of the initial chloride
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solution, from the other. According to this model, the mass of sodium hypochlorite is
obtained maximal for the maximal sodium chloride concentration and the maximal current
value (Pethovet et al.,2006).
The electrochemical production of sodium hypochlorite represents the best method to obtain
a pure product. To have a good production, it is necessary to optimize the electrochemical
process with the optimal of electrocatalytic electrodes (cathode and anode) the gap between
electrodes, the temperature of electrochemical cell. It is very important for the product
stability during a long period, avoid the presence of heavy metal ions and particulate as
impurity-like carbon micro-powders in suspension. It is necessary a rigorous control of the
pH of final product to have the optimal disinfection power of hypochlorite solution (Ronco,
2007).

1.6.5. Types of anodes used in sodium hypochlorite generation
described a process for the continuous production of hypochlorite solution over long periods
of time by electrolysis of aqueous chloride solution with anode having a coating that is a
mixture of oxide of tin, antimony, at least one platinum group metal, and a valve metal
selected from the group titanium and tantalum, all in certain proportion (Franks et al, 1975).
A method provided for manufacturing hypochlorite efficiency (Trigiante, 1999), using an
anode, which has a coating containing palladium oxide by 10 to 45 weight %, ruthenium
oxide by 15 to 45 weight % , titanium dioxide by 10 to 40 weight % and platinum by 10 to 20
weight % as well as an oxide of at least one metal selected from cobalt, lanthanum, cerium ,
or yttrium by 2 to 10 weight % being formed on a conductive base, and a cathode comprising
a coating having low hydrogen overvoltage and covered with a reduction preventive film and
being formed on a conductive base, and an aqueous solution of a chloride is electrolyzed
without a diaphragm (Arimoto, 1997). The electrolytic production of hypochlorite from tap
water in a through reactor system was investigated using stacked platinum or iridium oxide
coated titanium sheet or expanded metal electrodes. The influence of fast chlorine
consumption and polarity reversal on the hypochlorite production rate was determined along
with the dependence of the hypochlorite production rate on temperature, flow through
velocity and current density. It was found that in most cases, the hypochlorite production rate
was higher on iridium oxide compared to platinum electrodes. An increase in the flowthrough velocity leads to an increased hypochlorite production rate while the hypochlorite
production rate falls with increasing temperature (Kraft, 1999).
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The electrodes widely used in the hypochlorite production by electrolyzing are RuO 2.TiO2/Ti
and Pt/Ti. Though traditional RuO2.TiO2/Ti anode performs the best electrocatalytic activity
among all kinds of dimensional stable anodes (DSA) (Martelli, 1994) for NaOCl production.

1.6.6. Reaction mechanism of sodium hypochlorite generation
The disinfectant hypochlorous acid/hypochlorite is produced at the anode in a side reaction to
oxygen evolution. The following simplified reaction mechanism is proposed. As the
following: chlorine is produced electrochemically from chloride ions dissolved in the water:
2Cl -→Cl2+ 2e -

(1.8)

Chlorine hydrolyses in water and hypochlorous acid(HClO) is formed:
Cl-+ H O →HClO + HCl

(1.9)

Hypochlorous acid and the hypochlorite anion forma pH-dependent equilibrium:
HClO

ClO-+H +

(1.10)

In the nomenclature of water disinfection, the sum of hypochlorous acid and hypochlorite
concentrations is

y

„

‟
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free chlorine is based on the release of atomic oxygen according to:
HC O → O +

Cl- +H +

(1.11)

ClO-→ O + Cl-

(1.12)

During the disinfection, chloride ions which have been consumed by electrochemical free
chlorine production are reformed. Thus there is no overall change in the chemical
composition of the water during electrochemical water disinfection. Where there is a low
chloride concentration in the water to be treated (as in drinking water) then the current
efficiency of the electrode material for the production of free chlorine is crucial; it should be
as high as possible. As reported in (Kraft, 2003) there are very great differences have been
found in the efficiency of free chlorine production between different electrode materials at
low chloride concentrations.

1.6.7. Stability and storage of sodium hypochlorite
Found at low concentrations (< 1%) of NaOCl remained stable (90% of initial concentration)
for up to 23 months when stored in two-thirds full, amber glass bottles potentially exposed to
sunlight (Pappalardoet al., 1986) comparing two chlorine-containing antiseptics, found that
NaOCl solution obtained by an electrolytic process was a chloroxydiser and more stable than
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chlorine concentration (Fabian &Walker, 1982).

1.6.8. Definition and principle of electrocoagulation (EC)
Electrocoagulation is an electrochemical separation process that uses a direct current between
consists of pairs of metal sheets called electrodes. Metal electrodes immersed in water, iron or
aluminum electrodes generate in situ coagulant agents that destabilize pollutants (BernalMartinez et al., 2013). At the anode metal cations are released into the electrolyte (the water
under treatment) and at the cathode hydrogen gas is generated (Lee and Gagnon, 2014). The
EC process is an amalgamation of different processes including oxidation, coagulation,
flocculation and flotation of water (Emamjomeh and Sivakumar, 2009). Using the principles of
electrochemistry, the anode is oxidized (loses electrons) while the water is reduced (gains
electrons), thereby making the wastewater better treated. When the anode electrode makes
contact with the wastewater the metal is emitted into the apparatus. When this happens the
particulates are neutralized by the formation of hydroxide complexes for the purpose of
forming agglomerates. These agglomerates begin to form at the bottom of the tank and can be
siphon out through filtration. However, when one considers an electrocoagulation-flotation
apparatus the particulates would instead float to the top of the tank by means of formed
hydrogen bubbles that are created from the cathode. The floated particulates can be skimmed
from the top of the tank (Butler et al., 2011). Fig. (1.1) shows the processes that occur inside an
electrocoagulation reactor.

Fig. (1.1): Interaction occurring within an electrocoagulation reactor (Rodrigo, 2006).

14

(Equations (1.13) – (1.16)). As shown in Fig (1.1) when an electric charge is applied between
the anode and cathode metals (M) typically made of iron or aluminium (Chen, 2004; Mollah et
al., 2004):
Anode:
M

→ M

+

(aq) +

2H2O(L) →

ne−

(1.13)

H+(aq) + O2(g) + 4e−

(1.14)

Cathode:
Mn+(aq)+ ne− → M(s)

(1.15)

2H2O(L) + 2e− → H2(g) + 2OH−

(1.16)

In the last years, there is great interest in the development of effective electrochemical
treatments (Brillas et al., 2003). It has been successfully employed for the removal of metals
(Parga et al., 2005), dyes (Khandegar and Saroha 2013), oils (Yang, 2007; Kobya et al. 2008)
and organics (Chen et al., 2000) from wastewaters (Emamjomeh and Sivakumar, 2009).

1.6.9. Reaction mechanism of EC
The process occurs in steps during electrocoagulation (Can et al., 2006);
1. Anode dissolution.
2. Formation of OH- ions and H2 at the cathode.
3. Electrolytic reactions at electrode surfaces.
4. Adsorption of coagulant on colloidal pollutants.
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1.6.9.1. EC using iron electrodes
EC process using iron electrodes can be explained by two mechanisms as follows:

Mechanism (1):
Anode:4Fe(s) → F

2+

(aq) +

8e−

(1.17)

4Fe2+(aq) + 10H2O(l) +O2(aq) → F OH

3(s)

+ 8H+(aq)

Cathode:8H+(aq) + 8 − → H2(g)

(1.18)
(1.19)

Overall:4Fe(s) + 10H2O(l) + O2(aq) → F OH

3(s)

+ 4H2(g)

(1.20)

Mechanism (2):
:

F

→F

2+

(aq) +

Fe2+(aq) + 2OH−(aq) → F OH

2e−

(1.21)
(1.22)

2(s)

Cathode :2H2O(l) + 2e− → H2(g) + 2OH−(aq)

(1.23)

Overall:Fe(s) + 2H2 O(l) → F OH

(1.24)

2(s)

+ H2(g)

Oxidation: 2Cl−→ C 2 + 2e−

(1.25)

Cl2(g) + H2O → HOC + H+ +Cl−

(1.26)

Fe(OH)2 + HOC → F OH

3(s)

+ Cl−

(1.27)

+ 2e−

(1.28)

Fe3+ + 3H2O → F OH 3 + 3H+

(1.29)

Fe2+ → F

3+

The Fe(OH)n(s) formed remains in the aqueous stream as a gelatinous suspension which can
remove the waste matter from wastewater either by complexation or by electrostatic attraction
followed by coagulation. Ferric ions electro generated may form monomeric ions, ferric
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hydroxo complexes with hydroxide ions and polymeric species, namely Fe (H 2O)63+, Fe
(H2O)5OH2+, [Fe(H2O)4(OH)2] +, [Fe2(H2O)8(OH)2]4+, [Fe2(H2O)6(OH)4]2+ and [Fe(OH)4]−
depending on the pH range (Kim et al., 2002). The complexes (i.e. hydrolysis products) have a
pronounced tendency to polymerize at pH 3.5–7.0 (Mollah et al., 2004; Mollah et al., 2001;
Chen, 2004; Larue et al., 2003; Inan et al., 2004).
1.6.9.2 EC using aluminum electrodes
The electrochemical reaction with Al anode can be summarized as follows:
:
Cathode:
Overall:

→
3H2O(l) +

3+

(aq) +

3e-

(1.30)

− → / H2 + 3OH−

Al(s) + 3H2O(l) →

OH

3(s)

(1.31)
(1.32)

For the aluminum electrodes Al 3+(aq) ions will immediately undergo further spontaneous
reaction to generate corresponding hydroxides and polyhydroxides. Due to hydrolysis of Al 3+,
[Al(H2O)6]3+, [Al(H2O)5OH]2+ and[Al(H2 O)(OH)]2+ generated. The hydrolysis products
produced many monomeric and polymeric substance such as, Al(OH) 2+, Al2(OH)24+, Al(OH)4-,
Al6(OH)153+, Al7(OH)174+, Al8(OH)204+, Al13O4(OH)247+ and Al13(OH)345+ (Johnson &
Amirtharajah, 1983). Fig (1.3) shows the main stages involved in the electrocoagulation
process (Holt et al., 2002).
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Fig (1.2): Interaction occurring within an electrocoagulation reactor (Holt et al., 2001)

1.7. Advantages and Disadvantages of EC (Siringi et al., 2012)
1.7.1. Advantages of EC
1. EC requires simple equipment and is easy to operate with sufficient operational latitude to
handle most problems encountered on running.
2. Wastewater treated by EC gives palatable, clear, colorless and odorless water.
3. Sludge formed by EC tends to be readily settable and easy to de-water because it is
composed of mainly metallic oxides/hydroxides. Above all it is a low sludge producing
technique.
4. Flocs formed by EC are similar to chemical floc except that EC floc tends to be much larger,
contains less bound water, acid-resistant and therefore can be separated faster by filtration.
5. EC produces effluent with less total dissolved solids (TDS) content as compared with
chemical treatments.
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6. The EC process has the advantage of removing the smallest colloidal particles because the
applied electric field sets them in faster motion thereby facilitating the coagulation.
7. The EC process avoids uses of chemicals and so there is no problem of neutralizing excess
chemicals and no possibility of secondary pollution caused by chemical substances added at
high concentration as when chemical coagulation of wastewater is used.
8. The gas bubbles produced during electrolysis can carry the pollutant to the top of the
solution where it can be more easily concentrated, collected and removed.
1.7.2. Disadvantages of EC
T

„

‟

v

w

w

x

need tobe regularly replaced.
2. The use of electricity may be expensive in many places.
3. An impermeable oxide film may be formed on the cathode leading to loss of efficiency of
the EC unit.
4. High conductivity of the wastewater suspension is required.
5. Gelatinous hydroxide may tend to solubilize in some cases.
1.7.3 Comparison between EC and CC
Table (1.4) Comparison between EC and CC (Comninellis &Chen, 2010).

Difference
metal salts

pH

Flocs
Sludge production
Chemicals
Temperature and
turbidity
Operating

Electrocoagulation (EC)
The decomposition of mineral salts
does not lead to Low pH

Chemical coagulation (CC)
the hydrolysis of the metal salts will
lead to a pH decrease and it is always
needed to modulate the effluent pH
the pH neutralization effect made it
highly sensitive to pH change and
effective in a much wide pH range (4– effective coagulation is achieved at
9)
pH 6–7.
large
Small
Low
High
avoided in EC process
Present
treating the water with low
difficulty in achieving a satisfying
temperature and low turbidity
result.
equipment simple and is easy to be
High operating problems
operated
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Aims of the study
Overall objective
1. Treatment efficiency of the calcium- magnesium hardness, nitrite, nitrate and
phosphate in brine water in "Sheikh Radwan charitable station " using electrocoagulation
process.
2. Generation of sodium hypochlorite from the water treated using electroxidation
method.
Specific objectives
3. Determine the effects of various operating parameters on the removal of the calciummagnesium hardness, nitrite, nitrate and phosphate on the brine water and chemical
oxygen demand (COD) removal efficiency such as current density, initial pH,
electrode kind, surface area ratio of anode to cathode, electrode number, interelectrode distance and temperature.
4. Determine the effects of various operating parameters on the generation of sodium
hypochlorite from the water treated using electroxidation method on the brine water
such as current density, initial pH, surface area ratio of anode to cathode, interelectrode distance and temperature.
Significance of the study
-

The electrocoagulation technique can be considered as the learning purpose to the
student researcher and industry.

-

The study will be done to choose the best electrode to removal maximum nitrite,
nitrate, phosphate, calcium-magnesium hardness on the brine water and chemical
oxygen demand (COD) removal efficiency and to determine the optimal condition for
this removal.
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Chapter two
Literature Review
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2. LITERATURE REVIEW
2.1. Previous studies for removal of Hardness:
2.1.1 Previous studies for removal of Hardness using electrocoagulation methods:
(Zhi et al., 2016) proposed the removal of hardness species, which has synergistic effect of
the conventional electrocoagulation (EC) and electrochemical precipitation (EP). The
synergistic removal rate and the sum removal rate of two conventional methods were
compared, and the difference value of the two removal rates was used to determine the
optimum operating conditions. The results showed that the optimum synergistic effect was
obtained when the current density of EC cell was 20 A/m 2, the current density of EP cell was
250 A/m2, the consistent flow rate was 120 ml/min, the pH value was 7.2, the water
temperature was 60 °C, the recycle time was 130 min, and the initial hardness concentration
lower was better.

(Esmaeilirad et al., 2015) assessed the combination and sequence of softening and EC
methods to treat hydraulic fracturing flow back and produced water from shale oil and gas
operations. In the softening process, pH was raised to 9.5 and 10.2 before and after EC,
respectively. Softening, when practiced before EC was more effective for removing turbidity
with samples from wells older than one month (99% versus 88%). However, neither method
was successful in treating samples collected from early flow back (1-day and 2-day samples),
likely due to the high concentration of organic matter. For total organic carbon, hardness, Ba,
Sr, and B removal, application of
k y

b

EC

b

b

(Heffron, 2015) demonstrated the removal of five metals to below regulatory concentrations
for drinking water: chromium, copper, arsenic, cadmium and lead. Iron electrodes vastly outperformed aluminum electrodes in removing chromium and arsenic. Aluminum electrodes
were slightly more effective at removing nickel, cadmium and lead, but only at pH 6.5.
Electrocoagulation removed nickel and cadmium more efficiently at pH 8.5 than 6.5, though
chromium, arsenic and lead showed no significant effect from initial pH in the range tested.
All metals exhibited poorer removal efficiencies as the ionic strength of the background
electrolyte increased, particularly in the very high-solids, synthetic ground waters.
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(Zhao et al., 2014) This studded refined the hardness removal (together with chemical
oxygen demand (COD) and turbidity) from the produced water by a pilot-scale
electrocoagulation (EC) system to mitigate the scaling and fouling of Reverse Osmosis
(RO)membranes. The refined operating conditions were pH of 7.36, current density of 5.90
mA/cm2, and reaction time of 30.94 min to maximize the hardness removal at 85.81%, COD
at 66.64%, and turbidity at 93.80%. The equivalent coagulant dose was 23.76 mg/L (as Fe 3+).

(Malakootian et al., 2010) investigated the efficiency of EC process in removal of water
hardness through iron-rod electrodes in different circumstances. The maximum efficiency of
hardness removal which was obtained in pH 10, voltage of 12 and reaction time of 60 min are
equal to 98.2% and 97.4% for calcium and total hardness, respectively. So the results
demonstrate the direct effect of pH, potential difference and reaction time on hardness removal
using EC process.

(Liao et al., 2009) investigated the effectiveness of electrocoagulation using iron and
aluminum electrodes for treating cooling tower blow down (CTB) waters containing dissolved
silica (Si(OH)4Ca2+ and Mg2+. Experiments were also performed to investigate the effect of ant
scaling compounds and coagulation aids on hardness ion removal. Both iron and aluminum
electrodes were effective at removing dissolved silica. Iron electrodes were only 30%as
effective at removing Ca2+ and Mg2+as compared to silica. There was no measurable removal
of hardness ions by aluminum electrodes in the absence of organic additives.

(Malakootian & Yousefi, 2009) described the efficiency removal of water hardness under
different conditions. The applied pilot was comprised of a reservoir containing aluminum sheet
electrodes. The electrodes were connected as monopolar and a power supply was used for
supplying direct electrical current. The efficiency of the system in three different pH, voltages
and time intervals were determined. Results showed the efficiency of 95.6% for
electrocoagulation technique in hardness removal. pH and electrical potential had direct effect
on hardness removal in a way that the highest efficiency rate was obtained in pH=10.1,
potential difference of 20 volt and detention time of 60 minutes.
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2.1.2 Previous studies for Removal of Hardness various methods:
(Altundoğan et al.,2016) developed an effective cation exchanger from the pine cone by
citric acid modification and its hardness removal properties from the waters. Both of the raw
(RPC) and modified pine cone (MPC) samples were subjected to standardized hardness
removal tests by shaking with hard waters. These tests showed that citric acid modification
significantly increases the cation exchange capacity of the pine cone. Most suitable size
fraction of pine cone was determined. The results of this study showed that the MPC can be
used for hardness removal from waters as a cheap, durable and environment -friendly material.
(Rolence et al., 2014) reported the water softening by adsorption of hardness ions onto
Coconut Shell Activated Carbons (CSAC). Characterization of CSAC was identified by FTIR and SEM techniques. Batch experiments were carried out to determine the effect of
various adsorbent factors such as adsorbent dose, initial pH, contact time, and temperature,
on the adsorption process using synthetic and field collected water samples. Removal
efficiency at nearly neutral pH of 6.3 for both synthetic and field collected water samples
were 60% and 55% respectively.

(Sepehr, 2013) used natural and alkaline modified pumice stones for the adsorption of water
hardening cations, Ca2+ and Mg2+. The adsorbents were characterized using XRF, XRD, SEM
and FTIR instrumental techniques. At equilibrium time and for 150 mg/L of a given cation,
removal efficiencies were 83% and 94%for calcium and 48% and 73% for magnesium for
raw and modified pumices, respectively.

(Meena et al., 2011) stated that hardness is an important water quality parameter because
excess hardness is not suitable for drinking and other purpose. Hard water produces serious
health problems like- urolithosis, cardiovascular disorder, kidney problems, anencephaly and
cancer.
(Soliman, 2011) achieved the removal of Ca(II) from aqueous solutions using two new
naturally benign sorbents. They were obtained via modification of sugar cane bagasse (SCB)
with tartaric acid (TA) and citric acid (CA) using microwave-assisted solvent-free synthesis.
Moreover, for obtaining maximum Ca(II) removal, batch experiments were carried out at
different parameters including hydrogen ion concentration, initial Ca(II) concentrations, mass
of the sorbent and finally shaking times. Results of sorption isotherms were better fitted with
the Langmuir model (r2=0.959 and 0.995 for SCB-TA and SCB-CA, respectively).
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(Hasson et al., 2010) developed enables drastic reduction in the electrode area requirement.
This is achieved by directing the precipitation to occur in a seeds crystallization vessel rather
than on the cathode. Results obtained in preliminary experiments have already yielded a
reduction in the specific cathode area by a factor exceeding 10 without altering the specific
energy requirement. Furthermore, the seeds system appears to be free from the restriction of
an asymptotic precipitation rate limit. The outstanding advantages of the low electrode area
seeds system opens possibilities for widespread applications of electrochemical hardness
removal in diverse processes requiring scale prevention measures

(Fu et al.,2009) used designed electrode ionization (EDI) stack for deep softening from
simulated aqueous solutions containing low concentrations of hardness ions. It was also
found that applied voltage and concentrate flow rate had remarkable impacts on the migration
of Ca2+ ions. It was found that scaling formation due to water dissociation on the membranes
surface could be avoided under reasonable operation conditions. In addition, no significant
influence on final hardness rejection was revealed with multi-species of feed solutions
(Ca/Mg).

(Bekri-Abbeset al., 2008) used waste polystyrene to remove the hardness of water. Waste of
polystyrene is consisting of white coffee e cups and they were converted into adsorbent by
heterogeneous sulfonation. Infra-red technique has been used to confirm the sulfonation.
Degree of sulfonation and cation exchange capacity have been determined by titration. Hard
water has been prepared by dissolving Mg or Ca salts in distilled water. The modified
polymer provides high purification of hard water comparable to conventional adsorbent.

(Park et al., 2007) investigated the removal of the hardness materials in a tap water. Six cells
of ED, EDR, and EDIR systems with an electrode area of 12.5cm 8.0 cm were operated. The
results showed scaling formation due to water dissociation on the surface of cation exchange
membrane, but EDR and EDIR enabled to avoid the scaling problem. EDIR operation
lowered the resistance and power consumption compared to EDR due to the conductance of
ion exchange resins.
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2.2. Previous studies for removal of nitrate and nitrite:
2.2.1 Previous studies for removal of nitrate and nitrite using electrocoagulation
methods:
(Hossini & Rezaee, 2014) investigated the removal of nitrate from an aqueous solution by the
process of electrocoagulation, using aluminum/graphite as the anode/cathode electrodes. The
optimum condition: NaCl, 1 g/L; nitrate concentration range, 50-200 mg/L; applied electric
current range, 0.05-0.2 A; anode, aluminum; cathode, graphite; and detention time: 120
minutes. The results showed that by applying electric current of 0.14 A for 120 minutes, the
nitrate content would reduce down to 97%. With regard to supporting electrolytes, more nitrate
reduction is obtained with NaCl. The oxidation reduction potential (ORP) was changed from
220 to -375 mV and this range is suitable for denitrification and nitrate reduction.

(Ghanim, 2013) provided the treatment of high nitrate wastewater whereby sacrificial carbon
steel anodes using electrocoagulation method. Response Surface Methodology was applied in
the development of statistical analyzing, modeling and inter-preting the resulted treatment data
of nitrate wastewater by electrocoagulation. In addition, the response, residual, probability,
surface and contour plots were achieved. The effectiveness of the considered design
parameters was well examined to find the optimum experiment condition. At initial pH of 8,
the optimum condition for predicted maximum nitrate removal of 92.25% were found to be
74.7 min. operation time and 12.7 mA/cm2 current density.

(Malakootian et al., 2011) purposed the nitrate removal from aqueous solution by
Electrocoagulation process. The applied pilot was comprised of areservoir, electrode and
power supply. Moreover, obtained optimum conditions were tested on Kerman water. The
results showed that the electrocoagulation process can reach nitrate to less than standard limit.
pH, electrical potential difference, total dissolved solids and number of electrodes have direct
effect and initial concentration of nitrate has reverse effect on nitrate removal. Under optimum
condition, nitrate removal from Kerman water distribution system was 89.7%. According to
the results, Electrocoagulation process is suggested as an effective technique in nitrate
removal.

26

(Lacasa, 2011) compared the coagulation and electrocoagulation processes with regard to their
respective efficiencies as to the removal of nitrates from water. The results indicate that
electrocoagulation is an effective technology for nitrate removal because nitrate anions
preferentially adsorb onto the surfaces of growing metal-hydroxide precipitates. Other similar
results were observed when using iron or aluminum electrodes whenever coagulation reagents.

2.2.2 Previous studies for Removal of nitrate and nitrite various methods:
(Hanafi et al., 2016) Described the Rice straw (RS) has been activated using Na2CO3.
Activated carbon samples (ARSC) were characterized using N 2 adsorption, elemental analysis,
surface fractional dimension and pore volume to support the adsorption of nitrate and nitrite
ions. The effects of various parameters such as solution pH, adsorbent concentration, contact
time, temperature and initial nitrate and nitrite concentrations were examined. Various kinetics
models including the Pseudo-first-order, Pseudo-second-order and intra particle diffusion
models have been applied to the experimental data to predict the adsorption mechanism. The
v z ΔHo ΔGo
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were evaluated.

The results showed that the adsorption of nitrate and nitrite ions onto activated carbon was
exothermic and non-spontaneous. The adsorption data followed second-order kinetics
supporting that chemisorption process was involved. The obtained results show that ARSC can
be used as an effective and natural low-cost adsorbent for the removal of nitrate and nitrite
anions from wastewater.

(Kumar et al., 2015) studied the removal of nitrate from groundwater using electrochemical
method (EC) . In India, the ground water contamination with respect to nitrate has been
observed in states like Andhra Pradesh, Bihar, Haryana, Himachal Pradesh, Karnataka,
Rajasthan, Tamil nadu, Punjab, Kerala, Orissa, and Gujarat. Synthetically prepared water with
initial nitrate concentrations ranging between 60 to 80 mg/L. The studies were carried out for
aluminum electrode. The nitrate nitrogen removal was 76% at 14 V and 120 minutes.

(Abdallah et al., 2014) described the preparation of a porous copper modified electrode by
successive electrodeposition of nickel then copper on a graphite felt of large specific surface
area. The porous copper electrode was then used in a flow electrochemical process to achieve a
selective and quantitative transformation of concentrated nitrate into ammonium. Different
electrolytic solutions, slightly acid (acetate buffer) or neutral (phosphate buffer), and flow rates
were investigated. The nitrate solution was quantitatively reduced into NH4+ with high
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selectivity in only one pass through the electrode. When the applied current was similar to the
theoretical one, the maximum selectivity (96%) and the best current efficiency (72%) for NH 4+
formation were reached at pH 7.2 with a flow rate of 2 mL min−1.

(Machuca et al., 2014) concerned the treatment of condensates from an industrial ammonium
nitrate (AN) production by combination of electrodialysis (ED) and electrode ionization (EDI).
The condensate concentration was in range 1.9–2.5g/L of AN. A pilot ED module with 25
membrane pairs following by a laboratory EDI module with 10 membrane pairs operated
continuously during 800 hours. Results confirmed that the combination of ED and EDI is
suitable for the condensate treatment.
w

(Verma et al., 2014) suggested nitrate and nitrite p
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commonly identified contaminants, an indicator of serious pollution as they are associated with
septic waste and agricultural endeavors, leads to numerous health problems to human beings
and animals. 4 rural areas of Luck now were selected and 15 samples from each station to
check the level of nitrite and nitrate parameters in groundwater. Further our studies reveal that
the extent of nitrate and nitrite varied with reference to sampled site and maximum nitrate was
found to be 250.224 and maximum nitrite was 1.8998 both are high.

(Saleem et al., 2013) explored the electrochemical removal of nitrite at a concentration of 10
mg L-1 from synthetic aquaculture wastewater using a batch reactor. The effects of important
operating parameters such as electrode material and applied current density were studied. The
highest nitrite removal is achieved with nickel as compared to stainless steel and other
electrode materials. Optimum nitrite removal is achieved at a current density of 3.75 mA cm -2
and an initial pH of 5. Basic pH tends to inhibit nitrite oxidation, which is consistent with the
literature. An optimum anode to cathode surface area ratio of 1and an inter-electrode spacing
U EP ‟

of 2cm gave best results, respectively. Nitrite

discharge limit of 1 mg l -1 within 5 min of experimental runs. This is much better than
v

y

N
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discharge limit of 10 mgL-1.
(Kearney et al., 2012) addressed the remediation of nitrate-contaminated water using
electrodes made of Ebonex (a titanium oxide ceramic with a wide range of potential stability).
The objective was the complete denitrification of solutions containing nitrate ion.
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Denitrification was achieved in about 50% yield with unreactive supporting electrolytes when
Ebonex was used as both cathode and anode, the remaining product being ammonia. Ammonia
could be re-oxidized at the Ebonex anode, but this was much less efficient than the reduction
step. A more efficient electrolytic denitrification was possible for solutions containing
chloride; this is oxidized anodically to hypochlorite, which then oxidizes ammonia chemically
to N2. The overall rate of denitrification was highest at moderate concentrations of chloride
ion, because hypochlorite also re-oxidizes reduction intermediates such as nitrite back to
nitrate.

(Wang et al., 2012) studied the electrochemical oxidation of ammonia with an objective to
enhance the selectivity of ammonia to nitrogen gas and to remove the by-products in an
undivided electrochemical cell, in which various cathodes and Ti/RuO 2-Pt anode were
assembled. Anodic oxidation of ammonia and cathodic reduction of by-products were
achieved, especially with Cu/Zn as cathode. The reduction rate increased with increasing
current density in the range of 5 - 50 mA/cm2. As ammonia could be completely removed by
the simultaneous oxidation and reduction it is suitable for deep treatment of ammonia polluted
water.

(El-Shazly , 2011) investigated

the possibility of removing nitrate ions (NO 3-) from

wastewater by using monopolar vertical aluminum electrodes in a batch electrochemical unit.
Variables studied were current density, initial NO 3 - concentration, initial solution pH,
electrolysis time and anode diameter. The results show that up to 90% of NO 3- can be removed
in approximately 80 minutes.

(Li et al., 2010) studied the removal efficiency of typical treatment of nitrate contaminated
water which is unsuitable for biological removal using an electrochemical method with Fe as a
cathode and Ti/IrO2–Pt as an anode in an undivided cell. In the absence and presence of 0.50
g/L NaCl, the nitrate–N decreased from 100.0 to 7.2 and 12.9 mg/L in 180 min, respectively,
and no ammonia and nitrite by-products were detected in the presence of NaCl. The nitrate
reduction rate increased with increasing current density.

(Ghafari et al., 2008) evaluated nitrate removal by electrochemical method. Water samples
contaminated with nitrate were prepared by adding suitable amount of NaNO 3 in distilled
water. Then samples were treated by a batch electrochemical reactor in laboratory-scale.
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Nitrate concentration was determined by spectrophotometric method. The results showed that
by using electrochemical method 15.33, 17.41, 19.48 and 21.58% of nitrate ion could remove
within hydraulic retention times of 30, 60, 90 and 120 min, respectively. These results were
obtained using of voltage of 24 volt and electrode surface of 15.896 cm 3. Our results
elaborated that, electrochemical method can remove nitrate from water. However, nitrate
removal efficiency in this method is not efficient enough to apply in industrial scale.
(Prasad et al., 2005) evaluated the removal of nitrate (NO3-) contamination of groundwater is
a major concern throughout intensive agricultural areas. Influence of process parameters such
as pH, current density and time were studied and the optimal conditions of operation were
found to be at pH 8, at 0.89 mA/cm2 for 7 h. It is possible to remove nitrate below the limit of
the drinking water standard using this method. The denitrification was found to follow pseudo
first order kinetics with a k value of 0.23 h-1.

2.3. Previous studies for removal of Phosphate:
2.3.1 Previous studies for removal of Phosphate using electrocoagulation methods:
(Kuokkanen et al., 2015) employed the removal of phosphate from synthetic wastewater
(SWW, 30 mg/l) using electrocoagulation (EC) process, followed by successful scale-up
experiments. The optimum process conditions (96% phosphate removal) for laboratory-scale
SSW were found to be: anode/cathode Al/Fe (although Fe/Al performed similarly), initial pH
5, current density 100 A/m2, treatment time 15 min, supporting electrolyte 1.0 g/L NaCl and
electrode gap 7 mm.

(Shalaby et al., 2014) investigated the removal of phosphate from wastewater by
electrocoagulation using aluminum electrodes. The results showed that the maximum
removal efficiency was achieved at a current density of 4.54 mA/cm 2, at a pH of 7.0 and 4-5
g/L NaCl.

(Shalaby et al., 2014) investigated the effect of pH on phosphate removal from wastewater
by electrocoagulation with iron plate electrodes. Effects of initial pH have been analyzed on
efficiencies of phosphate removal and energy consumptions. From obtained results, it was
found that optimal initial pH is 3. Effects of system variables have been analyzed on constant
pH. From obtained results

x

w

30

y

H

7

(Lacasa, 2011) studied the removal of phosphates from waters through electrocoagulation
using iron and aluminum electrodes. The results show that the pH increases with the current
density. In addition, a mechanistic model is proposed for phosphate removal that considers
the solubility of iron, aluminum and phosphate species.
(Gharibi et al., 2010) performed phosphorous removal from wastewater effluent using
electro-coagulation by aluminum and iron plates. Result obtained from synthetic waste water
showed that the most effective phosphate removal with AL/AL plates is >99% in pH 8.5 and
40V and 40 min after starting process and for IR/IR plates is >99% in pH 5.5 and 40 V and
40 min after starting process.
(Vasudevan et al., 2009) provided an electrocoagulation process for the remediation of
phosphate-contaminated water using aluminium alloy and mild steel as the anodes and
stainless steel as the cathode. The adsorption of phosphate preferably fitting the Langmuir
adsorption isotherm suggests monolayer coverage of adsorbed molecules. The results showed
that the maximum removal efficiency of 99% was achieved with aluminium alloy anode at a
current density of 0.2Adm−2, at a pH of 7.0. The adsorption
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(Irdemez et al., 2006) determined the optimum conditions for the phosphate removal from
wastewater by electrocoagulation with aluminum plate electrodes. The optimum conditions
for these parameters were found to be 50 mg/L, 4, 5 mM, NaCl and 1.00 mA/cm2,
respectively. Under these conditions, the predicted and experimental removal efficiency of
phosphate from wastewater by electrocoagulation with aluminum plate electrodes were 99.9
and 100.0%, respectively.
(Bektaş et al., 2004) investigated the feasibility of the removal of phosphate from aqueous
solution by electro-coagulation (EC). In order to determine optimal operating conditions, the
EC process used for the phosphate removal was examined in dependence with the CD, initial
concentrations and time. The results of the experimental batch processing showed high
effectiveness of the EC method in removing pho
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2.3.2 Previous studies for Removal of Phosphate various methods:
(Wang& Chen, 2015) Performed a full-scale anoxic–oxic activated sludge treatment plant.
The plant performed well for the removal of phosphorus in the process of treating domestic
wastewater within a temperature range of 10.8°C to 30.5°C. Mass balance calculations
indicated that COD utilization mainly occurred in the anoxic phase, accounting for 88.2% of
total COD removal. Results indicated that the reduction of phosphorus mainly took place in the
oxic zones, 61.46% of the total removal.

(Huang, 2009) prepared two adsorbents, SSW-Fe and SSW-Al, by loading Fe(III) and Al(III)
onto SSW, and their adsorption behaviors to phosphate in industrial wastewater were
investigated through batch and column adsorption experiments. The macro adsorption
kinetics data obtained from batch experiments were well fitted by the pseudo-second order
rate model and the adsorption isotherms can be well described by the Langmuir equation.

2.4. Previous Studies Generation of Sodium Hypochlorite:
2.4.1. Previous studies for generation of sodium hypochlorite using electrocoagulation
methods:
(Ghalwa et al., 2012) prepared two modified electrodes (Pb/PbO2 and C/PbO2) by
electrodepositing a lead oxide layer on lead and carbon substrates. These modified electrodes
were used as anodes for the generation of sodium hypochlorite (NaOCl) from sodium
chloride solution. Different operating conditions and factors affecting the treatment process
of NaOCl generation, including current density, pH values, conductive electrolytes, and
electrolysis time, were studied and optimized. By comparison the C/PbO 2 electrode shows a
higher efficiency than the Pb/PbO2 electrode for the generation of NaOCl.

(Asokan et al., 2009) preferred an Electro synthesis of NaOCl due to the environmental
hazard associated with the storage and transportation of liquid chlorine. It is now becoming
popular for users to produce their own hypochlorite solutions by means of undivided
electrolytic cells by direct electrolysis of weak brine or seawater. These cells can be designed
for any desired production capacity. Design of a simple tank electrolyser for the in-situ
generation of NaOCl is presented.

32

(Asokan and. Subr`amanian, 2009) showed that the electro synthesis of NaOCl is preferred
due to the environmental hazard associated with the storage and transportation of liquid
chlorine. It is now becoming popular for users to produce their own hypochlorite solutions by
means of undivided electrolytic cells by direct electrolysis of weak brine or seawater. These
cells can be designed for any desired production capacity. Design of a simple tank
electrolysis for the in-situ generation of NaOClis presented.

2.4.2 Previous studies for for generationof sodium hypochlorite various methods:
(Ali, 2012) investigated the application of electrochemical technology for the onsite
generation of sodium hypochlorite (NaOCl) from seawater for utilization in the power
industry. The interaction at different levels of several variables namely, the electrode type
and their surface area ratio, current density, and inter-electrode spacing were monitored. The
highest production of NaOCl was obtained using a titanium electrode coated with a
dimensionally stable anode (DSA) that gave high-current efficiency and superior durability.
Maximum production was achieved using titanium under conditions of 72.4 mA/cm 2 current
density, 7 cm inter-electrode spacing and a value of 1 for the anode to cathode surface area
ratio.

(Balagopal et al., 2012) disclosed an electrochemical process for the production of sodium
hypochlorite from seawater or low purity unsoften or NaCl based salt solutions. In the
process, water is reduced at a cathode to form hydroxyl ions and hydrogen gas. Chloride ions
from a sodium chloride solution are oxidized in the anolyte compartment to produce chlorine
gas which reacts with water to produce hypochlorous and hydrochloric acid. Sodium ions are
transported from the anolyte compartment to the catholyte compartment across the sodium
ion conductive ceramic membrane. Sodium hydroxide is transported from the catholyte
compartment to the anolyte compartment to produce sodium hypochlorite within the anolyte
compartment.

(Ponzano, 2007) evaluated the hypochlorite as strong disinfectant. The electrochemical
production of hypochloric acid or sodium hypochlorite represents the best method to obtain a
pure product. The most stable sodium hypochlorite solutions are those that show the
following characteristics: (1) low concentration of hypochlorite; (2) pH > 11.5 and <13; (3)
absence of graphite particulate and metallic ions; (4) storage at controlled temperature <30ºC.
Packing in containers impermeable to light.
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(Meares & Steiman, 2002) determined whether the presence of sodium hypochlorite
influences the accuracy of the Root ZX electronic apex locator. Forty, extracted, human teeth
were mounted in an experimental apparatus. After achieving ideal access, working length
measurements were obtained using the Root ZX. The results of this study indicate that the
Root ZX is not adversely affected by the presence of sodium hypochlorite.
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Chapter Three
Experimental
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3. EXPERIMENTAL
3.1 Preparation of Modified C/PbO2 Electrode
3.1.1. Carbon surface treatment
Pretreatment of Carbon rod (8mm × 25cm) was carried out following the procedure applied
by Narasimham and Udupa (Narasimham and Udupa, 1976) The carbon rod was soaked in
5% NaOH solution, washed with distilled water, dried in furnace at 105 oC, cooked with
linseed oil to reduce the porosity of rod. The electrode after the previous treatment is ready to
receive doped PbO2.

3.1.2. Electrochemical deposition of PbO2
The electrodeposition of PbO2 was performed at constant anodic current of 20 mAcm -2 from
12% w/v Pb(NO3)2 solution. Containing 5% w/v CuSO4.5H2O and 3% surfactant. The role of
the surfactant is minimizing the surface tension of the solution. Electrodeposition was carried
out for 60 min. at 80oC with continuous stirring ((Narasimham and Udupa, 1976).

3.2. Chemicals
All chemicals and reagents used in this study were used as received without further
purification. EDTA and sodium hydroxide (NaOH), were of analytical grade and purchased
from Merck. Distilled water was used for the preparation of solutions. Standard solutions of
potassium dichromate (K2Cr2O7), sulfuric acid (H2SO4) reagent with Mercury sulfate (HgSO4),
silver sulfate (Ag2SO4) and sulfuric acid reagent were prepared to measure the COD.
Electrodes design is one of the most important factors that affect the electrocoagulation
process. Electrode design affects the release of coagulants in the solution and the bubble type.
Thereby influencing pollutant flotation, mixing and mass transfer. In this study iron aluminum
and stainless steel (304 L grade) electrodes were used as anode and cathode respectively. Other
reagents were of the analytical grade. The brine water used in this study from (Desalination
plant in " Sheikh Radwan charitable station – Gaza city- Gaza strip) contains Ca- Mg hardness
2500 ppm, Nitrate 6 ppm, nitrite 0.06 ppm, phosphate 4.1 ppm and the conductivity of water
equal (1. 4 S/m2).
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3.3. Electrolysis
3.3.1. Equipment's and procedures
The electrocoagulation unit consists of a 300 ml electrochemical reactor with an effective
surface area of 4 cm2. The electrodes were 2 cm × 1 cm. The electrode were positioned
vertically and parallel to each other using iron or aluminum or stainless steel electrode as
anode or cathode. The anode is connected to the positive pole and the cathode to the negative
pole of the direct current power supply. Brine water were used. Magnetic stirrer controller with
a sufficient magnetic stirring (50-100 rpm) was used. Each run was timed starting with the DC
power supply switching on. Following each run, the electrodes were put in HCl (5% V/V) and
rinsed with tap water then distilled water and dried until they are used again. Fig. (3.1) and
(3.2) represent Schematic and photographic pictures for the experimental set up respectively
used in this work. The equipment's used in EC treatment are illustrated in Table (3.1) and Fig.
(3.3). color changes upon EC treatment and filtering were common and provided a visible
indication of Fe electrodes on brine water solution as shown in Fig. (3.4).
The measuring of COD removal efficiencies according to a closed reflux colorimetric method
include preparation of sulfuric acid reagent (6.5 g Ag 2SO4/1000mL H2SO4) and digestion
solution (10.216 g K2Cr2O7, 167 mL H2SO4, 33.3 g HgSO4) then dilute to 1000 mL. Place the
closed test tube that contain (2.5 mL sample treatment, 1.5mL digestion solution and 3.5mL
sulfuric acid reagent), in a reactor two hours at 150 oC, cooling at room temperature and place
in the centrifuge about 30 min. Then concentrations were determined spectrophotometrically
by measuring the absorbance at 600 nm.

Fig. (3.1) Bench-scale EC reactor with bipolar electrodes in parallel connection. (1) Electrocoagulation cell; (2)
Anode; (3) Cathode; (4) bipolar electrodes; (5) Magnetic stirrer controlled; (6) Magnetic stirrer bar; (7) D.C.
power supply.
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Fig. (3.2) Photographic picture for the experimental set up
Table (3.1): Equipment's used in EC treatment.

Name

Model

Hot plate

(HB502), Bibby Sterilin Ltd, (U.K)

pH meter

AC28, TOA electronic Ltd., (Japan)

Water bath

SB-650, Tokyo Kikakkai CO. Ltd., (Japan)

Centrifuge

4000 r/min., (China)

Filter paper

MN 615, (USA)

DC power supply

(DZ040019) EZ Digital CO. Ltd., (Korea)

Electronic Balance

I balance 2011, Selecta, (Spain)

UV-Vis spectrophotometer

UV 1601, Shimadzu, (Japan)

Chemical Oxygen Demand (COD)

C9800 Reactor in (Hungary_Europe)
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Electronic balance

DC power supply

Hot plate

Water bath

pH meter

Oxygen Chemical Demand
(COD) reactor

UV-Vis spectrophotometer0

Centrifuge

Fig. (3.3) picture of equipments used in electrocoagulation technique.
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Fig. (3.4) Visual appearances of SBR sample befor (left) and after (right) electrocoagulation treatment

3.3.2 Electrolysis for generation of sodium hypochlorite
The experiment were carried out in an electrolysis Pyrex glass cell with volume of 250 ml
with the prepared C/PbO2 electrode as anodes and titanium as cathode. The operating
condition were ranging under the following condition: 0.5-2.5A current density, 1-13 pH
value with potential ranging from 2-12 volts, 5-40 0C of temperature and 200 ml brine water
solution. The time of electrolysis was ranging from 5-120 min. The distances between the
two electrode (anode and cathode) varying from 1-10 cm and the area ratio of anode to
cathode different from 1-6.

3.4. Analysis
3.4.1 Determination of hardness in water samples
The Ca-Mg hardness were measured using titration with standard solution of 0.01 M of EDTA.
Accurately 5.00 mL of unknown solution was added into a 250 mL Erlenmeyer flask. mL1- of
NH3/NH4Cl buffer (pH 10) and 2-3 drops of Eriochrome Black T (EBT) indicator were added
to the Erlenmeyer flask, and then was titrated with EDTA (0.01M). This analysis was
performed in triplicate.

3.4.2 Determination of nitrate in water samples
Standard 1000 ppm nitrate solution was prepared by dissolving 1.6306 g of analytical reagent
potassium nitrate in deionized water and diluted to 1000 mL. From 1000 ppm solution, the
100, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 ppm solutions were prepared by diluting
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of stock solution of KNO3 (1000 ppm) to 10 mL with deionized water. The absorbance of
standard solutions of KNO3 were measured by using Shimadzu UV-Visible (1601)
spectrophotometer at 220 nm. The calibration curve is constructed by plotting absorbance
values against concentration of standard solutions. The straight line graph passing through
origin has been obtained.
3.4.3 Determination of nitrite in water samples
Aliquots of stock solution containing 0.1-1.5 mL of nitrite were transferred in to series of 10
mL calibrated flask. To each flask, 0.5 mL of reagent A and B were added to form an azo dye.
Reagent A was prepared by mixing of 1.5

α-naphthylamine and 5mL of concentrated HCL

acid in 250 mL volumetric flask and then was completed with deionized water. While reagent
HCL

B was made by mixing 50 mL of

75

L

w

α-

sulfolinic acid, respectively and was completed with deionized water. Absorbance values were
collected after 10 from the addition of two reagent using a UV–vis spectrophotometer
(Shimadzu, UV-1601) in the wavelength range from 200 to 800 nm. Absorbance of the pink
colored dye was measured at 525 nm against the corresponding reagent blank and the
calibration graph was constructed.

3.4.4 Determination of phosphate in water samples
Standard 10 ppm phosphate solution was prepared by dissolving 0.04393 g of analytical
reagent potassium dihydrogen phosphate in deionized water and diluted to 1000 mL. From 10
ppm solution, the 25 ppb, 50 ppb, 75 ppb, 100 ppb, 125 ppb, 150 ppb, 175 ppb, 200 ppb,
solutions were prepared. These solutions were prepared. The absorbance of standard solutions
of KH2PO4 were measured by using Shimadzu UV-Visible (1601) spectrophotometer at 830
nm. The calibration curve is constructed by plotting absorbance values against concentration of
standard solutions. The straight line graph passing through origin has been obtained.

3.4.5 Determination of sodium hypochlorite in water samples
Standard 10 ppm hypochlorite solution was prepared by diluting 10 mL of analytical reagent
sodium hypochlorite in deionized water and diluted to 1000 mL. From 10 ppm solution, the 25
ppb, 50 ppb, 75 ppb, 100 ppb, 125 ppb, 150 ppb, 175 ppb, 200 ppb, solutions were prepared.
The absorbance of standard solutions of sodium hypochlorite were measured by using
Shimadzu UV-Visible (1601) spectrophotometer at 292 nm. The calibration curve is
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constructed by plotting absorbance values against concentration of standard solutions. The
straight line graph passing through origin has been obtained.

3.4.6 Chemical oxygen demand (COD) measurements
T

COD w

x

λ max = 600 nm

(Mohana et al., 2007). The equation used to calculate the pollutant removal efficiency in the
treatment experiments was:
%E = [ (Ao – A) / Ao ] ×100

(3.1)

Where Ao and A are absorbance values of pollutant solutions before and after treatment with
λmax The calculation of COD removal efficiency after EC treatment was
performed using the following formula ( Carneiro et al., 2003).
%CR = [ (Co– C) / Co] ×100
(3.2)
Where Co and C are concentrations of pollutant solutions before and after electrocoagulation.
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Chapter Four
Results and Discussion

43

4. RESULTS AND DISCUSSION
Electrocoagulation is a complex process that may be effected by different parameters
efficiency such as current density, initial pH, electrode kind, surface area ratio of anode to
cathode, electrode number, inter-electrode distance and temperature.
In this chapter, the results of the experiments are given below:
4.1. Effect of studied factors on hardness removal from brine water
4.1.1. Effect of resistance time (min)
The time of electrolysis in EC process affects the rate of metal ion released into the system
(Emamjomeh, 2009). Al, SS and Fe electrodes need shorter resistance time to achieve a
desirable Ca-Mg hardness removal efficiency and are cost-effective concerning energy and
electrode consumption (Kobya, 2003). In this study, considering the effect of resistance time
on hardness removal through EC process using Al, SS and Fe electrodes on the removal
efficiencies of Ca-Mg hardness in the solution at constant pH of 10, current density of 41.66
mA/cm2, inter electrode distance of 0.8 cm, temperature of 25 0C and time at 15 min, it has
been shown that by increasing the reaction time, an enhanced rate of removal resulted; so
that, maximum removal efficiency was achieved in current density 41.66 mA/cm2, pH 10 and
the resistance time of 15 min as represented in Figs.(4.1.1). Increase in retention time in the
case of constant potential difference and pH, increases the efficiency of hardness removal and
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this is because of precipitation of flocs that cause removal of hardness particle.
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Fig. (4.1.1) Effect of time on removal efficiency of Ca-Mg- hardness using Al, Fe and SS electrodes at pH
10, temperature 25 0C inter-electrode distance 0.8 cm, current density of 41.66 mA/cm2. and number of
electrode 6.
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4.1.2. Effect of current density (mA/cm2)
Density of electricity current is one of the most important parameters to manage reaction
speed in EC processes as the determining coagulant dosage injected into the solution. By
increasing the density, speed and efficiency of removal process, energy and electrode
consumption, the amount of produced sludge and operating costs were increased, while,
reaction time was decreased (Bayramoglu, 2007) Thus, the effect of electrical current
intensity on hardness removal from water was obtained in this research. As it was observed,
the removal efficiency was increased; and the current density and the time considered to be
optimal for similar efficiencies were also improved, leading to decreased electrical potential
differences. In present study, current density 41.66 mA/cm2 in reaction time of 15min
indicated maximum removal efficiency, i.e. 92.05, 83.8, 88.2 % for total hardness using Al,
Fe and SS electrodes respectively on the removal efficiencies of Ca-Mg hardness in the
solution at constant pH of 10, current density of 41.66 mA/cm2, inter electrode distance of 0.8
cm and temperature of 25 0C as indicated in Fig (4.1.2). In high current density, size and
growth rate of produced flocs increase and this in turn affects the efficiency of the process
(Kim et al., 2002; Zhu et al., 2005). By current density increase the amount of oxidized
aluminum, iron and SS increases and consequently hydroxide flocs with high adsorption rate
increase and this leads to an increase in the efficiency of hardness removal (Ranta et al.,
2004; Bazrafshan et al., 2007). On the other hand, by electrical current increase, the density
of bubbles increases while their size decreases Since the effective surface and retention time
of larger bubbles are less comparing to small ones, so density increase and bubble size
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decrease the flotation efficiency increases (Hu et al., 2005).
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Fig. (4.1.2) Effect of current density on removal efficiency of Ca-Mg hardness using Al, Fe and SS
electrodes at 15 min, pH 10, inter-electrode distance 0.8 cm, temperature 250C and number of electrode 6.
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4.1.3. Effect of temperature (oC)
Fig. (4.1.3) displays the effect of temperature on the removal Ca-Mg hardness efficiencies at
different temperature range (10-50 0C), constant pH of 10, current density of 41.66 mA/cm 2,
inter electrode distance of 0.8 cm and time at 15 min using Al, Fe, SS electrodes, Figs. (4.1.3)
indicate that the Ca-Mg hardness removal efficiencies decrease with increasing temperatures
above 10 oC and less 50 oC. Therefore, 25oC was fixed as optimal temperature under the same
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conditions mentioned.
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Fig. (4.1.3) Effect of temperature on removal efficiency of Ca-Mg-hardness using Al, Fe and SS electrodes
at 15 min, pH 10, inter-electrode distance 0.8 cm, current density of 41.66 mA/cm 2 and number of electrode
6.

4.1.4. Effect of pH
Fig. (4.1.4) represent the percentage of total hardness removal in different pH values range
from 2-11 using Al, Fe and SS electrodes. The removal efficiency has increased as pH
increased and the maximum efficiency was at pH 10, the highest removal efficiencies were
92, 82.8 and 88.2% in 15 min using Al, Fe and SS electrodes respectively. With pH increase,
the rate of hardness removal increase since the effect of pH on coagulants depends on the
produced reactions on different conditions.
In neutral conditions:
3Al(s) + 8H2O (1) →

OH

2(s)

+2Al (OH)3 +4H2(g)

(4.1)

In acid conditions:
2Al(s) +6H2O (1) →O2 (g) +4H2 (g) +Al (OH) 2(s)

(4.2)

In alkali conditions:
2Al(s) +6H2O→

OH

3(s)

+3H2O (1)
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(4.3)

Here, Al (OH)3 and Al (OH)2 settle while, H2 moves upward and causes flotation. As
reactions show, in acidity condition Al(OH)2 and in alkali condition Al(OH)3 are produced.
Since Al(OH)3 has higher weight and density, it settles faster and has higher efficiency.
Therefore, it acts better in enmeshment in a precipitate (Hua et al 2003; Daida, 2005;
Ghernaout et al., 2008). This fact has also been confirmed by Ghernaout in his study in 2008
on Escherichia coli removal from surface water by electrocoagulation method (Ghernaout et
al., 2008). Hence, based on the results of the present study and previous studies
electrocoagulation process can act as a pH moderator (Kim et al., 2002; Bazrafshan. et al.,
2007).
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Fig. (4.1.4) Effect of pH value on removal efficiency of Ca-Mg- hardness using Al, Fe and SS electrodes at
15 min temperature 25 0C inter-electrode distance 0.8 cm, current density of 41.66 mA/cm 2 and Number
of electrode 6.

4.1.5. Effect of inter electrode distance
In case of solution's boosted resistance, increased distance between each couple of anode and
cathode electrodes leads to increased voltage. Because of diminished ions aggregation,
hydroxide polymers, decreased rate of suspended solids and absorption of ions causing water
hardness as well and electrostatic force, enhancing electrolyte constancy and spacing will
eventually lead to decreased removal efficiency (Sheng, 1994). In the current study, distance
between anode and cathode electrodes was chosen to be 0.8 cm as shown in Fig. (4.1.5). By
decreasing or increasing the distance, the removal efficiency was decreased. Our result is in
accordance with data from other works like mercury removal from water using EC with in
France, removing humic acid from groundwater water using EC in china and also Removal of
Fe (II) from tap water by electrocoagulation technique in India (Chou, 2009).
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Fig. (4.1.5) Effect of inter electrode distance on removal efficiency of Ca-Mg-hardness using Al, Fe and SS
electrodes at 15 min, pH 10, temperature 25 0C, current density of 41.66 mA/cm2 and number of electrode
6.

4.1.6. Effect of electrode numbers
Fig. (4.1.6) shows the effect of electrode number in removal Ca-Mg hardness efficiencies at
constant pH of 10, current density of 41.66 mA/cm 2, inter electrode distance of 0.8 cm,
temperature of 250C and time at 15 min with monopolar connection was higher than the
bipolar electrodes connection method. With increasing in electrode number, the Ca-Mg
hardness removal efficiency increases up to 6 electrodes on the removal efficiencies of CaMg hardness in the solution It can be due to more consumption of energy and then production
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more flocs in shorter time.
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Fig. (4.1.6) Effect of number electrode on removal efficiency of Ca-Mg- hardness using Al, Fe and SS
electrodes at 15 min, pH 10, temperature 25 0C inter-electrode distance 0.8 cm and current density of
41.66 mA/cm2.
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4.1.7. The effect of selected electrode's category
Figs. (4.1.1-4.1.6) display the effect of selected electrode's category on the removal
efficiencies of Ca-Mg hardness in the solution at constant pH of 10, current density of 41.66
mA/cm2, inter electrode distance of 0.8 cm, temperature of 25 0C and time at 15 min. In
electrochemical processes, the type of the selected electrode has a significant effect on
removal efficiency. Therefore, it is important to select a suitable type of electrode. The
aluminum, iron and stainless steel electrodes were selected because of their non-toxic nature,
cheap and easy accessibility (Bazrafshan, 2007). In this study, regarding the removal of
hardness, aluminum-rod electrodes were 92%, more efficient than its stainless steel and iron
equivalents (Kuma, 2004) and due to their high efficiencies, aluminum electrodes were used
in this study.
4. 2. Effect of studied factors on nitrate and nitrite removal from brine water
4.2.1 Effect of retention time (min)
Figs. (4.2.1and 4.2.2) illustrate the effect of retention time on the removal efficiencies nitrate
and nitrite at constant current density of 41.66mA/cm 2, pH 10, inter electrode distance of 0.8
cm and temperature of 250C through EC process using Al, SS and Fe electrodes. It has been
shown that by increasing the reaction time, an enhanced rate of removal resulted; so that,
maximum removal efficiencies were achieved at time of 15 min using all working electrodes
as represented in Figs. (4.2.1and 4.2.2). Increase in retention time in the case of constant
potential difference and pH, increases the efficiency of nitrate and nitrite removal and this is
because of precipitation of flocs that cause removal of hardness particles.
AL

NO3- Removal efficinecy %

100

Fe

SS

90
80
70
60
50
40
30
20
0

10

20

30

40

50

60

70

Time (min)

Fig. (4.2.1) Effect of time on removal efficiency of nitrate using Al, Fe and SS electrodes at current density
of 41.66 mA/cm2, pH 10, inter-electrode distance 0.8 cm, temperature 25 0 C and number of electrode 6.
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Fig. (4.2.2) Effect of time on removal efficiency of nitrite using Al, Fe and SS electrodes at current density
of 41.66 mA/cm2, pH 10, inter-electrode distance 0.8 cm, temperature 25 0 C and number of electrode 6.

4.2.2 Effect of current density (mA/cm-2)
The amount of current per area of the electrode defined by current density (CD). It is an
important parameter in removal efficiencies (Feng et al., 2007). In all electrochemical
processes, current density is the most important parameter for controlling the reaction rate
within the electrochemical reactor (Mollah et al., 2001), affects the life-time of the electrodes
during EC process (Zaroual et al., 2006) and directly affecting electrocoagulation performance
and operating costs (Alaton et al., 2008). CD can be formulated as:
CD = I/S

(4.4)
2

Where CD is the current density (mA/cm ), I is the current (mA) and S is the total area of
anode (cm2) (Parsa et al., 2011).
As the current density decreased, the time needed to achieve similar efficiencies increased. If
current density increased the % removal of contaminants also increased. The increasing of
current density always increases the cost of treatment, so it is necessary to select an optimum
value of current density for efficient treatment and minimum cost (Ajjam and Ghanim, 2012).
To examine the effect of current density on nitrate and nitrite removal efficiency, a series of
experiments were carried out with the current density ranging from (10-80 mA/cm2) at a pH of
10, Al, Fe, SS electrodes, surface area ratio of anode to cathode 1, electrode number 6, interelectrode distance of 0.8 cm and temperature of 25 oC. From Figs. (4.2.3 and 4.2.4) it can be
indicated that the optimum current densities were 41.66 mA/cm2 for all electrodes. The

50

removal efficiencies of nitrate were 85, 82 and 84% while nitrite were 62.7, 54.5 and 60%
using Al, Fe and S-S electrodes at 30 min respectively.
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Fig. (4.2.3) Effect current density on removal efficiency of nitrate using Al, Fe and SS electrodes at time 30
min, pH 10, inter-electrode distance 0.8 cm, temperature 25 0 C and number of electrode 6.
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Fig. (4.2.4) Effect of current density on removal efficiency of nitrite using Al, Fe and SS electrodes at time
30 min, pH 10, inter-electrode distance 0.8 cm, temperature 25 0 C and number of electrode 6.

4.2.3. Effect of temperature (oC)
The effect of temperature on the removal of pollutants through EC has been studied in a few
articles. Effect of temperature from 10 to 50 oC has been studied for the removal efficiencies of
nitrate and nitrite as shown in). A series of experiments were carried out to evaluate effect of
initial pH varying in the range (2-11 ) with the current density (44.66 mA/cm 2), Al, Fe, SS
electrodes, surface area ratio of anode to cathode 1, electrode number 6, inter-electrode
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distance of 0.8 cm and temperature of 25 0C oat time 30 min and temperature of 25 oC
Figs.(4.2.5 and 4.2.6) The figures indicate that the nitrate and nitrite removal efficiencies
decrease with increasing temperatures above 10 oC and less 50 oC.therefore25 oC was fixed as
optimal temperature under the same conditions mentioned.
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Fig. (4.2.5) Effect of temperature on removal efficiency of nitrate using Al, Fe and SS electrodes at time 30
min, current density of 41.66 mA/cm2, pH 10 inter-electrode distance 0.8 cm and number of electrodes 6.
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Fig. (4.2.6) Effect of temperature on removal efficiency of nitrite using Al, Fe and SS electrodes at time 30
min, current density of 41.66 mA/cm2, pH 10 inter-electrode distance 0.8 cm and number of electrodes 6.

4.2.4 Effect of initial pH
It has been established in previous studies that initial pH has a considerable effect on the
efficiency of the electrocoagulation process for removal of pollutants (Lakshmi and
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Sivashanmugam, 2013). A series of experiments were carried out to evaluate effect of initial
pH varying in the range (2-11) with the current density (44.66 mA/cm 2), Al, Fe, SS electrodes,
surface area ratio of anode to cathode 1, electrode number 6, inter-electrode distance of 0.8 cm
and temperature of 25 oC at time 30 min and temperature of 25 oC. Figs. (4.2.7 and 4.2.8)
display that the removal efficiencies of the nitrate nitrite Were at

basic medium (pH 10),

using all working electrodes.
AL

Fe

ss

NO3- Removal efficinecy %

90
80
70
60
50
40
30
20
10
0
0

2

4

6

8

10

12

pH (value)
Fig. (4.2.7) Effect of pH on removal efficiency of nitrate using Al, Fe and SS electrodes at time 30 min,
current density of 41.66 mA/cm2, inter-electrode distance 0.8 cm temperature 25 0C number of electrode 6.
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Fig. (4.2.8) Effect of pH on removal efficiency of nitrite using Al, Fe and SS electrodes at time 30 min,
current density of 41.66 mA/cm2, inter-electrode distance 0.8 cm temperature 25
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electrode 6.

3.2.5. Effect of inter electrode distance
Figs. (4.2.9 and 4.2.10) display the effect of inter electrode distance on nitrate and nitrite
removal at 30 min using Al, Fe and SS electrodes respectively at current density of 41.66 mA
cm-2, a temperature of 25 C and pH of 10. Figures show that, as the distance between the
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two electrodes decreased, the removal efficiency increased due to the increment of the
electrical conductivity reaching the maximum value at 0.8 cm. However, with increasing the
distance 0.8 to 2 cm the removal efficiency decreased. It can be attributed that with
increasing of distance between electrodes at constant voltage, electrical resistance between
electrodes increases and current passed through electrodes decreases. The decreasing of
current, lead to lower production of hydroxyl ions and dye removal efficiency decrease
(Song, 2007).
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Fig. (4.2.9) Effect of inter electrode distance on removal efficiency of nitrate using Al, Fe and SS electrodes
at time 30 min, current density of 41.66 mA/cm2, pH 10 temperature 250 C and number of electrode 6.
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Fig. (4.2.10) Effect of inter electrode distance on removal efficiency of nitrite using Al, Fe and SS electrodes
at time 30 min. current density of 41.66 mA/cm2, pH 10, temperature 25 0C and number of electrode 6.

4.2.6. Effect of surface area ratio of anode to cathode
The surface area ratio varied by gradually removing the submerged cathode from the solution
while keeping the submerged area of the anode constant. Figs. (4.2.11 and 4.2.12) show the
relation between the removal of nitrate and nitrite in the solution and the anode to cathode
surface area ratio. It was noted that by increasing the surface area ratio, the nitrate and nitrite
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removal rose almost linearly and reached a maximum value of (85, 82 and 84%) and (62.7,
54.5 and 60%) for Al, Fe and SS respectively at an optimal ratio of unity. Although, this
result agreed with previous work for nitrite removal (Rajeshwar and Inanez, 1997); it was not
consistent with that reported by Reyter et al. (2010) for the conversion of nitrate to nitrogen.
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Fig. (4.2.11) Effect of surface area ratio of anode to cathode on removal efficiency of nitrate using Al, Fe
and SS electrodes at time 30 min, current density of 41.66 mA/cm2, pH 10, temperature 25 0C and
number of electrode 6.
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Fig. (4.2.12) Effect of surface area ratio of anode to cathode on removal efficiency of nitrite using Al, Fe
and SS electrodes at time 30 min, current density of 41.66 mA/cm2, pH 10, temperature 25 0C and
number of electrode 6.

4.2.7. Effect of electrode numbers
Figs. (4.2.13 and 4.2.14) show that with increases in electrode number, the nitrate and nitrite
removal efficiency increases up to 6 electrodes. It can be due to more consumption of energy
and then production more flocs in shorter time. This results has been also confirmed by Lin in
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China (Lin and Wu, 1996). According to Figs. (4.2.13 and 4.2.14) the nitrate and nitrite
removal efficiency with monopolar connection was higher than the bipolar electrodes
connection method. It can be due to more consumption of electric energy in the monopolar
connection and more production of flocs in shorter time. But more energy consumption will
be followed.
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Fig. (4.2.13) Effect of number of electrodes on removal efficiency of nitrate using Al, Fe and SS electrodes
at time 30 min, current density of 41.66 mA/cm2, pH 10, distance 0.8 cm and temperature 25.
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Fig. (4.2.14) Effect of Effect of number of electrodes on removal efficiency of nitrite using Al, Fe and SS
electrodes at time 30 min, current density of 41.66 mA/cm 2, pH 10, distance 0.8 cm and temperature 25.
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4.2.8. The effect of selected electrode's category
Experiments carried out in varying the materials of electrodes using three different electrodes
(Al, Fe and SS) at constant pH of 10, current density of 41.66 mA/cm 2, inter electrode
distance of 0.8 cm, temperature of 25 0C and time at 30 min as indicated in Figs. (4.2.14.2.14) on the removal efficiencies of nitrate and nitrite in the solution. In electrochemical
processes, the type of the selected electrode has a significant effect on removal efficiency.
Therefore, it is important to select a suitable type of electrode. In this work aluminum-rod
electrodes were more efficient than its stainless steel and iron equivalents and due to their
high efficiencies, aluminum electrodes were used in this study.

4.3. Effect of studied factors on phosphate and COD removal from brine water
4.3.1. Effect of Electrolysis Time (min)
Time of electrocoagulation is the time taken by the process to generate metal hydroxides and
to complete coagulation of the impurities. To explore the effect of time, experiments must
have carried out at intervals time range from (5-120 min), at constant pH of 10, current
density of 41.66 mA/cm2, inter electrode distance of 0.8 cm and temperature of 25 0C using
Al, Fe and SS electrodes. As seen in Figs (4.3.1 and 4.3.2) most of phosphate and COD
removal is reached under some optimal values of electrocoagulation duration (30 mins).
Further increase of the electrocoagulation time has a small influence on the degree of
phosphate and COD removal, and from the figures, after 30 mins of electrocoagulation
results become very close to each other. Generally, for a fixed current density, the generated
metal hydroxide increases with an increase in the electrolysis time. For a longer electrolysis
time, there is an increase in the generation of flocs resulting in an increase in the pollutant
removal efficiency. For an electrolysis time beyond the optimum electrolysis time of 30 mins,
the pollutant removal efficiency does not increase as sufficient numbers of flocs are available
for the removal of the pollutant. These results are similar to the results of the previous
workers (Khandegar,2013 and Nasser 2012).
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Fig. (4.3.1) Effect time on removal efficiency of phosphate using Al, Fe and SS electrodes at pH 10, distance
0.8 cm temperature 25, current density of 41.66 mA/cm2 and number of electrode 6.
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Fig. (4.3.2) Effect time on removal efficiency of COD using Al, Fe and SS electrodes at pH 10, distance 0.8
cm temperature 25, current density of 41.66 mA/cm 2 and number of electrode 6.

4.3.2 Effect of Current Density ( mA/cm2 )
Current density is described as the amount of electricity applied per surface area of the anode.
As seen in Figs. (4.3.3 and 4.3.4) experiments curried out at intervals current densities range
from (8.33-66.6 mA/cm2), at constant pH of 10, time of 30 min, inter electrode distance of
0.8 cm and temperature of 25 0C using Al, Fe and SS electrodes, it is found that the efficiency
of phosphate and COD removal has increased by increasing current density. At high current
density the quantity of M3+ from anode dissolution increases according to Faraday's low. As a
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result, the amount of metal hydroxide increases, which adsorbs a large amount of phosphate
and COD on its surface. In other words by increasing the current of the cell the amount of
hydro cathode increases, resulting in a greater upwards flux and a faster removal of the
pollutant and sludge increase in current density above the optimum current density does not
result in an increase in the pollutant removal efficiency as sufficient number of metal
hydroxide flocs is available for the sedimentation of the be concluded that the increase in
current density results in an increase in the removal efficiency in accordance with earlier
studies (El-Ashtoukhy, 2013; İ

z

6.
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Fig. (4.3.3) Effect current density on removal efficiency of and phosphate using Al, Fe and SS electrodes
at time30 min, pH 10, distance 0.8 cm, temperature 25, and number of electrode 6.
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Fig. (4.3.4) Effect current density on removal efficiency of COD using Al, Fe and SS electrodes at time 30
min, pH 10, distance 0.8 cm, temperature 25 and number of electrode 6 .
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4.3.3. Effect of Temperature
To investigate the effect of temperature on the percentage removal of phosphate and COD,
experiments curried out at intervals range of temperature from (10-50 0C), at constant pH of
10, current density of 41.66 mA/cm2, inter electrode distance of 0.8 cm and at time of 30 min.
using Al, Fe and SS electrodes as indicated in Figs (4.3.5 and 4.3.6). The percentage removal
of phosphate and COD increases as the temperature increases from 10 to 40 0C. Increase of
temperature increases the rate of Al 3+ hydrolysis to Al(OH)3 (Laidler, 199) Increase the
temperature increases the diffusivity of Al3+ according to the Stokes-E

‟ equation with

a consequent increase in the rate of mass transfer of Al3+ from the anode surface to the
solution bulk. beyond this temperature, there is a negative effect on removal efficiency.
Temperature influences the rate of removal via the Beyond 40 0C solubility of Al(OH)3 in the
solution decrease.
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Fig. (4.3.5) Effect temperature on removal efficiency of phosphate using Al, Fe and SS electrodes at time
30 min, pH 10, distance 0.8 cm, temperature 25, current density of 41.66 mA/cm 2 and number of electrode
6.
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Fig. (4.3.6) Effect temperature on removal efficiency of COD using Al, Fe and SS electrodes at time 30
min, pH 10, distance 0.8 cm, temperature 25, current density of 41.66 mA/cm 2 and number of electrode 6.

4.3.4. Effect of Initial pH
It has been established that the pH value of the solution is an important parameter which
influences the performance of the electrocoagulation process. To examine the effect of pH on
the percentage removal of phosphate and COD, experiments curried out at intervals range of
pH from (2-11), at constant temperature of 25 0C, current density of 41.66 mA/cm2, inter
electrode distance of 0.8 cm and at time of 30 min. using Al, Fe and SS electrodes. Figs
(4.3.7 and 4.3.8). display the effect of pH on percentage removal of phosphate and COD. The
data showed that the percentage removal of phosphate and COD increased at higher pH (pH
10). This is attributed to the amphoteric character of metal hydroxide which does not
precipitate at very low pH (Zhu, 2007) while high pH leads to the formation of M(OH)4which
is soluble and useless for adsorption of pollutant (Gharib, 2010). The results show that the
optimal pH is 10 at which higher percentage removal of phosphate and COD could be
reached. These results are accordance with published works (Akpor,2008).
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Fig. (4.3.7) Effect pH on removal efficiency of phosphate using Al, Fe and SS electrodes at time 30 min,
distance 0.8 cm, temperature 25 0C, current density of 41.66 mA/cm2 and number of electrode 6.
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Fig. (4.3.8) Effect pH on removal efficiency of COD using Al, Fe and SS electrodes at time 30 min,
distance 0.8 cm, temperature 25 0C, current density of 41.66 mA/cm2 and number of electrode 6.

4.3.5. Effect of inter electrode distance
Experiments were carried out at interval distances between each couple of anode and cathode
range from (0.5-2 cm), at constant pH of 10, current density of 41.66 mA/cm 2, time of 30
min. and temperature of 25 0C using Al, Fe and SS electrodes to explain the effect distances
between each couple of anode and cathode on the phosphate and COD removal efficiencies.
Increase the distance between each couple of anode and cathode electrodes leads to increased
voltage as represented in Figs. (4.3.9 and 4.3.10). Distance between anode and cathode
electrodes was chosen to be 0.8 cm as shown in figures above Because of diminished ions
aggregation, hydroxide polymers, decreased rate of suspended. Enhancing electrolyte
constancy and spacing will eventually lead to decreased removal efficiency. By decreasing or
increasing the distance, the removal efficiency was decreased.
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Fig. (4.3.9) Effect distance on removal efficiency of phosphate using Al, Fe and SS electrodes at time 30
min, pH 10, distance 0.8 cm, temperature 25, current density of 41.66 mA/cm2 and number of electrode 6
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Fig. (4.3.10) Effect distance on removal efficiency of COD using Al, Fe and SS electrodes at time 30 min,
pH 10, distance 0.8 cm, temperature 25, current density of 41.66 mA/cm 2 and number of electrode 6.

4.3.6. Effect of surface area ratio of anode to cathode
Figs. (4.3.11 and 4.3.12) represent the effect of surface area ratio on the removal efficiencies of
phosphate and COD at constant pH of 10, current density of 41.66 mA/cm 2, inter electrode
distance of 0.8 cm, temperature of 25 0C and time at 30 min using Al, Fe and SS electrodes.
Figs. (4.3.11 and 4.3.12) show that by increasing the surface area ratio, the phosphate and
COD removal increase up to reach maximum value at an optimal ratio of unity
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Fig. (4.3.11) Effect ratio of anode to cathode on removal efficiency of phosphate using Al, Fe and SS
electrodes at time 30 min, pH 10, distance 0.8 cm, temperature 25 0C, current density of 41.66 mA/cm2 and
number of electrode 6.
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Fig. (4.3.12) Effect ratio of anode to cathode on removal efficiency of COD using Al, Fe and SS electrodes
at time 30 min, pH 10, distance 0.8 cm, temperature 25 0C, current density of 41.66 mA/cm2 and number
of electrode 6.

4.3.7. Effect of electrode numbers
Figs. (4.3.13 and 4.3.14) display the effect of electrode number on the removal efficiencies of
phosphate and COD at constant pH of 10, current density of 41.66 mA/cm 2, inter electrode
distance of 0.8 cm, temperature of 25 0C and time at 30 min using Al, Fe and SS electrodes.
With increasing in electrode number, the phosphate and COD removal efficiencies increases
up to 6 electrodes. It can be due to more consumption of energy and then production more
flocs in shorter time.
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Fig. (4.3.13) Effect number of electrode on removal efficiency of phosphate using Al, Fe and SS electrodes
at time 30 min, pH 10, distance 0.8 cm, temperature 25 and current density of 41.66 mA/cm 2.
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Fig. (4.3.14) Effect number of electrode on removal efficiency of COD using Al, Fe and SS electrodes at
time 15 min, pH 10, distance 0.8 cm, temperature 25 0C and current density of 41.66 mA/cm2.

4.2.8. The effect of selected electrode's category
Figs. (4.3.1-4.3.14) show the effect of selected electrode's category on the removal
efficiencies of phosphate and COD in the solution using three different (Al, Fe and SS)
electrodes at constant pH of 10, current density of 41.66 mA/cm 2, inter electrode distance of
0.8 cm, temperature of 25 0C and time at 30 min. In electrochemical processes, the type of the
selected electrode has a significant effect on removal efficiencies of phosphate and COD.
Therefore, it is important to select a suitable type of electrode. The aluminum, iron and
stainless steel electrodes were selected because of their non-toxic nature, cheap and easy
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accessibility in this study, regarding the removal of phosphate and COD, aluminum-rod
electrodes were more efficient than its stainless steel and iron equivalents and due to their
high efficiencies, aluminum electrodes were used in this study.

4.4. Effect of studied factors on sodium hypochlorite (NaOCl) generation from brine
water before and after treatment
4.4.1. Effect of electrolysis time (min)
Fig. (4.4.1) represents the effect of time on hypochlorite generation by using C/PbO2
electrodes before and after treatment in the solution at constant pH of 11.5, current density of
500 mA/cm2, inter electrode distance of 7 cm, and temperature of 10 0C. Electrolysis was
carried out at different time intervals between 10 and 120 min under the previous experiment
conditions. An increase of electrolysis duration up to 90 min leads to the increase in
hypochlorite generation for C/PbO2 electrodes. Further increase in time has no significant
effect.
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Fig. (4.4.1) Effect of time on generation of sodium hypochlorite using Al, Fe and SS electrodes at time 90
min, pH 11.5, distance 7 cm, current density of 500 mA/cm2 and temperature 10 0C.

4.4.2. Effect of current density (mA/cm2 )
The rate of an electrochemical reaction is measured as current density, current per area. As
current density controls the reaction rate that may be the most frequently referred term in an
electrochemical process (Chen, 2004). In this work, current densities ranged from 62.5-375
mA/cm2 at constant pH of 11.5, inter electrode distance of 7 cm, temperature of 10 0C and
time at 90 min. As the current density increases, hypochlorite production also increases.
However, the cell temperature also increases with the increase in current density. Fig. (4.4.2)
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shows that the concentration of NaOCl increases up to 500 mA/cm2 by using C/PbO2
electrode. At current densities higher than 500 mAcm−2 the concentration of NaOCl
decreases due to the increase in temperature and the decomposition of hypochlorite. The
optimum current density obtained at the maximum hypochlorite concentration is 500
mA/cm2. It is evident that the decrease of energy consumption is due to the increased current
efficiency (CE) (Gilbert, 1997).
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Fig. (4.4.2) Effect of current density on generation of sodium hypochlorite using Al, Fe and SS electrodes
at time 90 min, pH 11.5 distance 7 cm and temperature 10 0C.

4.4.3 Effect of initial pH
Fig. (4.4.3) display the effect of pH variation value on the hypochlorite generation from brine
water by using C/PbO2 electrode. The operating conditions were: at constant current density
of 500 mA/cm2, inter electrode distance of 7 cm, temperature of 10 0C and the time of
electrolysis of 90 min for C/PbO2 electrode. It is clear from these results that the efficiency of
hypochlorite generation increases gradually with increasing pH value to 11.5 and then fall
down. Therefore, the optimum maximum values of the hypochlorite generation were obtained
at pH 11.5. Fig. (4.4.3) show that the efficiency rate of sodium hypochlorite generation
increased as the pH value increasing in C/PbO2 electrode. The basic medium initiated the
absorption of chlorine which produced on the anode, and then the percentage of hypochlorite
will be increased because the reaction between chlorine and
NaOH will produce sodium hypochlorite (NaOCl) according to the following reaction:
NaOH + Cl

NaOCl + Cl -

+ H+
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(4.5)

Further, basic medium decreases the losses of chlorine gas which is produced on the anode
and this also increases the percentage of sodium hypochlorite. The most stable sodium
hypochlorite solutions are those at pH between 11.5 (Ronco,2007).

befor Treted SS

Treated SS

Treated Fe

Treated Al

NaOCl concentration (ppm)

12000
10000
8000
6000
4000
2000
0

0

2

4

6

8

10

12

pH (value)
Fig. (4.4.3) Effect of pH on generation of sodium hypochlorite using Al, Fe and SS electrodes at time 90
min, pH 11.5, current density of 500mA/cm2, distance 7 cm and temperature 100C.

4.4.4. Effect of temperature (oC )
Temperature plays a vital role in the electro generation of hypochlorite using C/PbO 2
electrode. Fig. (4.4.4) illustrates that the increase of temperature up to 10 °C decreases the
NaOCl concentration as well as the current efficiency (CE) of the reaction. Low temperature
favors the generation of NaOCl. A higher temperature leads to the chemical decomposition of
the hypochlorite formed as explained earlier. The electrolyser has to be maintained at ambient
temperature (10 °C) at which the maximum NaOCl concentration is about 4% for C/PbO 2
electrode. These experiments were carried out under constant pH of 11.5, current density of
500 mA/cm2, inter electrode distance of 7 cm and time at 90 min. The NaOCl production rate
depends on temperature((Kraft,199) At temperatures between 20 and 30°C, there is a drop in
the production of the hypochlorite. Over this small temperature range, the NaOCl production
rate is lowered and NaOCl tends to chemically decompose to sodium chlorate at 35°C
(Ronco, 2007). It is clear from Fig. (4.4.4) that the optimum temperature of NaOCl
production is 10°C from brine water before and after treatment solution using Pb/PbO 2
electrode. At low temperature, the loss of chlorine gas decreases, so NaOCl is increased.
(Kraft,199)
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Fig. (4.4.4) Effect of temperature on generation of sodium hypochlorite using Al, Fe and SS electrodes at
time 90 min, pH 11.5, current density of 500 mA/cm2, distance 7 cm.

4.4.5. Effect of inter electrode spacing
Inter-electrode spacing is a vital parameter in sodium hypochlorite production using
electrochemical process. Increasing the electrodes spacing will reduce the capital cost of
treatment but may reduce the treatment efficiency. Hence, an optimization of this parameter
is critical. Variation of sodium hypochlorite production as a function of inter-electrode
spacing is presented in Fig. (4.4.5) under constant pH of 10, current density of 500 mA/cm2,
temperature of 10 0C and time at 90 using C/PbO2 electrode. Analysis of Fig. (4.4.5) revealed
that the rate of sodium hypochlorite production increased as the inter-electrode spacing
decreased. Maximum production of sodium hypochlorite was achieved for spacing of 8 cm.
However, further reduction in inter electrode spacing does not increase the process efficiency.
Therefore, beyond a gap of 8 cm, the production of sodium hypochlorite dropped and is
inauspicious. The brine solution whose electrolysis is being carried out contains the sodium
(Na+) and Chloride (Cl-) ions distributed throughout the solution. When two oppositely
charged electrodes are immersed in the solution, the sodium (Na +) and Chloride (Cl-) ions
move towards the oppositely charged electrodes. Both the electrodes are separated uniformly
to maintain a critical uniform distance from each other. This critical distance in case of
sodium hypochlorite production is 8 cm. This distance is maintained for optimum operation
and for the quick removal of hydrogen from
cell (Afsar,2005).
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Fig. (4.4.5) Effect of distance on generation sodium hypochlorite using Al, Fe and SS electrodes at time 90
min, pH 11.5, distance 7 cm, current density of 500 mA/cm2 and temperature 100C.

4.4.6. Effect of surface area ratio of anode to cathode
The effect of the ratio of surface areas of anode to cathode on the process efficiency for the
production of sodium hypochlorite has been studied. In this work surface area ratio was
varied by gradually removing the submerged cathodes from the solution while keeping the
submerged area of anodes constant. Results of the six experiments are presented in Fig.
(4.4.6) at constant pH of 11.5, current density of 250 mA/cm2, inter electrode distance of 7
cm, temperature of 10 0C and time at 90 using C/PbO2 electrode.
Fig. (4.4.6) shows the relation between produced sodium hypochlorite concentration in the
brine water before and after treatment and the anode to cathode surface area ratio after 90
minutes of runs. It is to be noted that by increasing surface area ratio, the production of
sodium hypochlorite rose almost linearly up to a ratio of unity and after that the rate of
increase appeared to decline slightly. However, slow increase in the production of sodium
hypochlorite was observed. These findings are in a reasonable agreement with the results
reported in literature, claiming that a larger Sa to a larger Sc would enhance the production of
sodium hypochlorite) (Ramesh Babu, 2007). Results show that changing the surface area
ratio affects the amount of sodium hypochlorite produced. This attribute may be due to the
inhibition of some of the side reactions involved.
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Fig. (4.4.6) Effect of surface area ratio of anode to cathode of generation sodium hypochlorite using Al, Fe
and SS electrodes at time 90 min, pH 11.5, current density 500 mA/cm2, distance 7 cm and temperature
10 0C.
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Conclusion:
1. The present study attempted to investigate the applicability of an electrocoagulation
method in the treatment of brine water. Determine the effects of various operating
parameters on the removal efficiency of the calcium-magnesium hardness, nitrite,
nitrate, phosphate and chemical oxygen demand (COD) on the brine water such as
current density, initial pH, electrode kind, surface area ratio of anode to cathode,
electrode number, inter-electrode distance and temperature.
2. The treating of brine water using different electrodes was affected by different types
of parameters such as current density, initial pH, surface area ratio of anode to
cathode, inter-electrode distance and temperature
3. Determine the effects of various operating parameters on the generation of sodium
hypochlorite from the brine water treated by Al, Fe and S-S electrodes using
electroxidation method on the brine water using C/PbO2 such as current density,
initial pH, surface area ratio of anode to cathode, inter-electrode distance, time and
temperature.
4. The optimal operating condition for removal of Ca-Mg hardness were: initial pH of
10, inter electrode distance 0.8 cm, the ratio of anode to cathode surface area was
unity, temperature of 25oC, current density 41.66 mA/cm2 and at time of 15 min using
Fe, S-S and Al electrodes, respectively. While the optimal operating condition for
nitrate, nitrite and phosphate were: initial pH of 10, inter electrode distance 0.8 cm,
the ratio of anode to cathode surface area was unity, temperature of 25 oC, current
density 41.66 mA/cm2 and at time of 30 min using Fe, S-S and Al electrodes,
respectively. The results showed that the removal percentage for Ca-Mg hardness
(92.05, 83.8 and 88.2%), nitrite (62.7, 54.5, 60 %), nitrate (85, 82 and 84 %), phosphate
(96, 92.3 and 94.2%) and COD (84, 69 and 75 %) using Al, Fe SS electrodes
respectively.
5. The optimal operating condition for generation sodium hypochlorite were initial pH
of 10, inter electrode distance 7cm, the ratio of anode to cathode surface area was
unity, temperature of 10 oC, current density 500 mA/cm2 and at time of 90 min using
C/PbO2 electrodes. The results showed that the hypochlorite concentration was (312.4
ppm) before treatment of brine water and (7497.6, 5997.6 and 9997.6 ppm) after
treatment using Al, Fe and SS electrodes at respectively.
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