AL-Azhar University – Gaza
Dean of Postgraduate Studies and Research Affairs
Institute of Water and Environment

Combination of Electrochemical Treatment and Sand Filtration as a
Pretreatment Step for Seawater Desalination System

By
Ibrahim Rasheed Al-Shaikh

Supervisors
Prof. Dr. Farid R. Zaggout

Dr. Khamis M. AL-Mahallawi

Professor of Analytical Chemistry

Water Quality Management

Department of Chemistry

General Director at Environment

Al-Azhar University – Gaza

Quality Authority

A Thesis Submitted in Partial Fulfillment of the Requirement for the Degree of Master in Water
and Environmental Sciences
October, 2016

AL-Azhar University – Gaza
Dean of Postgraduate Studies and Research Affairs
Institute of Water and Environment

Combination of Electrochemical Treatment and Sand Filtration as a
Pretreatment Step for Seawater Desalination System

By

Ibrahim Rasheed Al-Shaikh

This thesis was defended successfully on ------------.
Committee of Evaluation
Prof. Dr. Farid R. Zaggout

………………………………...

Supervisor
Dr. Khamis M. AL-Mahallawi

………………………………...

Supervisor
Dr.

………………………………...

Internal Examiner
Dr.
External Examiner

………………………………...

DEDICATION

I would like to dedicate this thesis
To my teacher soul Prof. Dr. Farid R. Zaggout
To my great parents to whom I owe everything since I
was born.
To my mother supported and encouraged me at all
To my sweetheart Safa
To my brothers and sisters
To My Friends and Colleagues …

To all knowledge seekers…

And all those who believe in the richness of learning

I

ACKNOWLEDGEMENT

First of all I praise Allah for blessings and guidance in fulfilling this goal
and for his unlimited graces.
I would like to express my deepest thanks to my supervisor

Dr. Khamis

AlMahallawi for his guidance and his helpful suggestions during my work to
complete this thesis.
I would like to express my deepest gratitude to the soul of Prof. Dr. Farid
Zagout for his valuable guidance and for his supervision on this dissertation.
I am deeply indebted and grateful to Dr. Khaldoun Abu hun -Department of
Water and Environment for his kind cooperation.
Special thanks are extended to the middle East Desalination Research Center
(MEDREC), for their financial support.
I would like to express my greatest thanks to Ms. Waffa Elsaafeen and Ms.
Rewa'a abu Saelik for their support .
Deep thanks and appreciation to my family, especially my dear father, my
dear mother for their encourage and support, my brothers especially Mostafa
and my sisters especially Heba

for their kindness and moral supports, to

them I send my greatest appreciation and eternal gratitude.
I am thankful to all colleagues and friends those who have assisted, guided,
encouraged me and supported me in my studies leading to this thesis and
made my stay at the university a memorable and valuable experience.

II

Abstract

Feed water that need to be pretreated before using reverse osmosis is characterized by
containing turbidity, bacterial content, total hardness and silicates which causes fouling
and scaling in membrane performance. Fouling represents the major constraint to more
cost-effective, and therefore expanded, application of membrane technology in drinking
water treatment. Thus, it is necessary to develop a method which is applicable and cost
effective. The primary goal of this study was to investigate the capability of
electrocoagulation treatment process in combination with sand filtration for removal of
water contaminants from seawater as a pretreatment step to improve the feed water
quality prior to RO desalination. Laboratory scale experiments using sand filter column
was set up by using PVC column at constant height length 120 cm and 4 inches
diameter. The column filled by 10 cm of gravels followed by 80 cm of selected sand,
They operate most effectively at a flow rate of 0.4 – 1.2 m/h (or m3/h/m2), which equates
to 400 – 1200 l/h per m2of filter area , and a static mode batch electro-coagulator reactor
were performed to assess the removal efficiency and select the appropriate (EC)
technology for seawater pretreatment. The experiments were performed using the
following combination of different electrodes Al-Al, Fe-Fe and SS-SS. The electrodes
were connected in a monopolar connection mode. Various operating variables such as
electrode types, current density, operating time, pH, temperature and inter electrode
distance were evaluated in an attempt to achieve a maximum possible removal capacity
for seawater contaminants such as: Turbidity, Silicates, Total hardness, Chemical
Oxygen Demand, Fecal Coliforms. Silt Density Index (SDI15) was studied as an
indicator to assess the need for pretreatment of feed water before the RO units. Sand
material was provided from local area (Middle area Governorate of the Gaza Strip). The
selection of the sand material was dependent on the analysis of the effective size range
(ES) and the uniformity coefficient (UC) which was 0.6 and 1.3 respectively. Seawater
samples were collected from the Mediterranean sea at distance of 300 m from the beach
and 1 meter depth. The ranges of experimental parameters were between 4-10 for initial
pH, 10-50 min operating time, 10-40 oC of temperature, 1-2 cm inter-electrode distance
and 0.2-1.5 mA/cm2 for current density. The results showed that the maximum removal
efficiency of 90%, 38% and 50% by using Al, SS and Fe electrodes respectively was
achieved for Total Hardness under different operational conditions of current density 1.5
mA/cm2, temperature of 10 oC, pH of 4 and inter-electrode distance 1.5 cm using Al
III

electrode, For Fecal Coliforms, 30 minutes operating time, current density of 1.5
mA/cm2 and inter-electrode distance of 0.8 cm were sufficient for 100% removal using
aluminum and iron electrodes and 92.3% for stainless steel electrode. Aluminum
electrode marked the highest removal of Turbidity (90.8%) followed by Fe electrode
(83.2%) and SS electrodes (67.6%) under the operation conditions of current density of
1.5 mA/cm2, temperature of 25 oC, pH of 8 and inter-electrode distance of 1.5 cm. The
optimum conditions for Silicates removal were at pH of 4, temperature of 30 oC, current
density 1.5 mA/cm2 and inter-electrode distance 1.5 cm for Al electrode where the
removal efficiencies were 90%, 85% and 87% for Al, Fe and SS electrodes respectively.
Within the three types of electrodes, Aluminum electrode marked the highest removal of
total hardness (90%), silicate (90%), turbidity (90.8%) and fecal coliforms (100%). Iron
electrode marked same removal as Al electrode for fecal coliforms (100%). The SDI15
of treated water by using SS electrode was 3.8 which was within the recommended level
of less than 4 under the following condition (pH=8, inter-electrode spacing =1.5cm,
operational time = 40 minutes, temperature = 30 oC and current density = 1.5 mA/cm2).
This research indicates that EC offers the potential for a feasible and effective
pretreatment strategy of seawater before the RO desalination process

Keywords: seawater desalination, electrocoagulation, fecal coliforms, total hardness,
silicate, Turbidity,
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ملخص الدراسة
"املعاجلة األولية ملياه
المياه الداخمة عمى األشغيية

البحر يف أنظمة التحلية باستخدام املعاجلة الكهروكيميائية و املرشح الرملي"
ال مغذية ل حدات المعالجة بالتناضح العكسي بحاجة لمعالجة أ لية قبل تمريرىا عمى تمك األشغيية,

يتم

تحديد الحاجة لتمك المعالجة األ لية بما تحت يو المياه من محت ى العكارة محت ى بكتيري عسر الماء السيميكات التي تسبب التسديد
اإلشغالق لمفالتر أ األشغيية المستخدمة .ىناك ضر رة لتحسين تط ير طرق المعالجة األ لية ,بحيث تك ن قابمة لمتطبيق ,فعالة مناسبة
من حيث التكمفة ألن عممية تسديد أشغيية المعالجة تمثل عائقا رئيسيا نتيجة لزيادة التكمفة ,بالتالي الحد من الت سع في استخدام تقنية
األشغيية في معالجة مياه اليرب .اليدف الرئيسي من ىذه الدراسة ى التحقق من مدى كفاءة عممية التخثر الكيربي مع المريح الرممي في

إزالة المم ثات من مياه البحر كمعالجة أ لية لتحسين ج دة المياه الداخمة عمى حدات التحمية بطريقة التناضح العكسيِ .
أجرَيت تجارب
مخبرية باستخدام عم د ترييح رممي ,مفاعل تخثر كيربي يعتمد عمى نظام الدفعات لتقييم كفاءة عممية اإلزالة لبعض المم ثات من أجل
اختيار تقنية التخثر الكيربي المناسبة في عممية معالجة مياه البحر معالجة أ لية .التجارب المخبرية التي تم عمميا كانت باستخدام تركيبة
مختمفة من األقطاب كالتالي :ألمني م -ألمني م  ,حديد -حديد  ,الف الذ المقا م لمصدأ -الف الذ المقا م لمصدأ ,تم ت صيل األقطاب بطريقة
ت صيل أحادي القطب .تم دراسة متغيرات تيغيل مختمفة في عممية التخثر الكيربي ,مثل :أن اع األقطاب المستخدمة ,كثافة يدة التيار,
مدة التيغيل ,درجة الحم ضة ,درجة الح اررة ,المسافة الداخمية بين األقطاب؛ ذلك في محا لة لتحقيق أكبر كفاءة ممكنة في إزالة
المم ثات من مياه البحر كالعكارة ,السيميكات ,عسر الماء الكمي ,بكتيريا الق ل ن الغائطية .تم دراسة كثافة الطمي ) (SDI15كمؤير؛
لتقييم مدى الحاجة لممعالجة األ لية لممياه المغذية ل حدات المعالجة بالتناضح العكسي ,ذلك قبل تمريرىا عمى المريحات .المادة الرممية
الالزمة لتركيب لممريح ال رممي تم أخذىا من الرمال المت فرة في المناطق المحمية (محافظة ال سطى في قطاع شغزة) .اعتمد االختيار لمادة
الرمل المك نة لممريح الرممي عمى تحميل كل من مدى الحجم الفعال ((ES
0.6

 1.3عمى الت الي .تم جمع عينات المياه من مياه البحر المت سط

معامل التماثل االنتظام ( )UCالتي تمثمت قيمتيما ب

ذلك عمى بعد  300متر من ياطئ البحر عمى عمق  1متر.

المدى الذي تم اختياره لمتغيرات التيغيل في التجارب المخبرية كان يت ار ح بين ( (10 - 4لدرجة الحم ضة,

زمن تيغيل من()10-50

دقيقة ,درجة ح اررة تت ار ح من ( )40 - 10درجة مئ ية ,المسافة الداخمية بين األقطاب تت ار ح من ( (2 – 1سنتيمتر ,كثافة يدة تيار
تت ار ح من ( 1.5 - 0.2ممي أمبير/سم .)2أظيرت النتائج أن أقصى كفاءة إزالة لعسر الماء صمت إلى  50% ,38% ,90%باستخدام
أقطاب األلمني م

الف الذ الحديد عمى الت الي ,ذلك تحت الظر ف التيغيمية التالية :ألقطاب األلمني م كانت كثافة يدة التيار  1.5ممي

أمبير/سم ,2درجة الح اررة  10درجة مئ ية ,درجة الحم ضة ) ,4 (pHالمسافة الداخمية بين األقطاب 1.5سم  ,بالنسبة لبكتيريا الق ل ن
الغائطية كانت الظر ف التيغيمية لمدة التيغيل  30دقيقة  ,كثافة يدة التيار  1.5ممي أمبير/سم ,2المسافة الداخمية بين األقطاب 0.8
سم كانت كافية لتحقيق كفاءة إزالة بنسبة  100%باستخدام كل من أقطاب األلمني م الحديد ,نسبة إزالة  92.3%باستخدام أقطاب الف الذ
الذي ال يصدأ .باستخدام أقطاب األلمني م سجمت أعمى نسبة إزالة ) )90.8%لمعكارة ,بينما بمغت النسبة  83.2%باستخدام أقطاب
الحديد,

 67.6%باستخدام أقطاب الف الذ ذلك تحت الظر ف التيغيمية التالية :كثافة يدة التيار  1.5ممي أمبير/سم, 2

درجة الح اررة

 25درجة مئ ية ,درجة الحم ضة ) , 8 (pHالمسافة الداخمية بين األقطاب 1.5سم .الظر ف المثالية إلزالة السيميكات باستخدام أقطاب
األلمني م كانت كالتالي :درجة الحم ضة ( ,4 (pHدرجة الح اررة  30درجة مئ ية ,كثافة يدة التيار  1.5ممي أمبير/سم ,2المسافة
الداخمية بين األقطاب  1.5سم,

بمغت كفاءة اإلزالة إلى السيميكات  90%, 85%, 87%لكل من أقطاب األلمني م الحديد الف الذ عمى

الت الي .باستخدام أن اع األقطاب الثالثة  ,فإن أقطاب األلمني م سجمت أعمى كفاءة في إزالة كل من عسر الماء الكمي (,)90%
السيميكات) ,(90%العكارة ) (90.8%بكتيريا الق ل ن الغائطية .أما أقطاب الحديد فقد سجمت نفس كفاءة أقطاب األلمني م في إزالة
لبكتيريا الق ل ن الغائطية ) .(100%كانت قيمة مؤير كثافة الطمي ( (SDI15لممياه المعالجة باستخدام أقطاب الف الذ  3.8تعد ىذه
القيمة في المدى الم صى بو ( SDI15أقل من  )4ذلك تحت الظر ف التالية :درجة الحم ضة ( ,8 (pHالمسافة الداخمية بين األقطاب
 1.5سم ,زمن التيغيل  40دقيقة  ,درجة الح اررة  30درجة مئ ية,

كثافة يدة التيار  1.5ممي أمبير/سم .2تدل نتائج ىذا البحث

إلى أن عممية التخثر الكيربي ت فر إمكانية معالجة أ لية مجدية فعالة لمياه البحر قبل الدخ ل لعممية التحمية بالتناضح العكسي.
الكممات المفتاحية :تحمية مياه البحر ,التخثر الكيربي ,بكتيريا الق ل ن البرازية ,عسر الماء الكمي ,السيميكات  ,العكارة.
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Fig. 4.23

Effect of operational time on removal efficiency of Fecal Coliforms
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using Al electrode
Fig. 4.24

Effect of operational time on removal efficiency of Fecal Coliforms
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using Fe electrode at optimum conditions
Fig. 4.25

Effect of operational time on removal efficiency of Fecal Coliforms
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using SS electrode at optimum conditions
Fig. 4.26

Effect of voltage on turbidity removal efficiency using Al, Fe and SS
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electrodes
Fig. 4.27

Effect of operational time on turbidity removal efficiency using Al, Fe
and SS electrodes
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CHAPTER ONE
Introduction
1.1 Background
Water scarcity in arid and semi-arid regions along with increasing population growth,
increasing per capita water consumption and drought conditions in different parts of the
world has exacerbated enormous pressure on the available water resources. The Middle
East is one of the driest places on the planet. Average rainfall ranges between 200 – 400
mm per year compared to 720 mm globally and droughts are frequent in the region
(Hazell, P., 2007). The region is also experiencing a rapid population growth where
population has increased almost three operational times in the past four decades (IEA,
2012). For these reasons and others such as poor water management, water resources are
becoming increasingly scarce.
Fresh water shortage problem is the most important difficulty that counters agricultural
and industrial improvement strategies on both Arabic and international levels, where
Arabian region extends along vast arid and semi- arid areas, and mostly lacks for fresh
water resources. There is a growth in demand for new water treatment technologies as
the world‟s population increases and fresh water sources are polluted. Waterborne
diseases are still common in developing countries due to the lack of funding or
appropriate know-how for water purification. Industry also uses these limited water
sources and has to acquiesce to lower quality raw water as a higher proportion of fresh
water is required for human consumption.
The Gaza Strip is suffering from the huge increasing in population which depends
mainly on groundwater. During the last years, water quality has deteriorated and became
unsuitable for human consumption in most parts of the strip. The availability of fresh
water in Palestine is amongst the lowest in the world. In the Gaza Strip the only
available water source is groundwater from the deteriorating Coastal Aquifer underlying
the Gaza Strip, as well as Israel and Egypt. The sustainable yield of the aquifer in the
Gaza Strip is around 55 million cubic meters (MCM)/year. However, more than 1.8
million Palestinians in Gaza consume in excess of 200 MCM/y from the aquifer thus
taking approximately four operational times as much as the aquifer can sustainably….
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recharge each year (PWA, 2015). Therefore, desalination choice has become an
inevitable option to compensate deficiency of water, especially with the long Arabian
costal line, where desalinated seawater is considered renewable fresh water resource. To
face water shortages and bad quality problem, the citizens and the authority in the Gaza
Strip use many options, the major of these options is water desalination where the
reverse osmosis (RO) technology is applied for drinking purposes.
In Gaza, desalinated brackish groundwater has become an important source of drinking
water. Over 20,000 consumers in over 50% of the Gaza households have installed
domestic "reverse osmosis" (RO) units to desalinate water for drinking purposes. The
water quality is high, though the water lacks basic minerals. As of January 2014, there
were 18 neighborhood desalination plants in the Gaza Strip, providing safe drinking
water for free to 95,000 people who come to fill their canisters at the plants. Thirteen of
these plants are operated by UNICEF (Catherine Weibel & Sajy Elmughanni, 2014). As
of 2007, there was one seawater desalination plant in Deir al-Balah in the Gaza Strip,
built in 1997-99. It has a capacity of 600 m3 per day and it is owned and operated by the
Coastal Municipalities Water Utility. The desalinated water is distributed to 13 water
kiosks (Austrian Development Agency, 2007). Desalination of seawater is expected to
become more important in the future through a long-planned regional desalination plant
that would provide desalinated water using the piped water network throughout the
entire Gaza Strip (Alon Tal & Yousef Abu-Mayla, 2013). The Palestinian Water
Authority has consistently emphasized the Desalination project as a priority
infrastructure project in all recent Water Sector Strategies submitted to the National
Plans, including The State of Palestine: National Development Plan 2014-2016.
Seawater desalination plants can receive feed water from different sources, but open
seawater intakes are the most common option. This water carries a lot of contaminants
that can hinder the use of membrane technology. Pretreatment process is needed to
minimize the pressure on the membranes and to lower the cost of treatment. Many
different conventional methods are used for seawater pretreatment which have
environmental implication and high costs. Chemical coagulation and flocculation as a
one of the conventional methods are commonly used as a part of the water purification
systems for the removal of pollutants from raw waters. The use of non-conventional
methods such as electrocoagulation in combination with sand filtration could be a
promising process for seawater pretreatment.
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1.2 Problem definition
The use of membrane technologies for aqueous separations has become very popular
over the past twenty years. Successful use of membranes was first seen with desalination
of brackish water and seawater. However, improvements in materials and manufacturing
technology, mechanical configuration, and cleaning, have expanded membrane
technology to the treatment of waters of varying quality. Communities are searching for
alternatives to conventional treatment for the production of high quality effluents for
various applications and are looking to membrane technologies as they become more
popular.
On other hand, the growth of the membrane technologies has fell far behind the initial
anticipation, one of the major obstacles, which hinders more widespread of its
application, is that the filtration performance inevitably decreases with filtration
operational time. This phenomenon is commonly termed as membrane fouling, which
refers to the blockage of membrane pores during filtration by the combination of sieving
and adsorption of particulates and compounds onto the membrane surface or within the
membrane pores. Pore blockage reduces the permeate production rate and increases the
complexity of the membrane filtration operation. This is the most challenging issue for
further membrane development and applications. Fouling represents the major constraint
to more cost-effective, and therefore expanded, application of membrane technology in
drinking water.
Fouling can occur in several forms and can vary from high- to low-pressure membranes.
Fouling can be classified, based on the type of fouling material, into four categories:
inorganic fouling/scaling, particle/colloidal fouling, microbial/biological fouling, and
organic fouling. Inorganic fouling or scaling is caused by the accumulation of particles
when the concentration of the chemical species exceeds its saturation concentration.
Several studies have shown that increased concentration of Ca2+ and Mg2+ caused more
fouling (Hong S. & Elimelech M., 1997; Lee S. et al., 2005; Quintanilla V. A. Y., 2005).
On the other hand, organic fouling occurs due to the clogging of the membrane by
organic substances, and organic carbons generally concentrate on the internal surface of
the membrane (Schafer A.I., 2001). Microbial/biological fouling is caused by the
accumulation of microorganisms onto the membrane. These microorganisms accumulate
and grow on the membrane due to high concentrations of low molecular weight organic
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carbon compounds such as acetate and amino acids that serve as nutrient source for
bacteria present in the influent water.
In Reverse Osmosis colloidal elements pollution can seriously diminish the performance
by decreasing productivity. An early sign of this pollutant is usually an increasing
pressure gradient. The sources of this pollution in feed water can vary greatly. They are
usually bacteria, clay, and iron corrosion products.
Normally, pre-treatment of feed water is used to control and limit the level of certain
pollutants. The objectives of pre-treatment are i) To enhance the quality of feed water to
a system, ii) To increase the performance of membrane (reduce membrane fouling). So,
pre-treatment of feed water before reverse osmosis (RO) can be considered a key step to
increase the performance of RO membrane. Pre-treatment applies different technologies
to improve the water quality by employing conventional pre-treatment and membrane
technologies. There are many pretreatment methods for desalination of seawater such as
conventional pretreatment by using coagulation, flocculation, sedimentation and filter,
membrane technology by employing high rate dissolved air flotation, MF & UF, beach
well system (Prihasto, et al. 2009), dead-end back washable hollow fiber ultrafiltration
(Ye et al., 2010) ozonation followed by microfiltration (Byung Soo et al., 2009),
nanofiltration (Hilal et al., 2003) and ozonation with biological activated carbon (Lee et
al., 2009). Due to the increasing world population, it is essential to produce the potable
water in good quality by using desalination of seawater (Brehant et al., 2002).
The conventional water pretreatment process is costly and has a side effect. It is noted
that conventional pretreatment may be required to prevent fouling in a membrane for
RO, but conventional pretreatment does not completely remove the colloids and
suspended particles to a desire water quality that may reduce fouling of membrane (Ali
Hashlamon, 2015). seawater chlorination is a very cost-effective way to avoid
biological fouling. Unfortunately, chlorine oxidizes the membrane material. Natural
organic matter (NOM), particles and colloids can be removed by so-called "conventional
treatment" consisting of coagulation followed by deep media filtration for low turbidity
water. Additional steps such as flocculation and sedimentation are needed to add in case
of very turbid shallow seawater. The common coagulants are aluminum silicates,
aluminum hydroxides, aluminum phosphates (Gabelich et al., 2005), ferric chloride,
ferrous sulfate, lime, potassium polymer ferrate (VI), aluminum sulfate and PACI (Polyaluminum Chloride Technology). Chemical products that are used during pre-treatment
may also cause fouling of membranes. The interaction of aluminum residuals with
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ambient silica in RO membrane will form aluminum silicates which causes colloidal
forming in the system. An antiscalant solution should be dosed before the reverse
osmosis membranes to disperse calcium carbonate and sulfates precipitates in order to
avoid scaling. Fine filtration (5-micron) is required as a last step before the RO
membranes to prevent any debris, sand particles or piping material to damage the
membranes.
However, desalination mechanism requires water pretreatment procedures in order to
reduce the compound that cause membrane fouling and clogging such as colloidal
particles, organic substance, microbial contaminants, total hardness and others, to
prevent salts precipitations which hinder thermal and membrane techniques. This current
research studied the ability of electrocoagulation (EC) usage in combination with sand
filtration as a pretreatment process to reduce contaminants of the feed water that affect
the membrane efficiency.

1.3 Goal and objective
1.3.1 Main goal
The study aims at investigating the capability of electrocoagulation treatment process in
combination with sand filtration for removal of water contaminants from seawater as a
pretreatment step to improve the feed water quality prior to desalination.

1.3.2 Objective
To determine how various operating parameters such as current density, reaction
operational time, pH, electrode types, temperature and inter-electrodes distance affect
the efficiency of removing seawater contaminants such as Hardness, Turbidity, Fecal
Coliforms and Silicate with a view to optimize operating condition to minimize the risks
of fouling on the RO units.

1.5 Justification and Significance of the study
Without adequate pretreatment, desalination facilities are destined for reduced life times,
shortened periods of operation, and high maintenance. One of the most significant
factors in successfully (and cost-effectively) operating a reverse osmosis (RO)
desalination plant is the ability of the pretreatment system to consistently produce wellfiltered and relatively particle- and microbe-free water for feed to the RO system.
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Pretreatment is critical in RO applications because it directly impacts fouling of the RO
membranes. Fouling of the RO membranes results in increased operating cost from
increased cleaning demands, increased feed pressures, and reduced membrane life.
Additionally, fouling can result in reduced permeate water quality and permeate
quantity, thereby impacting production from the RO facility. Many conventional
methods are in use today for the pretreatment of seawater. The conventional water
pretreatment process is costly and has a side effect. It is noted that conventional
pretreatment may be required to prevent fouling in a membrane for RO, but
conventional pretreatment does not completely remove the colloids and suspended
particles to a desire water quality that may reduce fouling of membrane (Ali Hashlamon,
2015). Searching for innovative, cheap and effective methods of purifying and cleaning
water contaminants before entering into reverse osmosis (RO) membrane are needed.
Electrocoagulation may be considered as a promising technology for seawater
pretreatment prior to RO desalination plant. Therefore, in this study, electrocoagulation
treatment method with combination of sand filtration was proposed for removal of water
contaminants that cause membrane fouling and clogging to minimize the risks of fouling
on the RO units.

1.6 Thesis structure
This thesis consists of five chapters as following:
Chapter one (Introduction): Chapter one includes general background about water
problem in the Gaza Strip, problem identification, goal and objectives, significance and
justification of the study.
Chapter two (Literature Review): This chapter covers a general literature review on
seawater pretreatment which includes general introduction, seawater characterization
(physical, chemical and biological), membrane fouling, methods used for selection of
the pretreatment, previous studies on electrocoagulation process for contaminants
removal.
Chapter three (Materials and Methods): Discusses the methodology of study
including the media preparation, investigations of sand filter and electro-coagulation
process efficiency for water treatment and other analysis.
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Chapter four (Results and Discussion): Presents the results and findings of this study
including figures show removal efficiency of each parameter in relation to a number of
variables that have been studied such as electrolysis operational time, current density,
inter-electrode distance, temperature, electrode type and pH.
Chapter five (Conclusion and Recommendations): This chapter presents the main
conclusion and recommendations of the study.
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CHAPTER TWO
Literature Review
2.1 Introduction
Desalination using seawater reverse osmosis (RO) technology is an important option
available to water-scarce coastal regions. Worldwide sea water desalination is a very
effective and economical way of producing potable water for drinking and industries.
Reverse osmosis plants to convert seawater to potable drinking water and for other
usages have been prevalent throughout the world for more than 4 decades. Design and
operation of seawater reverse osmosis plants strongly depend on the raw seawater
quality to be treated. The performance of desalination reverse osmosis (RO) systems
relies upon the production of high quality pretreated water, and the selection of the best
pretreatment technology depends on the raw seawater quality and its variations. Number
of full-scale experiences has shown that pretreatment is the key for this application of
reverse osmosis technology. It is why during these last years, an import effort has been
done to identify and to characterize the diverse organic and mineral components present
in the seawater in a view to optimize the seawater pretreatment and to develop advanced
analytical methods for feed water characterization, appropriate fouling indicators and
prediction tools (Sambhu et al, 2009).
This Chapter describes firstly a comprehensive approach to characterize raw seawater
samples through analytical tools which allow the knowledge of the characterization of
seawater from many aspects: (a) inorganic content, (b) natural organic matter, (c)
enumeration of micro-organisms and phytoplankton. Secondly, this Chapter describes
the effect of each of these parameters on the fouling of the reverse osmosis membrane.
Thirdly, this chapter describes the different possible pretreatments available to reduce or
remove the elements or substances up-stream reverse osmosis stage. Fourthly, this
chapter describes the Electrocoagulation principles and its use for water treatment and
contaminants removal.

8

2.2 Seawater characterization
Seawater is a mixture of various salts, organic substances, algae, bacteria and micro
particles present in the water , samples was taken and analyzed as show in table (2.1):
NO. Test
Unit
1
Turbidity
NTU
2
PH
3
Color
4
Electrical Conductivity(EC)
Micro mho/cm
5
Total dissolve solids (TDS)
Ppm
6
Chloride
ppm as CL7
Hardness
Ppm as CaCO3
8
Silt Density Index
%
Table (2.1): Seawater quality Characteristics.

Result
5
7.9
0
59500
35700
22117
8300
<6

Max. Value
5
6.5 -8.5
15
1500
1000
250
500
6

Advanced analytical tools have been developed to allow thorough characterization of
seawater samples from many aspects: (a) inorganic content, (b) natural organic
matter,(c) enumeration of micro-organisms and phytoplankton. The types of foulants
most commonly encountered in RO systems include (Eugene T. et al., 2010):
• Inorganic & particle fouling: Accumulation of particles on the membrane surface not
removed from the raw water during the filtration process in the pretreatment. The
indicators of sufficient reduction of suspended solids and particles are turbidity
values of less than 0.5 Nephelometric Turbidity Unit (NTU) and Silt Density Index
(SDI) values of less than 4.
• Colloidal fouling: Deposition of metal oxides, proteins, silicates, organic matter, and
clay creating a colloidal slime on the membrane surface. Colloidal fouling is due to
the presence of suspended solids in water, such as mud and silt.
• Biological fouling: Build-up of a microbial community on the membrane surface
including microbes and their by-products, resulting in a slime layer. Biological
material growing on membrane surfaces not only causes loss of flux but may
physically degrade certain types of membranes.
• Organic fouling: Adsorption of organic matter, particularly humic and fulvic acids,
on the membrane surface.
• Scaling of RO membrane surfaces is caused by the precipitation of sparingly soluble
salts from concentrated brine.

9

However, the quality will be determined by analysis of physical, chemical, and
bacteriological contents to determine the level of treatment to supply the necessary water
quality for the reverse osmosis membranes.

2.2.1 Physical characteristics
2.2.1.1 Density
At zero degrees Celsius liquid water turns into ice and has a density of approximately
917 kilograms per cubic meter. Liquid water at 40C has a maximum density of nearly
1,000 kilograms per cubic meter. The density of seawater generally increases with
decreasing temperature, increasing salinity, and increasing depth in the ocean. The other
physical characteristics of the seawater that must be evaluated are Total Suspended
Solids (TSS) and Temperature, Turbidity and Silt Density Index (SDI) to assess the
removal efficiency before reverse osmosis (RO) technology is used.

2.2.1.2 Total suspended solids
The total suspended solids level must be evaluated to determine the level of pretreatment
processes required. Seawater having low total suspended solids levels generally requires
less pretreatment.

2.2.1.3 Temperature
The temperature of the seawater source must be matched to the specific desalination
process because this parameter may control the desalination process design. The
evolution of the temperature during the year must be made prior to determine the
seasonal maximum and minimum water temperatures of the sea water.

2.2.1.4 Turbidity
This parameter is an indicator the amount of fine particulate matter in the water.
Turbidity is measured in Nephelometric Turbidity Units (NTU). In short, turbidity is a
measurement of how much suspended material is in the water, which means how
efficient the EC method is capable on the removal of turbidity.

2.2.1.5 Fouling index
Fouling is the major issue when using membranes for water treatment. Several
parameters have been proposed for measuring a fouling potential and using it as a
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predictive tool for assessing the adequacy of pretreatment. The Silt Density Index (SDI)
and the Modified Fouling Index (MFI) are presently the only standard methods, even if
they do not reflect the real potential of fouling because particles smaller than 0.45 μm
responsible for fouling are not taken into consideration. Their limitations have been
evidenced by several studies (Khirani et al., 2005; Junga & Son, 2009; Hong et al.,
2009).

2.2.1.5.1 Silt density index (SDI)
(SDI) is a parameter characterizing the fouling potential of water. Particulate, colloidal
matter and micro-organisms have a natural tendency to deposit themselves on the
membrane, thus impairing its effectiveness. It is one of the most important parameter for
the design and operation of reverse osmosis membrane process. It evaluates the amount
of 0.45-micron filter plugging caused by passing a sample of water through the filter for
15 minutes. SDI is recognized as the standard test to estimate membrane fouling
potential (Iwahori et al., 2003; Kim et al., 2006, Kremen & Tanner, 1998; Mosset et al.,
2008). It is strongly depending on the amount of particles but also representative of
other fouling compounds.
The principle of this protocol is to measure the operational time required to filter a
clearly defined volume of water (500 ml) with a new test membrane and then compare
this with the operational time required to filter the same volume after 15 minutes of
filtration. The increase in the operational time required for filtration of the 500 ml is
used to calculate an index. The minimum SDI15 value is 0 and the maximum value,
corresponding to an infinite filtration operational time, is 6.67. In practice, it is never
possible to obtain SDI15 = 0. The test is carried out at a pressure of 2.05 bars through a
membrane with a cut-off threshold of 0.45μm. Conventionally, the measurement is made
over a period of 15 minutes (SDI15) on the pretreated water. When the water has very
high fouling properties, it may be made over a period of 10, 5 or 3 minutes. It is
therefore expressed in %min. SDI is calculated according to the following formula:

Where:
Td is the overall filtration operational time (3, 5, 10, 15 minutes)
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Ti is the initial operational time (in second) to filter 500 ml of water on a 0.45 μm
membrane at 2.05 bar
Tf is the final operational time (in second) to filter 500 ml after 15 min.
The Factors interfering with SDI measures are (Kader Gaid, 2015): The influence of pH
shows an increase of SDI values from 4 to 6 when pH is increased from 7 to 8 and is
mainly explained by the presence of dissolved substances (Ca, Mg…), which precipitate
with the increasing of the pH. The type of Membrane is determinant for SDI values. An
SDI value given without specifying the type of membrane used for the measurement is
meaningless.

2.2.1.5.2 Modified Fouling Index
Schippers & Verdouw have proposed a fouling index called “Modified Fouling Index”
(MFI) which takes into account fouling mechanisms (Schippers & Verdouw, 1980).
They considered that the fouling of a flat-sheet membrane in dead-end filtration at
constant transmembrane pressure takes place in three steps: (1) pore blocking, (2)
formation of an incompressible cake and (3) formation of a compressible cake. This
mechanism is based on the laws of dead-end filtration at constant transmembrane
pressure or constant flux which give explicit relationships between filtration operational
time and permeate flow rate (Boerlage et al., 1997; 2002a ; 2002b; 2004). The MFI
could be represented by the value of the specific resistance of the cake formed by the
fouling components of the water deposited on a membrane during a standard filtration
test. The main advantage of the MFI over SDI thus lies in the fact that MFI is a dynamic
index which takes into account the evolution of membrane fouling all along a filtration
test whereas SDI is only based on an initial and a final measurement.

2.2.2 Chemical constituents
The chemical constituents of the raw water must be determined to provide information
for the pretreatment selection.

2.2.2.1 Ions content
2.2.2.1.1 Total dissolved solids (TDS)
Most of the dissolved chemical constituents or salts found in seawater have a continental
origin. Only six elements and compounds comprise about 99% of sea salts: sodium
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(Na+), chloride (Cl-), sulphates (SO4-2), magnesium (Mg+2), calcium (Ca+2), and
potassium (K+). Because salinity is directly proportional to the amount of chloride in
seawater, and because chloride can be measured accurately by a simple chemical
analysis, salinity S was redefined using chloride content. The following relation is often
used:
S(g/L) = 1.80655 Cl (g/L)

(2.1)

The TDS of sea water (usually 35 g/L) is made up by all the dissolved salts present in
the water. The world map shows how the TDS of the oceans changes slightly from
around 32 g/L (3.2%) to 40 g/L (4.0%). Low TDS is found in cold seas, particularly
during the summer season when ice melts. High salinity is found in the ocean coinciding
with the continental deserts. Due to cool dry air descending and warming up, these
desert zones have very little rainfall, and high evaporation. The Red Sea located in the
desert region but almost completely closed shows the highest salinity of all (42 g/L) but
the Mediterranean Sea follows as a close second (38 g/L). The Dead Sea is 240 g/L
saline, containing mainly magnesium chloride MgCl2. Ocean shows a slightly lower salt
content than the Mediterranean Sea, and this could impact in some cases the design of
the RO systems, notably with respect to the boron removal.

2.2.2.1.2 Specific ions: Iron & Manganese
Iron oxides as well as manganese play an important role in the removal of trace elements
from seawater. In the sediments, iron and manganese oxides transported with settling
particles are reduced to ferrous and manganous ions during oxidation of organic matter.
The dissolved iron concentration is a key variable that controls phytoplankton processes
in ocean surface waters. Iron is an essential micronutrient for phytoplankton growth, as
an important component of such biochemical processes as photosynthetic and
respiratory electron transport, nitrate and nitrite reduction, chlorophyll synthesis, and a
number of other biosynthetic or degradative reactions (Weinberg, 1989; Kuma et al.
1996; Geider & Roche, 1994). The oxidation rate constant of Fe2+ tends to increase with
increasing pH and temperature, and decrease with increasing salinity (ionic strength)
(Millero, 1987).
The inorganic speciation of Fe3+ in seawater is dominated by its hydrolysis behavior and
ready tendency to nucleate into particulate Fe3+ hydroxides. In general, iron in oxic
seawater around pH 8 is present predominantly in the particulate iron oxyhydroxide
(FeOOH), which has very low solubility (Millero, 1988) and thermodynamically stable.
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Number of studies of the Fe3+ hydroxide solubility in seawater suggest that the Fe3+
solubility is controlled by organic complexation (Kuma et al., 1996; Millero, 1998; Liu
& Millero, 2002; Tani et al., 2003), which, subsequently, regulates dissolved iron
concentrations in seawater (Kuma et al., 1996; Johnson et al., 1997; Archer & Johnson,
2000; Nakabayashi et al., 2001). In general, the dissolved Fe concentrations in the
surface mixed layer were lower than those in mid- depth and deep waters and the values
of Fe3+ solubility in the surface water, resulting from the active biological removal of
dissolved Fe and excess concentration of Fe-binding organic ligands (Rue & Bruland,
1995 & 1997; Kuma et al., 1996).
In previous studies (Kuma et al., 1996), it has been suggested that the natural organicFe3+ complexes and acidic Fe3+ supplied by river inputs play an important role in
supplying supersaturated bioavailable Fe3+, above the equilibrium concentration of Fe3+,
in estuarine mixing systems and coastal waters through its dissociation and hydrolytic
precipitation at high pH of seawater and high levels of seawater cations (Stumm &
Morgan, 1962).
The chemistry of manganese in seawater is complex and is largely governed by pH and
redox conditions. Mn2+ dominates at lower pH and redox potential, with an increasing
proportion of colloidal manganese oxyhydroxides above pH 5.5 in non-dystrophic
waters (Lazerte & Burling, 1990). Oxidation rates of manganese increase with
increasing pH. The Mn2+ ion is more soluble than Mn4+, therefore, manganese will tend
to become more bioavailable with decreasing pH and redox potential. The presence of
chlorides and sulphates increases manganese solubility (Schaanning et al., 1988).
Concentrations of manganese in open seawater range from 0.4 to 10 μg/L. Levels found
in coastal waters of the Irish Sea and in the North Sea off the coast of the United
Kingdom ranged from 2 to 25.5 μg/L (Alessio et al., 2007). Hypoxic concentrations
below 16% saturation can increase the concentration of dissolved manganese above that
normally found in seawater to concentrations approaching 1500 μg/L (Mucci, 2004).

2.2.3 Algae
Algae, dinoflagellates and cyanobacteria are a large and varied group of photosynthetic
organisms that are found in oceans. Algal and cyanobacterial cells contain chlorophyll
and other photosynthetic pigments. They exist in a wide variety of forms; from single
cells and strings of cells, through to complex multicellular seaweeds. Although most
algae are microscopic (ranging from 2 μm to 100 μm), a number of forms are
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macroscopic, with some species growing to lengths over 100 ft (Brock & Clyne, 1984).
Results (Leparc et al., 2007) obtained on raw seawater samples showed that the bacteria
and phytoplankton counts appear to be positively correlated with (a) the concentration of
polysaccharides, organic compounds highly fouling for reverse osmosis, and with (b) the
SDI values of both the raw and pretreated seawaters. The other conventional water
quality parameters such as turbidity and TOC does not show any correlation with the
fouling potential of both the raw and pretreated seawaters. Indeed, biofouling due to
bacteria attachment and growth on the membranes is one of a major threat for seawater
reverse osmosis plant and the presence of polysaccharides in the pretreated water
increase that threat as these organic compounds are very prone to absorb onto the RO
membranes and then be used as nutrients by bacteria. Algal blooms (Hallegraeff,
G.M.,1993) known to naturally produce biotoxins are often called Harmful Algal
Blooms (HABs).

2.2.4 Oil and chemical spills
Sometimes, oil and chemical spills have been detected in the seawater. The range of the
concentration is 0 – 10 mg/L. These can affect the desalination plant. Emulsified oil and
grease are the principle sources of immiscible liquid fouling in desalination facilities.
Flotation appears as the most efficient treatment for this contaminant. A polishing on
granular activated carbon is sometimes used to maintain acceptable levels upstream the
reverse osmosis membranes.

2.3 Selection of the pretreatment
The characterization of the seawater through the main parameters which could be
removed along the pretreatment process such as Fe, Mn, natural organic matter, SDI,
bacteria and algal are very useful from many aspects: - better understanding of sitespecific seawater quality and its seasonal variation; - improved assessment tools to
evaluate, assess and predict the impact of raw seawater quality on the performance of
a conventional pretreatment process, - additional and complementary indicators to the
conventional water quality parameters (SDI, turbidity) for quantifying the risks of
fouling on the RO units. Before raw water is desalinated, the undesirable materials will
be removed or reduced to acceptable levels. Without adequate pretreatment, desalination
facilities are destined for reduced life times, shortened periods of operation, and high
maintenance.
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After the completion of physical, chemical, and bacteriological analysis of the selected
feed water, the type of pretreatment can be examined and is used to bring a saline feed
water within limits so that a desalination process can be used. One of the most
significant factors in successfully (and cost-effectively) operating a reverse osmosis
(RO) desalination plant is the ability of the pretreatment system to consistently produce
well-filtered and relatively particle- and microbe-free water for feed to the RO system.
Pretreatment is critical in RO applications because it directly impacts fouling of the RO
membranes. Fouling of the RO membranes results in increased operating cost from
increased cleaning demands, increased feed pressures, and reduced membrane life.
Additionally, fouling can result in reduced permeate water quality and permeate
quantity, thereby impacting production from the RO facility.

2.3.1 Unit operation and process of the pretreatment
A variety of treatment operation and processes are utilized, which exploit various
physical and chemical phenomena to remove or reduce the undesirable constituents from
the water. Each unit operation /process used plays an important role at the various stages
of the pretreatment. The type of pretreatment required depends on the characteristics of
the raw water.

2.3.1.1 Prechlorination
The addition of chemical oxidants, such as chlorine, bromine, iodine, or ozone, can
provide biological disinfection before membrane processes. Because, the first stage of
fouling formation is an uncontrolled growth of microbial organisms on surfaces, with a
preliminary formation of slime, which gives a biofilm, produced by the living cells and
their metabolic by-products.

2.3.2 pH adjustment
The pH adjustment step of pretreatment must result in the optimal pH level for the
desalination system. After coagulants have been added, the pH is often changed
significantly. In most cases, the pH must be returned to a neutral or a slightly acid level.
Adjustment chemicals to lower the pH include sulfuric acid and hydrochloric acid.
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2.4 Filtration
Different source waters require varying levels of pretreatment to ensure maximum RO
membrane. The most common pretreatment for open seawater is multimedia filters.
Double stage filtration is required if the seawater is degraded. Regarding applications of
filtration, it is noted that the extent and complexity of the pretreatment systems for
removing or reducing colloidal and organic fouling depend on site conditions. In case of
open seawater intake, reverse osmosis membranes should be protected against a variety
of foulants, necessitating an extensive pretreatment process. For example, the use of
coagulants and sedimentation or flotation equipment maybe necessary, followed by
media filtration. Alternatively, granular media filtration can be replaced by low pressure
membrane systems such as ultrafiltration or microfiltration. In all water purification
processes, filtration will be an integral step if not the main step. Filtration is an
essentially mechanical operation and its goal is to trap particles larger than 10 microns
(Purchas D. and Sutherland K., 2002). In granular filtration, interception, gravitational
sedimentation, and Brownian diffusion are the key mechanisms of colloidal particle
transport from the pore fluid to the surface of a filter grain (Yao & Habibian,1971) .
There are a number of different types of filter media that are used for water treatment.
These include sand, coated sand, gravel, crushed glass, perlite, peat, leaf compost,
mulch, zeolite, granular activated carbon and other media (Moller et al., 2002; Datryet
al. 2003; Liu et al. 2004; Liu et al. 2005, Baltrenas & Brannval, 2006, Ray et al. 2006).
Research on alternate filtration media, particularly recycled materials, has expanded the
options available for improving effluent quality. The Factsheet published by EPA in
2000 summarizes the research on several alternate media materials, including crushed
glass, recycled textiles, synthetic foam, and peat (EPA, 2000). In recent years, efforts
have been made to improve the performance of granular filter media for removing
microbial contaminants by coating or co-mingling sand, coal and other common
negatively charged granular media with metal oxides and hydroxides of iron, aluminum,
calcium or magnesium. Such modified media are positively charged and therefore, more
effective for removing and retaining the negatively charged viruses and bacteria by
electrostatic adsorption (Mark D. Sobsey, 2002).
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2.5 Media characteristics
The primary sand media characteristics affecting filtration performance are the effective
grain size and uniformity coefficient (Crites & Tchobanoglous, 1998). These
characteristics tend to affect the retention operational time of liquid passing through the
media and the potential for clogging.

2.5.1 Effective particle size (D10)
The effective size (ES) is defined by the size of screen opening where 90 percent of a
sample of granular media is retained on the screen and 10 percent passes through the
screen, and is referred to as D10 (John Eliasson, 2002). D10 = the size of grain such that
10 percent by weight of the total sample is smaller [mm]. Effective particle size > 0.55
mm (likely to achieve > 0.4 L/minute flow rate in the

rapid sand filter

(WWW.ITACANET.ORG). The effective size is important because (1) the grain size
determines the surface area and void space within the bed, (2) the smaller grains would
occupy the void space created by the larger grains, and the water would be forced
between the smaller particles.

2.5.2 Uniformity coefficient (UC)
This is defined as a ratio and calculated as the size opening that will just pass 60% of the
sand (D60 value) divided by the size opening that will just pass 10% of the sand sample
(the D10 value) (Ted Loudon, Lead. 2003). UC = the ratio of the size of grain that has 60
percent of the sample finer than itself to the size that has 10 percent finer than itself, that
is, D60/D10. Recommended UC for community rapid sand filters <1.5 (likely to achieve
> 0.4 L/min flow rate) (WWW.ITACANET.ORG). The uniformity coefficient provides
the ratio between larger grains and smaller grains, and determines the size of pore
openings and surface area.

2.6 Filtration processes
2.6.1 Single media filter
Single media filter can be divided to single media filter – gravity filter, Single media
filtration – Continuous backwash up-flow sand filter and single media filtration –
Diatomeceous filter. Description of each type of filter media and its function are
delineated bellow:
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2.6.1.1 Single media filter – gravity filter
Direct filtration is proposed when the seawater presents a low level of particles and low
SDI. Single-media filtration is used when the SDI is lower than 10. Dual-media filtration
is used when the SDI is lower than 25. Single-media filtration consists of one media.
This media is often small-grained silica sand based on 0.8 m for the effective size and
1.3 for the uniformity coefficient. The height of the media ranges between 1.0 - 1.5 m.
This type of filter is mainly proposed when the SDI and the suspended solids are very
low.

2.6.1.2 Single-media filtration – continuous backwash up-flow sand filter
The filter is the Continuous Backwash Up-flow Sand Filter, commercially available for
over 25 years, and over 8,000 units have been installed worldwide. Treatment begins
when influent feed water enters at the top of the filter and flows downward through an
annular space between the feed pipe and airlift housing. The feed is then introduced into
the media bed through distribution radials, which are open at the bottom. As the influent
flows upward through the moving granular bed, the solids are captured in and on the
media while clean water continues rising into the filtrate pool above the bed.
2.6.1.3 Single-media filtration – Diatomeceous filter
Diatomaceous earth media is low recommended for primary filtration because of its
characteristic high head loss and short operational times. The diatomaceous earth precoat filter technology is long-term, established method in conventional water and
wastewater treatment. Its use in seawater applications is limited and few references exist
worldwide.

2.6.2 Dual media filtration (DMF)
Dual-media filtration consists of two media with different specific gravities. The
difference creates a two-layer separation effect. Use silica sand for one layer; use
anthracite or pumice or equivalent media for the other layer. Anthracite is a black coal
which allows for longer run operational times than can be achieved by sand alone. The
first layer is anthracite (or pumice) with a large diameter size which gives to the media
bed, larger void spaces with greater solids holding capacity. The second layer is sand
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with a smaller diameter which acts as a final barrier for the fine particles responsible of
the fouling.

2.6.3 Double stage filtration
The pretreatment system can include a double stage filtration. The 1st stage filter can be
a dual media with 1.2 - 1.6 m of total effective media depth. The first layer is anthracite
(or pumice) with a large diameter size which gives to the media bed, larger void spaces
with greater solids holding capacity. The second layer is sand with a smaller diameter
which acts as a final barrier for the fine particles responsible of the fouling.

2.6.4 Three media filtration
When three media are used in filters, a better coarse-to-fine filtration pattern can be
constructed. High-density silica sand, garnet, and anthracite are commonly used to
provide the filter bed. This gradual change in media size provides a gradient from coarse
to fine and creates a media flow pattern necessary to achieve a very low silt density
index. However, it is observed that after a backwash (air + water), the different media do
not stratify completely. Some desalination pretreatment systems use an alternate media
such as greensand to remove iron and manganese compounds (www.PuretecWater.com).

2.7 Enhanced coagulation
For a degraded seawater containing high suspended solids, high concentration of algae,
oil, organic matter, a pretreatment including only a direct filtration is not enough. It is
necessary to add a solid–liquid separation systems to remove these physico-chemical
parameters.

2.7.1 Flotation
As opposed to settling, flotation is a solid–liquid separation technique that is applied to
particles whose density is lower or has been made lower than the liquid they are in. The
Dissolved Air Flotation (DAF) process is proving to be a very efficient and cost
effective pretreatment option. Several suppliers have selected the DAF as the preferred
pretreatment provider for a large RO desalination plant.
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2.7.1.1 Principle of flotation
The DAF process is an efficient process for the separation of suspended matter
(turbidity, algae etc.) and SDI from seawater following the addition of a coagulant
chemical and flocculation. Dissolved air flotation (DAF) utilizes the property of microbubble adherence to suspended solids, increasing the tendency of the particles to float.
The flocculated water meets a water flow with supersaturated air (85% to 95%) which is
supplied through nozzles. Due to the pressure drop of the supersaturated water at the
nozzles, small air bubbles are formed. These micro-bubbles attach themselves to discreet
floc particles created in the flocculation process.

2.8 Sedimentation
The principles of the coagulation & flocculation are similar of those described in the
flotation. The Coagulation process is the dosing of coagulant in water, resulting into the
destabilization of negatively charged particles. Non settleable solids and some
suspended materials do not precipitate because of electrical charges on the surface of the
particles. If the charges on the particles can be reduced, the particles may precipitate.

2.9 Membranes (ultrafiltration and microfiltration)
In the last ten years, ultrafiltration or microfiltration pretreatment has gained widespread
attention as potential pretreatment to seawater desalination by seawater reverse osmosis
(SWRO). While in the period until 2002, mostly pilot studies were undertaken, in recent
years there have been about 10-15 seawater reverse osmosis (SWRO) plants
implemented using ultrafiltration pretreatment (Bonnélye et al.,2008; Jerowska et al.,
2009; Kim & Yoon, 2005).
Membrane filtration pretreatment involves forcing seawater through a membrane with
very fine pores. Particles that are larger than the pores are filtered out. Current large
plants utilize low Coagulant dosage since dissolved organics can still pass through the
membrane. There has been increasing utilization of membrane filtration for reverse
osmosis systems over the last few years. It is why, low pressure membranes such as
ultrafiltration (UF) and microfiltration (MF) are choose for pretreatment in RO systems,
primarily due to their effectiveness in removing potential foulants in sea waters.
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2.10 Electrochemical and electrocoagulation process
Electrochemical or electrocoagulation process due to its simplicity has gained great
attention and is used in removal of various ions and organic matters (Bazrafshan et al.,
2007). This process includes a cell with metal anode (mostly iron and aluminum) and
uses direct electrical current (Xiong et al., 2001; Daida, 2005; Kim et al., 2007). One of
these techniques is electrochemical technology such as 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; Mollah, 2001).
This procedure has a broader potential to improve the faults of other water softening
equipment‟s (Chou, 2009). This process has three stages (Ghernaout et al., 2008;
Ramesh et al., 2007).
1. Coagulants forming due to anode electrical oxidation.
2. Destabilizing pollutants and suspended substances and emulsion breaking.
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).

2.10.1 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 (Bernal - Martinez 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 & Gagnon, 2014). The EC process is an amalgamation of different processes
including oxidation, coagulation, flocculation and flotation of water (Emamjomeh &
Sivakumar, 2009).
Using the principles of electro chemistry, the anode is oxidized (loses electrons) while
the water is reduced (gains electrons), thereby making the water better treated. When the
anode electrode makes contact with the water 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
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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. (2.1) shows the processes that occur inside an electrocoagulation reactor.

Fig. (2.1): Interaction occurring within an electrocoagulation reactor (Rodrigo,
2006)
If in this process M is considered as anode, the following reactions will occur:
In Anode:.
M (s) → Mn+(aq) + n e-

(2.2)

2 H2O → 4 H+(g) + O2 (g) + 4e-

(2.3)

In Cathode:
Mn+(aq) + n e- → M (s)

(2.4)

2 H2O + 2 e- → H2(g) + 2 OH-

(2.5)

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 & Saroha, 2013), oils (Yang, 2007; Kobya
et al., 2008) and organics (Chen et al., 2000) from wastewaters (Emamjomeh &
Sivakumar, 2009).
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2.10.2 Reaction Mechanism of electrocoagulation
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.
A) EC using iron electrodes
Mechanism 1:
Anode:
4Fe(s) → 4Fe2+(aq) + 8e−

(2.6)

4Fe2+(aq) + 10H2O(l) + O2(aq) → 4Fe(OH)3(s) + 8H+(aq)

(2.7)

Cathode:

8H(aq) + 8e− →4H2(g)

(2.8)

Overall: 4Fe(s) + 10H2O(l)+ O2(aq) → 4Fe(OH)3(s) + 4H2(g) (2.9)

Mechanism 2:
Anode: Fe(s) → Fe2+(aq) + 2e−

(2.10)

Fe2+(aq) + 2OH−(aq) → Fe(OH)2(s)

(2.11)

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

(2.12)

Overall: Fe(s)+ 2H2O(l) →Fe(OH)2(s)+ H2(g)

(2.13)

Oxidation: 2Cl− →Cl2 + 2e−

(2.14)

Cl2( g)+ H2O → HOCl + H+ + Cl−

(2.15)

Fe(OH)2 + HOCl → Fe(OH)3(s)+ Cl−

(2.16)

Fe2+ → Fe 3+ + 2e−

(2.17)

Fe3+ + 3H2O → Fe(OH)3 + 3H+

(2.18)

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 hydroxo complexes with hydroxide ions and polymeric species, namely [Fe
(H2O)6]3+, [Fe(H2O)5OH[2+, [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).

24

B) EC using aluminum electrodes
The electrochemical reaction with Al anode can be summarized as follows:
Anode:

Al(s) → Al3+(aq) + 3e−

(2.19)
−

Cathode : 3H2O(l) + 3e → 3/2H2 + 3OH
Overall :

(2.20)

Al(s)+ 3H2O(l) → Al(OH)3(s)

(1.21)

For the aluminum electrodes Al3+(aq) ions will immediately undergo further spontaneous
reaction to generate corresponding hydroxides and poly-hydroxides. Due to hydrolysis
of Al3+, [Al(H2O)6]3+, [Al(H2O)5OH]2+ and [Al(H2O)(OH)]2+. Generated, the hydrolysis
products produced many monomeric and polymeric substance such as Al(OH)2+,
Al2(OH)24+, Al(OH)74-, Al6(OH)153+, Al7(OH)174+, Al8(OH)204+,

Al13O4(OH)247+ and

Al13(OH)345+ (Johnson &Amirtharajah,1983). Fig. (2.2) shows the main stages involved
in the electrocoagulation process (Holt et al., 2002).

Fig. (2.2): Main stages involved in the electrocoagulation process (Holt et al., 2002)

2.10.3 Advantages and disadvantages of electrocoagulation((Siringi et al., 2012))
2.10.3.1 Advantages of electrocoagulation


Wastewater treated by EC gives palatable, clear, colorless and odorless water.



Sludge formed by EC tends to be readily settable and easy to de-water because it is
mainly metallic oxides/hydroxides. Above all it is a low sludge producing
technique.
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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.



EC produces effluent with less total dissolved solids (TDS) content as compared
with chemical treatments.



EC requires simple equipment and is easy to operate with sufficient operational
latitude to handle most problems encountered on running.



The EC process has the advantage of removing the smallest particles because the
applied electric field sets them in faster motion thereby facilitating the coagulation.



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.

2.10.3.2 Disadvantages of electrocoagulation


The „sacrificial electrodes‟ are dissolved into wastewater streams as a result of
oxidation and need to be regularly replaced .



The use of electricity may be expensive in many places.



An impermeable oxide film may be formed on the cathode leading to loss of
efficiency of the EC unit.



High conductivity of the wastewater suspension is required.



Gelatinous hydroxide may tend to solubilize in some cases.

2.10.4 Previous studies on electrocoagulation process
(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/m2, 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 operational time was 130 min, and the
initial hardness concentration lower was better.
(Zhao et al., 2014) studied the hardness removal (together with chemical oxygen
demand (COD) and turbidity) from the produced water by a pilot-scale
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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 operational 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 Fe3+).
(Perez-Sicairos S. et al., 2011) studied the removal of water turbidity from three
sources: Tamazula River, the Degremont Wastewater Treatment Plant and a pond of a
botanical garden in the region of Culiacan, Sinaloa.
(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 operational time of 60 min are equal to 98.2% and 97.4% for calcium and total
hardness, respectively.
(Mohan R., 2009) used electrocoagulation (EC) technology for reclamation of the brine
to save large amounts of water as the brine is very concentrated (~1000 ppm silica), the
silica content in water still amounts to about 1 g of silica per kilogram of water assuming
density of water is 1 kg/l or (~1 g silica/1 kg water). The study showed an effective
means to remove most of the silica from the brine. Besides, another study was done to
treat arsenic and hardness from water using the EC technology.
(Rahmani A.R., 2008) investigated electrocoagulation technique for water turbidity
removal. Different voltage (10, 15, 20, 25 and 30 V), electrodes (Al, Fe and SS) and
electrolyzes operational time (0 to 40 min), electrodes distance 2 cm and pH = 7.5 were
investigated. The Results indicated that the removal efficiency depends on the
electrolyze operational time, types of electrodes and the applied current.
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CHAPTER THREE
Materials and Methods
This chapter provides with details about experimental methods which were conducted
to investigate the treatment efficiency of the electrochemical-electrocoagulation process
for removal of contaminants such as COD, Total hardness, Fecal Coliforms, Turbidity,
Silicates and SDI from seawater to improve the seawater quality prior RO desalination
process. Experimental methods were classified to laboratory static bench scale (batch
experiment) and different variables such as current density, reaction operational time,
pH, and electrode types were studied. During the research period, data were collected
from the tests carried on the seawater sample before and after treatment for chemical and
microbiological analysis and removal trends were established. The materials, chemicals,
experimental setup and experimental procedures that were used during this research are
delineated below.

3.1 Local sand selection
Raw materials as sand, gravels and PVC column were provided from local area (from of
Middle area Governorate of the Gaza Strip) selection of the local sand was depend on
the analysis of the effective size range (ES) and the uniformity coefficient (UC) for
proposed sand sample which collected from Middle area Governorate beach(al Nuseirat)
of the Gaza Strip, the rapid sand filters was used sand with effective sizes of (0.35 0.75)mm and flow rate of 0.4 – 1.2 m/h (or m3/h/m2) .
The column used in preparation of filter is set up by using PVC column at constant
height length 120 cm and 4 inches diameter. The column filled by 10 cm of gravels
followed by 80 cm of selected sand.

3.2 Sieve analysis
The Standard grain size analysis test determines the relative proportions of different
grain sizes as they are distributed among certain size ranges. The apparatus used for the
analysis was included: Stack of Sieves including pan and cover, Balance (with accuracy
to 0.01 g), Mechanical sieve shaker and Oven. The collected sand sample was washed
by running tap water to remove excessively fine grains, dirt's and dust, then dried using
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an oven (MOV-212, Japan) at 105 oC for 24 hours. The sieve analysis was performed by
shaking machine for 20 minutes where accurately 500 g (Wt (g)) of soil sample was
weighted. Sieves having larger opening sizes (i.e lower numbers) are placed above the
ones having smaller opening sizes (i.e higher numbers). The very last sieve is #200 and
a pan is placed under it to collect the portion of soil passing #200 sieve. Then by using
mechanical sieve shaker, the sand allowed to pass through a series of seven screens with
a catch pan at the bottom, the mish number and the diameter of the used sieve were
tabulated in table (3.1).
Table (3.1): Mish and Diameter
Mish

Diameter (mm)

16

1.18

30

0.6

40

0.425

50

0.3

70

0.212

100

0.15

200

0.063

At the end of shaking, the retained sample on each sieve are weighted and registered. It
is very important to select media with correct grain sizes. In order to select the correct
grain size it is necessary to measure the Effective Size (or D10) and Uniformity
Coefficient (or K). Both are used in defining filter media, in this case to know whether a
type of media is or is not suitable for sand filtration. The resulting data from sieve
analysis were used for the calculation for both of (ES and UC). Therefore, the Effective
size and Uniformity Coefficient was calculated as follows:

3.2.1 Effective size calculation
The effective size of a given sample of sand is the particle size (in millimeters) where
10% of the particles in that sample (by weight) are smaller, while 90% are larger.
Usually this is denoted as the D10. The size distribution is represented by the Uniformity
Coefficient, which enables to know how well graded the sand sample is (that is, whether
there is a whole different range of sizes, or whether most of the sample is only one size).
This is done by taking the D60 and dividing by the D10. Determination of effective size
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(EC) for the sand sample was done using Win Sieve software after the entry the retained
mass in gram in each sieve after 20 minutes of the sample shaking.

3.2.2 Uniformity coefficient calculation
The determination of the Uniformity Coefficient was conducted based on the given data
by Win Software which represented by D60 and D10 where the Uniformity Coefficient
fined as the ratio of D60/D10 that given directly from software. Where D10 is the size
opining that will just pass 10% of the sand, and D60 is the size opining that will just pass
60% of the sand for the sample.
The effective size of the selected sand was 0.6 and the Uniformity Coefficient was 1.3.

3.3 Investigation of seawater characterization
After the selection of suitable local sand filtration based on ES and UC measurements
and calculations, seawater samples were collected from the Mediterranean sea at
distance of 300 m from the beach and 1 meter depth. The investigations of the column
treatment efficiency were been tested for many parameters and water pollutants such as
TDS, water hardness, pH, turbidity, silicates and SDI. The results of Pre and post
analysis of the sample for all previous tests were registered and treated using Microsoft
Excel then analyzed and discussed.

3.4 Methods of analysis
Relevant seawater quality parameters were measured before (initial concentration) and
after treatment (final concentration) to evaluate the performance of the treatment
process. Measurements were determined according to the Standard Methods for the
Examination of Water and Wastewater (APHA, 2000). The techniques, reagents and
apparatus used to measure different parameters during the study are delineated below.

3.5 Instruments and Chemicals of analysis
3.5.1 Instruments
For the measurements of pH-values, TDS, the following instruments were used as
described in table (3.2).
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Table (3.2) : Instruments used in analysis
#

Instrument

Company/ Model

1.

pH- meter

AC28, TOA electronic Ltd., (Japan)

2.

EC – meter

HACH Sens ion 7 LOVELAND, COYO, U.S.A

3.

Hot plate

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

4.

Water bath

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

5.

DC power supply

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

6.

Electronic Balance

I balance 2011, Selecta, (Spain)

7.

Centrifuge

4000r/min., (China)

8.

UV-Vis spectrophotometer

UV 1601, Shimadzu, (Japan)

9.

DC power supply

GP- 4303DmEZ Digital Co.LTD.KOREA

3.5.2 Chemicals and reagents
The Chemicals and reagents formulas were tabulated in table (3.3). The distilled water
was used in preparation of reagents.
Table (3.3): Chemicals used in analysis
Compound

Formula

EDTA Disodium salt

C10H14N2Na2O8 · 2H2O

Eriochrome Black T

C20H12N3NaO7S

Magnesium Sulfate 7 hydrate

MgSO4.7H2O

Ammonium Chloride

NH4cl

Ammonium Hydroxide

NH4OH

Sulfuric Acid

H2SO4

Mercury Sulfate

HgSo4

Silver Sulfate

Ag2SO4

Sodium Bicarbonate

NaHCO3

Hydrochloric acid

HCl

Ammonium Molybdate

H24Mo3N6O12

Oxalic acid solution

C2H2O4

Sodium metasilicate nonoahydrate

Na2SiO3·H2O

3.5.3 Analytical procedure
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3.5.3.1 Water hardness determination
The hardness of water samples were determined by titrimetric method using EDTA
reagents in presence of Eriochrome Black T .

Reagents
1. Standard EDTA Titrant (0.01M): 3.723 g sodium salt (EDTA) was Weighed and
dissolved in distilled water, and dilute to 1000 ml , and store it in plastic bottles.
2. Sodium hydroxide, NaOH (0.1 N).
4. Eriochrome Black T: The reagent is prepared by dissolving of 0.5 g of Eriochrome
Black T in 100 g sodium salt of triethanolamine.
5. Buffer solution:
1. 16.9 g ammonium chloride (NH4Cl) was Dissolved in 143 mL conc. ammonium
hydroxide (NH4OH).
2. 1.179 g disodium salt of EDTA and 780 mg magnesium sulfate (MgSO4.7H2O)
were dissolved. this solution to ammonium buffer was Added , and diluted to
250 mL with distilled water.

Procedure
1. Titration of sample
1 to 2 drops indicator solution was Added to 25 ml of the sample. standard EDTA
titrant slowly was added, with continuous stirring, until the last reddish tinge disappears.
At the end point the solution normally is blue.

Calculation:
Hardness ( EDTA) as mg CaCO3 / L = ( M * V2 * M.W * 1000) / V1
Where:
V1 : ml of sample
M : ml of titration of sample
M.W : mg CaCO3 equivalent to 1.00 mL EDTA titrant.
V2 = ml of ( EDTA).
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(3.1)

3.5.3.2 Measuring pH
pH is a measure of how acidic/basic water is. Since pH can be affected by chemicals in
the water, pH is an important indicator of water that is changing chemically. pH was
measured using a pH-meter after calibrating with 4.0, 7.0, and 10 standard pH solutions.
PH was adjusted by using sulphuric acid or ammonium chloride.

3.5.3.3 Measuring of total dissolved solids ( TDS)
The total dissolved solids concentration is the sum of the cations (positively charged)
and anions (negatively charged) ions in the water. Therefore, the total dissolved solids
test provides a qualitative measure of the amount of dissolved ions but does not tell us
the nature or ion relationships. The concentration of the dissolved ions may cause the
water to be corrosive, salty or brackish taste, result in scale formation, and interfere and
decrease efficiency of hot water heaters. The total dissolved solids was determined by
filtering a 100 ml of sample through a standard glass fiber filter. The filtrate (i.e., filtered
liquid) is then added to a pre-weighed ceramic dish that is placed in a drying oven at a
temperature of 103 oC. After the sample dries, the temperature was increased to 180 oC
to remove an occluded water, i.e., water molecules trapped in mineral matrix. The
following formula was used for calculation of TDS
( 3.2)
where:
A = weight of dried residue + dish, mg
B = weight of dish, mg.

3.5.3.4 Silicate measurement
Reagents
1.

Sodium bicarbonate

2.

Sulphuric acid – (1 N)

3.

Hydrochloric acid (1 : 1/ V:V)

4.

Ammonium molybdate reagent: 10 g ammonium molybdate was Dissolved in
distilled water with stirring and gentle warming, and diluted to 100 ml.

5.

Oxalic acid solution: 7.5 g of oxalic acid was dissolved in distilled water and
diluted to 100 ml.
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6.

Stock silica solution - 4.73 g of sodium metasilicate nonahydrate was dissolved
in distilled water and diluted to 1000 ml.

7.

Permanent color solutions

7.1

Potassium chromate solution- 630 mg of potassium chromate was dissolved in

distilled water and diluted to 1 liter.
7.2

Borax solution:

10 g of sodium borate decahydrate was dissolved in distilled water and dilute to 1 liter.

Procedure


Color development - To 50 ml of sample, in quick succession 1.0 ml of1: 1
hydrachloric acid was added and 2.0 ml ammonium molybdate reagent was
added. Mixed by inverting at least six operational times and let stand for 5 to 10
minutes. 2.0 ml of oxalic acid solution was added and mixed well. Colour was
recorded after 2 minutes but before 15 minutes, measuring operational time
from addition of oxalic acid. Colour was Measured in a visually or
spectrophotometer.



To detect the presence of molybdate unreactive silica, sample was digested with
sodium bicarbonate before colour development .



Preparation of standards - sodium bicarbonate treatment was used, 200 mg of
sodium bicarbonate and 2.4 ml of 1 N sulphuric acid was added to the standards
to compensate both for the slight amount of silica introduced by the reagents.



Spectrophotometeric measurement - a calibration curve was prepared from a
series of approximately six standards to cover the range by Spectrophotometerfor use at 410 nm, providing a light path of I cm or longer.

Calculation:
(3.3)
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3.5.3.5 Fecal Coliform
Fecal coliform bacteria are the most common microbiological contaminants of waters.
Membrane filtration is the method of choice for the analysis of fecal coliforms in water.
A water sample is collected in a sterile container. Sample volumes of 1 ml, 10 ml and
100 ml were used for the water testing, with the goal of achieving a final desirable
colony density range of 10-60 colonies/filter. A 100 ml volume of a water sample is
drawn through a membrane filter (45 μm pore size) through the use of a vacuum pump.
The filter was placed on a Petri dish containing M-FC agar and incubated for 24 hours at
44.5 0C. This elevated temperature heat shocks non-fecal bacteria and suppresses their
growth. As the fecal coliform colonies grow they produce an acid (through fermenting
lactose) that reacts with the aniline dye in the agar thus giving the colonies their blue
color. The results was calculated and reported as the number of fecal coliform colonies
per 100 ml of water.
3.5.3.6 Turbidity
Turbidity refers to an optical property of liquids that measures the scattering and/or
absorption of light due to material suspended in solution. Suspended material includes
inorganic and organic solids as well as living organisms. Turbidity is measured and
expressed as Nephelometric Turbidity Units (NTUs). In short, turbidity is a
measurement of how much suspended material is in the water. A turbedimetric device
was used to analyze samples before and after treatment to mark the difference in
removal efficiencies. The turbidity meter was calibrated using standard calibration
solution and the cuvette was rinsed three operational times with the samples before
measurements.

3.5.3.7 Silt density index (SDI)
This test method is used to indicate the quantity of particles, colloids in low turbidity
water ( < 1.0 NTU). The test is specified in the ASTM Standard D4189. The feed water
to RO plant shall have a SDI15 of preferable less than 3, max. 4.
The SDI was determined by filtration of 500 ml of the tested water through the 0.45
micron filter at a pressure of 2 bar was kept constant through the whole measurement of
the rest which takes 15 minutes (T). At the begin of the test 500 ml were filtered and the
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operational time was measured (t0) and recorded after operation of the filter for 5
minutes (t5) and 10 minutes (t10) and 15 minutes (t15) 500 ml are filtered and operational
time was recorded.
Required equipment for SDI measurement are membrane filter with pressure regulator,
membrane filter discs 0.45 Micron, 47 mm, Millipore type HA WP 047 00, graduated
cylinder 500 ml, stop watch.
The SDI was calculated according to the below formula with the operational time t0 and
t15
SDI = P (%) / T (min) = 100 { 1 – ( t0 / t15) } / T
Where :
SDI15

Silt Density Index after 15 minutes (% min)

P

Percentage of plugging (%)

T

Measuring cycle operational time (min)

t0

Measured operational time for filter 500 ml at start (sec)

t15

Measured operational time for filter 500 ml after 15 minutes (sec)

3.3.6 Experimental setup and procedures
The experiments were carried out in this research as a set in static methods (batch
reactor). Seawater were used as aqueous solution for contaminant removal. The effects
of removal efficiency of relevant seawater quality Total hardness, Fecal Coliforms,
Turbidity, Silicates and SDI were studied during application of different variables
factors. The current density, operational time, pH, electrode types, temperature and
inter-electrodes distance were used as variable factors may affect the pollutants removal
efficiencies.
Electrochemical reactor with different types of electrodes was established. 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. Magnetic stirrer
controller with a sufficient magnetic stirring with stirring at constant and low speed (40 50 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
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then distilled water to remove any solid residues on the surfaces and dried. At the end of
each run, the electrodes were washed thoroughly with water to remove any solid
residues on the surfaces and dried.
The experiments were conducted in a 1000 ml glass beaker in batch mode of operation.
The volume of seawater sample was 600 ml. Aluminum, iron and stainless-steel sheets
with dimensions of 60 mm ×40 mm×1.8 mm (length ×width × thickness) were used as
electrodes. The area of electrodes dipped into the solution was 50.88 cm2 as 60 mm
length, 40 mm width and 1.8 mm thickness. Experiments were conducted using the
following combination of different electrodes Al-Al, Fe-Fe, SS-SS electrodes. The
electrodes were connected in a monopolar connection mode. A primary sand filter
column was used followed by electrochemical reactor. The schematic diagram of the
experimental set up is shown in Fig. (3.1).

Water
sample
PVC
Tube

Sand

Gravel

Collected
water

Sand filter
column
Figure (3.1): Experimental setup
1-magnetic stirrer; 2-magnetic bar; 3-beaker; 4-cathode; 5-anode; 6-DC power supply

A direct current source was used for current supply. The contents in the beaker were
agitated by a magnetic stirrer to avoid concentration gradients. Power supply was started
at operational time zero (t = 0) and the corresponding operational time taken as the
starting operational time of the EC process. After specific operational time, the samples
were withdrawn, filtered using filter paper (0.45μm) for contaminants used
spectrophotometric test or second sand filter for turbidity and SDI test, and analyzed.
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3.3.7 Optimization process
In order to determine the optimum process parameters for maximum pollutants removal
efficiencies, as first step experiments with aluminum, iron and stainless steel were
carried out in details at each initial pH, current density, electrodes spacing, temperature
and operational time. The current passed and the effluent was treated under the
following conditions:
The three types of electrodes were used in monopolar plate: Aluminum (Al) ,stainlesssteel (SS) and Iron (Fe) in such combination (Al-Al, SS-SS, Fe-Fe). Different values of
current intensity were taken using reactor power in (mA/cm2), different inter electrode
spacing were varied and initial pH was adjusted by addition of H2SO4 and NaOH (1 M)
to get respectively acidic or basic pH and different operational time were studied in
order to determine optimum conditions. Then the three electrodes type were treated and
introduced for optimization. Every electrode type has its own optimum condition for
every type of contaminants. So, the variables applied for each type of electrode were
repeated for each contaminants to be sure that the optimal condition found to enrich the
study findings.
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CHAPTER FOUR
Results and Discussion
4.1 Introduction
In this research, Electrocoagulation treatment process in combination with sand filtration
are used as a promising methods for removal of compounds that are susceptible to foul
the reverse osmosis (RO) membranes. Electrocoagulation process is a direct current
source between metal electrodes immersed in aqueous solution. The application of
electrical current causes the dissolution of metal electrodes commonly Iron, Aluminum
or Stainless Steel into the solution. The electrolysis process can be described as a
combination of coagulation and flocculation. Electrocoagulation (EC) is a complex
process that may be affected by different parameters such as operational time, current
density, initial pH, initial contaminants concentration and temperature.
Electrode assembly is the heart of the present treatment facility. Therefore the
appropriate selection of its materials is very important as it affects markedly the
performance of the electrocoagulation reactor. In this study three types of electrodes
were used which are iron, aluminum and stainless steel. The seawater treated with iron
electrode, appeared firstly greenish as and then turned yellow and turbid in the first
minutes. This green and yellow color may be resulted from Fe2+ and Fe3+ ions generated
during EC process. Fe2+ is the common ion generated in situ of electrolysis of iron
electrode. It has relatively high solubility at acidic or neutral conditions and can be
oxidized easily into Fe3+ by dissolved oxygen in water (Benefield et al., 1982; Ramesh
Babu et al., 2007).
The seawater treated with aluminum electrode appeared as the first operational time
white and stay white all the process, no sludge settled remarked, only white foam is
formed as the electrode was eroded and liberated trivalent aluminum, Al3+. This ion
formed an ionic pair with the pollutant rich in magnesium and Calcium. There was
formation of a strong coagulant. An excellent flocculation and coagulation was
observed. Stainless-steel electrodes used to treat the effluent release in the first of
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process black color and after few minutes it starts to appear clear and a little of sludge is
formed too as foam formed.
The anode material determines the cations introduced into solution. Several researchers
as mentioned in literature review have studied the choice of electrode material with a
variety of theories as to the preference of a particular material. The most common
electrode materials for electrocoagulation are iron, aluminum and stainless steel.
Do & Chen (1994) compared the performance of iron and aluminum electrodes for
removing color from dye-containing solutions. Their conclusion was that the optimal
electrocoagulation conditions varied with the choice of iron or aluminum electrodes,
which in turn is determined by initial pollutant concentration, pollutant type and stirring
rate. Hulser et al. (1996) observed that electrocoagulation is strongly enhanced at
aluminum surfaces in comparison to steel. This is attributed to a higher efficiency due to
the in situ formation of dispersed aluminum-hydroxide complexes through hydrolysis of
the aluminate ion, which does not occur with steel electrodes. In general, iron, stainlesssteel and aluminum met the following requirements: sacrificial quality, cost
effectiveness, conductivity, non-toxic, availability and effectiveness of treatment on the
widest variety of contaminants. So, Al, Fe and SS electrodes were selected for the
treatment using EC process in this study and the optimum conditions for each electrode
were treated separately.
The EC experiments were carried out using batch mode reactor with real sample of
seawater. Electrocoagulation process using aluminum, stainless steel and iron electrodes
to remove seawater contaminants was carried out to investigate the removal efficiency
of these impurities prior to desalination. After each EC performance, the treated sample
was allowed to stand at room temperature for 20 minutes and samples were collected
from the middle for the analysis and filtered using sand filter column. In this chapter, the
results of the EC experiments were established to study its effect on Total hardness,
Fecal Coliforms, Turbidity and SDI and using different operational parameters
(electrode Type, inter-electrode distance, pH, initial concentration, operational time and
temperature) are presented in the following sections:

4.2 Local sand specification
It is very important to select media with correct grain sizes for water treatment. In order
to select the correct grain size it is necessary to measure the Effective Size (ES or D10)
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and Uniformity Coefficient (UC or K). The specification of sand sample in the study
which collected from the middle area of the Gaza Strip (the Middle area Governorate at
El-Nuseirat beach) was investigated to examine the suitability of local media for
filtration and it was based on the measurement and calculation of both of the effective
size (ES) and the uniformity coefficient (UC). The sample that collected is adapted for
this study because it has the recommended properties regarding the effective size (ES)
and the uniformity coefficient (UC) that needed for water treatment according to
(WWW.ITACANET.ORG). The values of effective size (ES) and the uniformity
coefficient (UC) for the collected sand sample were 0.6 and 1.3 respectively.

4.3 Rapid sand filter treatment efficiency
Applied seawater was characterized prior to application to the laboratory-scale batch
mode experiments. Characterization of the seawater is imperative to assess changes in
seawater quality with regard to contaminates removal. The seawater was regularly
characterized shortly before the application to insure the initial concentration of water
quality parameters and the efficiency of the system. The quality of seawater has been
based on the grab samples. The water contaminants covered in this assessment were pH,
, Turbidity, Conductivity, TDS, Hardness, Salinity, Silicates and Fecal Coliforms. These
parameters are considered as the key parameters for describing the water characteristics
and their corresponding ratio before and after treatment of water as a measure of the
overall performance for sand filtration and EC treatment. The characteristics of seawater
samples applied to batch experiments before and after sand filtration are presented in
table (4.1).
Table (4.1): Seawater quality before and after sand filtration.
Parameter

Before sand filtration

After sand filtration

8.00

7.9

35700

34920

5

3.4

Water Hardness (ppm)

8300

7000

Conductivity (µ mho/cm)

59500

58200

Silicates (mg/L)

7.8

8

Fecal Coliforms (Colonies/100 mL)

15

13

PH
TDS (ppm)
Turbidity (NTU)
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The rapid sand filter that used in this study with specifications of 0.6 EC and 1.3 UC
was very effective especially in the hardness removal as it was reach 15.6%, 13.3% for
Fecal Coliforms and 32% for turbidity removal as shown in the table (4.1). The other
dissolved elements or indicators such as salinity and pH were slightly decreased or in
sometimes increased such as TDS due to dissolution of some contaminants from sand
media in water sample.

4.4 Electrocoagulation process
Electrocoagulation process is a direct current source between metal electrodes immersed
in aqueous solution. The application of electrical current causes the dissolution of metal
electrodes commonly Iron, Aluminum or Stainless Steel into seawater. The dissolved
metal ions, at appropriate parameters for example the pH, can form wide ranges of
coagulated species and metal hydroxides that destabilize and aggregate the suspended
particles or precipitate and adsorb dissolved contaminants (Chen G.et al., 2004;
Canizares P. et al., 2005). The electrolysis process can be described as a combination of
coagulation, flocculation, flotation and disinfection because of hydrogen release from
cathode and oxygen release from anode, flotation takes place (Jiang et al., 2002; Mavrov
et al., 2006).
This study is mainly focused on the capability of EC technology to improve seawater
quality, such as to increase removal efficiencies of seawater contaminants prior to
desalination. EC experiments were performed and the effect of various operating
parameters on the process efficiency was evaluated. The experiments were carried out
using batch mode reactor with real seawater samples collected from the Middle area
Governorate of the Gaza Strip where the proposed desalination plant will be established
through the Palestinian Water Authority (PWA). The removal percentages efficiency
were studied and calculated for different water quality parameters such total hardness,
TDS, turbidity, FC removal and silicate at different variables which are pH, current
intensity, temperature, inter-electrodes spacing and operational time intervals.
Electrocoagulation processes using aluminum, stainless steel and iron electrodes to treat
seawater were carried out to investigate the removal efficiency of these impurities. In the
following sections, the results of the experiments are given below:
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4.4.1 Effect of electrocoagulation process on hardness removal
Cationic polymers are known to be incompatible with many of the acrylic acid-based
antiscalants in use today and may influence membrane performance. In addition, it has
also been reported that, in high hardness water, polyacrylate based antiscalant can form
an insoluble salt with calcium, thus leading to membrane fouling. So searching of other
method for hardness removal is a must. Electrocoagulation treatment process could be
one the nonconventional method used to minimize the membrane fouling regard to high
concentration of hardness. Electrocoagulation process using aluminum, stainless steel
and iron electrodes to remove water hardness was carried out to investigate the removal
efficiency. Different parameters such as operational time, inter-electrode distance,
current density, initial pH, and temperature were studied as described in the following
subsections.

4.4.1.1 Effect of operational time (min)
The operational 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 operational
time to achieve a desirable Ca-Mg hardness removal efficiency and are cost-effective
concerning energy and electrode consumption (Kobya, 2003). Also, the high operational
or retention time means high cost since more the EC treatment depends on electricity.
So, finding the best operational time for operation will minimize the cost needed for
contaminants removal.
In this study, considering the effect of operational 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 operating parameters, pH of 8, current density of 1.5 mA/cm2,
electrode distance of 1.5 cm and temperature of 25 oC were conducted at different
operational time intervals. It has been shown that by increasing the operational time
from 15 to 45 min, an enhanced rate of removal resulted; so that, maximum removal
efficiencies of 21%, 11% and 7% for SS, Fe and Al electrodes respectively were
achieved after retention operational time of 30 min as represented in Figure (4.1).
In the case of constant current density, inter electrodes spacing and constant pH, the
efficiency of total hardness removal increased with operational time up to 30 min and it
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appears to be constant after that operational time or to be deceased in some cases such as
using SS electrodes. The dissolution of electrodes metals and formation of flocs particles
are mainly responsible for precipitation that cause removal of hardness particles. In
addition, in this process the rate of mixing, affects efficiency since this mixing causes
flocs growth and decreases retention operational time (Kim et al., 2002). The results
showed that most of the hardness has been removed at the beginning of process (30 min)
and this has also been found by Kumar et al., (2004) in their study about the efficiency
of Arsenic and hardness removal and also has been shown by Chaudhary et al., (2003)
and Bazrafshan et al., (2007) in their studies on Cr+6 and hardness removal by
electrocoagulation process (Chaudhary et al., 2003; Ranta et al., 2004; Bazrafshan et al.,
2007). Even though those percentages of hardness removal appears low, it can be
considered high relatively regards the high initial concentration of contaminants (8300
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mg/L) in seawater.
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Fig. (4.1): Effect of operational time on removal efficiency of hardness using Al, Fe
and SS electrodes. (hardness [7000 mg/L], 1.5 mA/cm2, pH of 8, temperature of 25 oC and interelectrode distance of 1.5 cm).

4.4.1.2 Effect of current density
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 current density, speed and efficiency of removal process, energy and
electrode consumption, the amount of produced sludge and operating costs were
increased, while, operational time was decreased (Bayramoglu, 2007). The current
density (CD) is the amount of current per area of the electrode. It is an important
parameter in removal efficiencies (Feng et al., 2007). In all electrochemical processes,
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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).
The Current Density (CD) can be formulated as:

CD = I / S

(4.1)

Where CD is the current density (mA/cm2), I is the current (mA) and S is the total surface
area of anode (cm2) (Basiri et al., 2011).

Thus, the effect of electrical current density on hardness removal from seawater was
studied in this research. In the present study, current density 1.5 mA/cm2 after
operational time of 30 min indicated maximum removal efficiency of Ca-Mg hardness in
the solution, i.e. 21.5%, 21% and 17.1 % for total hardness using Al, Fe and SS
electrodes respectively at constant pH of 8, inter electrode distance of 1.5 cm and
temperature of 25 oC as indicated in Fig (4.2). Also, as seen from the figure, the best

Hardness removal efficiency(%)

electrode type for removal was Al electrode which gave the best efficiency.
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Fig. (4.2): Effect of current density efficiency of hardness using Al, Fe and SS
electrodes. (hardness [7000 mg/L], pH of 8, temperature of 25 oC, time of 30 min and inter-electrode
distance of 1.5 cm).

In general, the current density increase the rate of removal increase for all types of
electrode used in the study. 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
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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 operational time of larger bubbles
are less comparing to small ones, so density increase and bubble size decrease the
flotation efficiency increases (Hu et al., 2005). It can be summarized that with increasing
of electrical current, the efficiency of total hardness removal increases. This conclusion
is in consistence with the studies conducted by Kim et al., (2002) and Zhu et al., (2005).
As a general remark, it appears that for a given operational time, the pollutant removal
efficiency increased significantly with the increase in current density. This result is
agreed with (Chen et al., 2000) who concluded that as the current density decreased, the
operational time needed to achieve similar efficiencies increased. From the obtained
results it can be concluded that the applied current density plays a significant role in
electrocoagulation process for seawater treatment and pollutants removal as it is the
most operational parameter that can be easily controlled within the treatment process
and directly resulting in more efficient and faster removal. Moreover, it was previously
shown in Khosla et al., (1991) study that the bubble size decreases with increasing
current density, which is beneficial to the separation process.

4.4.1.3 Effect of temperature
Fig. (4.3) displays the effect of temperature on the removal efficiencies of Ca-Mg
hardness at different temperature range (10 - 40 oC), pH of 8, current density 1.5
mA/cm2, inter electrode distance of 1.5 cm and operational time of 30 min using Al, Fe
and SS electrodes. Figs. (4.3) indicates that the optimal temperature for hardness
removal efficiency for Al electrode is 10 oC and the Ca-Mg hardness removal
efficiencies will decrease with increasing temperatures above 10

o

C. The best

temperature for the Ca-Mg hardness removal efficiencies using Fe electrode ranges from
20 - 30 oC, while the optimal temperature for the Ca-Mg hardness removal efficiencies
using SS electrode is 20 oC.
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Fig. (4.3): Effect of temperature on Ca-Mg hardness removal efficiency using Al,
Fe and SS electrodes. (hardness [7000 mg/L], pH of 8, inter-electrode distance of 1.5 cm, time of 30
min and current density 1.5 mA/cm2).

Increasing temperature has a positive effect on removal efficiencies of Hardness values
up to some temperature while at higher temperature values, the pollutants removal
dropped to low values. It may be concluded that at low temperature the dissolution of
anode occurs at a lower rate. When the temperature was over 40 ºC, the removal
efficiency began to decrease. In this case, the volume of colloid M(OH)n will decrease
and pores production on the metal anode well be closed.

4.4.1.4 Effect of pH
Fig. (4.4) represents the percentage of total hardness removal at different pH values
range from 4 - 10 using Al, Fe and SS electrodes. The removal efficiency has increased
as pH increased and the maximum efficiency was at pH 10 for SS, at pH 8 for Fe while
it decreased using Al and the highest removal was at pH 4 for Al electrode. Generally as
a result of the experiment, for Fe and SS electrodes with pH increase the rate of
hardness removal increases since the effect of pH on coagulants depends on the
produced reactions at different conditions.
The pH influences the state of other species in solution and the solubility of products
formed. Thus, solution pH influences the overall efficiency and effectiveness of
electrocoagulation (Holt P. et al., 2006). Hence, the increase of pH due to hydrogen
evolution is believed to be due to CO2 release from hydrogen bubbling, due to the
formation of precipitates of other anions with Al3+, and due to the shift of equilibrium
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towards left for the H+ release reactions. As for the pH decrease at alkaline conditions, it
due to the result of formation of hydroxide precipitates with other cations and the
formation of Al(OH)4− as shown in the following equation (Chen X. et al., 2002):
Al(OH)3 + OH−→ Al(OH)4−

(4.2)

With pH increase, the rate of hardness removal increases since the effect of pH on
coagulants depends on the produced reactions on different conditions.

In neutral conditions:
3Al(s) + 8H2O(1)→ Al(OH)2(s) + 2Al(OH)3 + 4H2(g)

(4.3)

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

(4.4)

In alkali conditions:
2Al(s) + 6H2O(1)→ 2Al(OH)3(s) + 3H2O(1)

(4.5)

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
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Fig. (4.4): Effect of pH value on removal efficiency of Ca-Mg- hardness using Al, Fe
and SS electrodes. (hardness [7000 mg/L], Temperature of 25 oC, inter-electrode distance of 1.5 cm,
time of 30 min and current density of 1.5 m A/cm2).
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4.4.1.5 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 H.L.
and Chi F.P., 1994). In the current study, distance between anode and cathode electrodes
was chosen to be in the rage of 1 to 2 cm for Al , Fe and SS electrodes. As seen in the
following graph, by decreasing the distance between two electrodes (1 cm) or increasing
the distance (2 cm), the removal efficiency was decreased for Al and F electrodes and
the best inter electrode distance is 1.5 cm while using SS, the best inter electrode
distance for SS was 1.0 cm and any values above leads to decrease the removal
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Fig. (4.5): Effect of inter-electrode distance on removal efficiency of Ca-Mghardness using Al, Fe and SS electrodes. (hardness [7000 mg/L], Current density 1.5 mA/cm2,
temperature of 25 oC, time of 30 min and pH of 8).

4.4.1.6 Optimum conditions for hardness removal
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.
According what mentioned before and the results of the experiments the optimum
condition of each electrode were selected to study the removal efficiency of hardness as
mentioned below:
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1) For Al electrode:
The optimum conditions that were applied for Al electrode were at current density 1.5
mA/cm2, temperature of 10 oC, pH of 8 and inter-electrode distance 1.5 cm. When
applying the optimum conditions for Al electrode, this improve the desired results for
removal efficiency of Ca-Mg- hardness using electrodes and reached up to 60% after 27
min as seen in Fig. (4.7). Removal of 60% of hardness under high initial concentration
as in seawater (7000 mg/l after sand filtration) that means removal of more than 4000
mg/l of hardness. This quantity is considered high compared with other methods for
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Fig. (4.6): Effect of EC treatment on removal efficiency of Ca-Mg- hardness under
optimum conditions using Al electrode. (hardness [70he 00 mg/L], pH of 4, temperature of 10
o

C, current density 1.5 mA/cm2 and inter-electrode distance 1.5 cm).

when another run was applied for the effluent from the first run in new batch under the
same operational conditions, removal efficiency of Ca-Mg- hardness using Al electrodes
reached up to 75% after 25 min.
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Fig. (4.7): Effect of EC treatment on removal efficiency of Ca-Mg- hardness under
optimum conditions using Al electrode. (hardness [2800 mg/L], pH of 4, temperature of 10 oC,
current density 1.5 mA/cm2 and inter-electrode distance 1.5 cm).

2) For SS electrode:
The optimum conditions that were applied for SS electrode were at current density 1.5
mA/cm2, temperature of 20 oC, pH of 10 and inter-electrode distance of 1 cm. As seen in
Fig. (4.8), the removal efficiency of Ca-Mg-hardness using SS electrode at the optimum
conditions was improved up to 38%. Comparing with the above results using Al
electrode (removal efficiency 60%), the use of SS electrode was not effective in the
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Fig. (4.8): Effect of EC treatment on removal efficiency of Ca-Mg-hardness under
optimum conditions using SS electrode. (hardness [7000 mg/L], pH of 10, temperature 20 oC,
current density 1.5 mA/cm2 and inter-electrode distance of 1cm).
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when another run was applied for the effluent from the first run in new batch under the
same operational conditions, removal efficiency of Ca-Mg- hardness using Fe electrodes
reached up to 60% after 25 min.
3) For Fe electrode:
The optimum conditions that were applied for Fe electrode were at current density 1.5
mA/cm2, temperature of 20 oC, pH of 8 and inter-electrode distance 1.5 cm. As the Fig.
(4.9) shows that the removal efficiency of Ca-Mg-hardness using Fe electrode at the
optimum conditions was improved up to 50%. Fe electrode (50%) was more effective
than SS electrode (38%) in the removal efficiency of Ca-Mg- hardness but less effective
than Al electrode (60%).
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Fig. (4.9): Effect of EC treatment on removal efficiency of Ca-Mg hardness at
optimum conditions using Fe electrode. (hardness [7000 mg/L], pH of 8, temperature of 20 oC,
current density 1.5 mA/cm2 and inter-electrode distance of 1.5 cm).

when another run was applied for the effluent from the first run in new batch under the
same operational conditions, removal efficiency of Ca-Mg- hardness using Fe electrodes
reached up to 70% after 25 min.

4.4.2 Effect of electrocoagulation process on silicates removal
Silica scaling is very common problem in reverse osmosis systems that operate at high
recoveries. Silica exists in water as silicic acid which has the formula Si(OH)4. When the
concentration of silica increases, it begins to polymerize into low molecular weight
oligomers. These can continue to grow to larger colloidal polymeric species, and
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eventually, to an amorphous silica gel (Iler, R.K., 1979). Polymerization varying with
temperature, pH and TDS. Electrocoagulation process using aluminum, stainless steel and

iron electrodes to remove water silicates compound was carried out to investigate the
removal efficiency. Different parameters such as operational time, inter-electrode
distance, current density, initial pH, and temperature were studied as mentioned in the
following subsections.

4.4.2.1 Effect of operational time (min)
To explore the effect of operational time, a series of experiments was carried out at
intervals operational time range from (10 - 90 min), at constant pH of 8, current density
1.5 mA/cm2, temperature of 25 oC and inter-electrode distance of 1.5 cm using Al, Fe
and SS electrodes. Fig. (4.9) shows that the efficiency of silicates removal was very
effective using EC treatment process, especially when using Al electrodes. The removal
efficiency of silicates reached up to 75%, 60% and for SS 60% for Al, Fe and SS
electrodes respectively. For an operational time beyond the optimum operational time of
80 min, the pollutant removal efficiency does not increase as sufficient numbers of flocs
are available for the removal of the pollutant.
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Fig. (4.10): Effect of operational time on removal efficiency of silicates using Al, Fe
and SS electrodes. (silicates [8 mg/L], Current density 1.5 mA/cm2, temperature of 25 oC, pH of 8
and inter-electrode distance of 1.5 cm).
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4.4.2.2 Effect of current density (mA/cm2)
As seen in Figs. (4.11) experiments were carried out at current densities range from (0.2
-1.5 mA/cm2), at constant pH of 8, operational time of 80 min, inter electrode distance
of 1.5 cm and temperature of 25 oC using Al, Fe and SS electrodes. It is found that the
efficiency of silicates removal has increased by increasing current density up to 1.5
mA/cm2 . The removal efficiencies were 80%, 73% and 68% using Al, SS and Fe
electrodes respectively. As a general rule as seen from the figure, increasing the current
density leads to increase the removal efficiencies for all types of electrodes used in the
experiments. The Al electrode showed the best removals (80%) other than the other
electrodes (Fe and SS) under lowest current density (1.5 mA/cm2). Decreasing the
current density meaning decreasing the cost of treatment. This indicates that Al
electrode can be considered as the preferable type of electrode for removal of silicates
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Fig.(4.11): Effect of current density on silicates removal efficiency using Al, Fe and
SS electrodes. (silicates [8 mg/L], pH of 8, temperature 25 oC, inter-electrode distance 1.5 cm and
operational time of 80 min).

4.4.2.3 Effect of temperature
To investigate the effect of temperature on the removal percentage of silicates a series of
experiments were carried out at different intervals of temperature range from (10 – 40
o

C) at operational conditions of constant pH of 8, current density 1.5 mA/cm2,

operational time of 80 min and inter-electrode distance of 1.5 cm using Al, Fe and SS
electrodes as indicated in Fig (4.12).
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Fig.(4.12): Effect of temperature on removal efficiency of silicates using Al, Fe and
SS electrodes. (silicates [8 mg/L], pH of 8, current density 1.5 mA/cm2, inter-electrode distance of 1.5
cm and operational time of 80 min).

The figure shows the best removal efficiencies were by using Al electrode (80%)
followed by Fe electrode (70%) and SS (65%). As seen from the above figure increase
of temperature leads to increase of removal efficiency at constant current density up to
35 oC. So, it can say, further the increase in temperature results in a decrease in current
density. The increase of current density with temperature was attributed to the increased
activity of destruction of the aluminum oxide film on the electrode surface. When the
temperature is too high, there is a shrink of the large pores of the Al(OH)3 gel resulting
in more compact flocs that are more likely to deposit on the surface of the electrode.
Although higher temperature gives a higher conductivity hence a lower energy
consumption.

4.4.2.4 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 removal percentage of silicates, a number of experiments were carried out at
pH intervals range of from (4 - 10), at constant temperature of 25 oC, current density of
1.5 mA/cm2, inter-electrode distance of 1.5 cm and at operational time of 80 min using
Al, Fe and SS electrodes. Generally, the pH of the medium changes during the process
according to Othman et al., (2006), Yildız et al., (2008). However, the value of pH
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remained within the allowable limits. As the operating time of EC process increased the
pH value increased. This is due to the OH- ion accumulation in aqueous solution during

Silicates removal efficiency (%)

the process.

100
90
80
70
60

Fe
Al
SS

50
40
30
4

5

6

7

pH (Value)

8

9

10

Fig. (4.13): Effect of pH on removal efficiency of silicates using Al, Fe and SS
electrodes. (silicates [8 mg/L] , Current density 1.5 mA/cm2, operational time of 80 min, temperature
of 25 oC and inter-electrode distance of 1.5 cm).

Since silica is a weak acid, it deprotonates with increasing pH. Its oligomers and
polymers exhibit the same properties, gaining negative surface charges in proportion to
rising pH. At a pH of 8.5, about 10% of silica is anionic (Sheikh oleslami R., 2002).
This would theoretically increase its solubility by about 10% as those silica molecules
repel each other, preventing the collisions necessary for polymerization.
Si(OH)4 + OH- = H3SiO- + H2O

(4.6)

4.4.2.5 Effect of inter-electrode distance
To explain the effect distances between each couple of anode and cathode on the
silicates removal efficiency, experiments were carried out at interval distances between
each couple of anode and cathode range from (1 - 2 cm), at constant pH of 8, current
density 1.5 mA/cm2, operational time of 80 min and temperature of 25 oC using Al, Fe
and SS electrodes. Distance between anode and cathode electrodes was chosen to be 1.5
cm because it was the best inter-electrode distance to achieve the best silicates removal
efficiency as shown in figure (4.14).
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Fig. (4.14): Effect of enter-electrode distance on removal efficiency of silicates using
Al, Fe and SS electrodes. (Silicates [8 mg/L], pH of 8, current density 1.5 mA/cm2, operational time
of 80 min and temperature of 25 oC).

4.4.2.6 Silicates removal efficiency at the optimum conditions
1) For Al electrode:
The optimum conditions that were applied for Al electrode were at pH of 4, temperature
of 30 oC, current density 1.5 mA/cm2 and inter-electrode distance 1.5 cm. Fig. (4.15)
shows that the removal efficiency of silicates was improved at the optimum conditions
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up to 90% therefore Al electrode is very effective for silicates removal from seawater.
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Fig. (4.15): Effect of operational time on removal efficiency of silicates using Al
electrode at optimum conditions. (Silicates [8 mg/L], pH of 4, temperature 30 oC, current density
1.5 mA/cm2 and inter-electrode distance 1.5 cm).
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2) For SS electrode:
The optimum conditions that were applied for SS electrode were at pH of 8, temperature
of 25 oC, current density 1.5 mA/cm2 and inter-electrode distance 1.5 cm. Fig (4.16)
shows that the removal efficiency of silicates was improved at the optimum conditions
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which reached up to 87%.
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Fig. (4.16): Effect of operational time on removal efficiency of silicates using SS
electrode at optimum conditions. (Silicates [8 mg/L], pH of 8, temperature 25 oC, current density
1.5 mA/cm2 and inter-electrode distance 1.5 cm).

3) For Fe electrode:
The optimum conditions that were applied for Fe electrode were at pH of 8, current
density 1.5 mA/cm2, temperature of 25 oC and inter-electrode distance 1.5 cm. Fig (4.17)
shows that the removal efficiency of silicates was improved at the optimum conditions
up to 85%.
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Fig. (4.17): Effect of operational time on removal efficiency of silicates using Fe
electrode at optimum conditions. (Silicates [8 mg/L], pH of 8, temperature 30 oC, current density
1.5 mA/cm2 and inter-electrode distance 1.5 cm).

As seen in the above three graphics, the removal efficiency for the three types of
electrodes used in the EC experiments at the optimum condition are considered very
high. The Al electrode showed the best type of electrode could be used in the removal of
silicates from seawater in regard to the operational time of removal, energy consumption
and high percentage of removals.

4.4.3 Effect of electrocoagulation process on Fecal Coliforms removal
Biological fouling which is the build-up of a microbial community on the membrane
surface including microbes and their by-products, resulting in a slime layer. Bio-fouling
is a special case of particulate fouling that involves living organisms and can be a
serious problem. Biological material growing on membrane surfaces not only causes
loss of flux but may physically degrade certain types of membranes. So it is necessary to
remove such organisms before water pass the membrane to extend the life time of the
membrane and to minimize the cost of replacement of such membrane. Fecal Coliforms
group was taken as representative indicator to microbiological contamination.
Electrocoagulation process using aluminum, stainless steel and iron electrodes to
remove Fecal Coliforms bacteria was carried out to investigate the removal efficiency of
these microorganisms. Different parameters such as operational time, current density,
initial pH, and temperature were studied as mentioned in the following subsections.
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4.4.3.1 Effect of operational time (min)
To explore the effect of operational time of electrocoagulation process on Fecal
Coliforms removal, a series of experiments were carried out at intervals operational time
range from (10-30 min), at constant pH of 8, current density of 1.5 mA/cm2, interelectrode distance of 1.5 cm and temperature of 25 oC using Al, Fe and SS electrodes. As
seen in Fig. (4.18) most of Fecal Coliforms removal is reached under optimal values of
electrocoagulation duration (30 minute). More than 90% of contaminant removal
occurred by using Al and Fe electrode. Referring to Thirugnana et al (2013), that
emphasize that by increasing operational time, an increase occurs in the amount of metal
hydroxide flocs (M(OH)3) which promotes the removal of FC via a sweep coagulation
followed by precipitation mechanism, thus removal efficiency FC increased.
Miao Li et al., (2010), Rezaee A. et al., (2011) and YingHao Liu et al., (2011) observed
that chlorine and hypochlorite ions formed at the anode has a role in the removal of FC
as it is converted to hypochlorous acid and hypochlorite ions which are strong oxidants
and the following reactions take place at anode and cathode:
At anode:
2Cl− → Cl2 + 2e−

(4.7)

At cathode:
2H2O + 2e−→ H2 + 2OH−

(4.8)

Bulk solution:
Cl2(g) + H2O→ HOCl + Cl− + H+

(4.9)

HOCl→ OCl− + H+

(4.10)

Also, the naturally chloride dissolved in seawater gives rise to chloride ions which acts
as a disinfectant. It can be said that almost 80% removal of Fecal Coliforms removal
was achieved after 30 minutes of electrolysis. For aluminum and iron electrodes the
percentage was estimated as 92%, while it was 84% for stainless steel electrodes.
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Fig. (4.18): Effect of operational time on removal efficiency of Fecal Coliforms
using Al, Fe and SS electrodes. (Fecal Coliforms [13 Colonies/100 ml], pH 8, current density of
1.5 mA/cm2, temperature of 25 oC, inter-electrode distance 1.5 cm).

4.4.3.2 Effect of current density
Fig. (4.19) illustrates the results of the experiments which were carried out to study the
effect of current densities on removal efficiency of Fecal Coliforms using Al, Fe and SS
electrodes. Different values of current densities range from (0.2 - 1.5 mA/cm2) were
used at constant pH of 8, operational time of 30 min, inter-electrode distance of 1.5 cm
and temperature of 25 oC using. As seen in Fig. (4.19) that the FC removal has increased
by increasing the current density. As expected for FC removal, it appears that for a given
operational time, inter electrode distance and pH the pollutant removal efficiency
increased significantly with the increase in current density.
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Fig. (4.19): Effect of current density on removal efficiency of Fecal Coliforms using
Al, Fe and SS electrodes. (Fecal Coliforms [13 Colonies/100 ml], pH 8, operational time of 30 min,
temperature of 25 oC, inter-electrode distance 1.5 cm).
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4.4.3.3 Effect of temperature
To investigate the effect of temperature on the removal percentage of FC, a series of
experiments were carried out at different temperatures range of from (10 - 40 oC), at
constant pH of 8, current density of 1.5 mA/cm2, inter electrode distance of 1.5 cm and
operational time of 60 min using Al, Fe and SS electrodes. Fig. (4.20) show that the best
temperature for the FC removal was 30 oC for all types of electrodes. When the
temperature is high, there is a shrink of the large pores of the Al(OH)3 gel resulting in
more compact flocs that are more likely to deposit on the surface of the electrode.
Although higher temperature gives a higher conductivity hence a lower energy
consumption. It can be said that almost 100% removal of fecal Coliforms removal was
achieved after 30 minutes of electrolysis. The percentages of removal achieved were
100%, 93%, 85% by using Al, Fe and SS electrodes respectively.
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Fig. (4.20): Effect of temperature on removal efficiency of Fecal Coliforms using
Al, Fe and SS electrodes. (Fecal Coliforms [13 Colonies/100 ml], pH 8, operational time of 30 min,
current density of 1.5 mA/cm2, inter-electrode distance of 1.5 cm).

4.4.3.4 Effect of initial pH
To examine the effect of pH on the removal percentage of Fecal Coliforms, a series of
experiments were carried out at different pH values range from (4-10) at constant
temperature of 25 oC, current density of 1.5 mA/cm2, inter-electrode distance of 1.5 cm
and operational time of 30 min using Al, Fe and SS electrodes. Fig. (4.21) displays the
effect of pH on removal percentage of Fecal Coliforms. The data showed that the
removal percentage of FC increased at higher pH value (pH 10). The removal efficiency
of FC was increased linearly with increasing initial pH from 5 - 10. This is mainly due to
the fact that, when pH is within the range of 5–8 this can be explained by that the
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oxidation of ferrous iron (Fe2+) to ferric iron (Fe3+) is favorable in neutral condition for
mild steel electrode, also the formation of amorphous M(OH)3 species is predominant
for example the formation of Al(OH)3 for aluminum electrodes. The freshly formed
amorphous M(OH)3 species has large surface area, which are beneficial for the removal
of the FC via a sweep coagulation followed by precipitation mechanism. However,
initial pH beyond 6 resulted in lower removal efficiencies was noticed due to the
formation of monomeric anions M(OH)4- species according to Sridhar et al., (2011).
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Fig. (4.21): Effect of pH on removal efficiency of Fecal Coliforms using Al, Fe and
SS electrodes. (Fecal Coliforms [13 Colonies/100 ml], operational time of 30 min, current density of
1.5 mA/cm2, inter-electrode distance of 1.5 cm and temperature of 25 oC).

4.4.3.5 Effect of inter-electrode distance
Experiments were carried out at different inter-electrode distances between anode and
cathode range from (0.8 - 1.5 cm) at constant pH of 8, current density of 1.5 mA/cm2,
operational time of 30 min and temperature of 25 oC using Al, Fe and SS electrodes to
explain effect of the distances between anode and cathode on the FC removal efficiency.
Fig. (4.22) shows that the best inter-electrode distance was 0.8 cm for Al, Fe and SS
electrodes. Decreasing distance from 1.5 to 0.8 cm marked a significant value for FC
removal rate which reached about 95% of removal for the three types of electrodes. At
minimum inter-electrode distance the resistance for current flow in the reactor is lower
that facilitates the EC process for enhanced removal of FC. (Thirugnana K. et al., 2013).
According to Ghosh et al. (2008), when the distance between the electrodes is low, the
attraction between the generated ions is more, resulting in the high movement of the
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ions. The generated ions continuously keep on colliding due to availability of less space
than the formation of flocs required to coagulate the pollutant compounds. On further
increasing the distance between the electrodes beyond the optimum value, the amount of
anode dissolution decreases and the ions have to travel a longer distance for interaction
to form the flocs. This will reduce the formation of flocs leading to a reduction in the FC
removal efficiency.
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Fig.(4.22): Effect of inter electrode distance on removal efficiency of Fecal
Coliforms using Al, Fe and SS electrodes. (Fecal Coliforms [13 Colonies/100 ml], operational
time of 30 min, current density of 1.5 mA/cm2, temperature of 25 oC and pH of 8).

4.4.3.6 FC removal efficiency at the optimum conditions:

1) For Al electrode:
The optimum conditions that were applied to study the removal efficiency of Fecal
Coliforms using Al electrode at optimum conditions were at pH of 10, temperature of 30
o

C, current density of 1.5 mA/cm2 and inter-electrode distance of 0.8 cm. As seen in Fig.

(4.23), when the optimum conditions were applied the FC removal efficiency was
improved up to 100%. Therefore, the electrocoagulation process using Al electrode was
very effective in FC removal.
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Fig. (4.23): Effect of operational time on removal efficiency of Fecal Coliforms
using Al electrode. (Fecal Coliforms [13 Colonies/100 ml], pH 10, temperature 30 oC, current density
of 1.5 mA/cm2 and inter-electrode distance 0.8 cm).

2) For Fe electrode:
The optimum conditions that were applied to study the removal efficiency of Fecal
Coliforms using Fe electrode were at pH of 10, temperature of 30 oC, current density of
1.5 mA/cm2 and inter-electrode distance of 0.8 cm. Fig. (4.24) shows that when the
optimum conditions were applied the removal efficiency of FC was improved up to
100%. Therefore, the electrocoagulation process using Fe electrode was very effective in
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Fig. (4.24): Effect of operational time on removal efficiency of Fecal Coliforms
using Fe electrode at optimum conditions. (Fecal Coliforms [13 Colonies/100 ml], pH 10,
temperature 30 oC, current density of 1.5 mA/cm2 and inter-electrode distance 0.8 cm).
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3) For SS electrode:
The optimum conditions that were applied to investigate the capability of EC process to
remove Fecal Coliforms using SS electrode were at pH of 10, temperature of 30 oC,
current density of 1.5 mA/cm2 and inter-electrode distance of 0.8 cm. As seen in Fig.
(4.25), applying the optimum conditions for FC removal was improved up to 92%.
Therefore the electrocoagulation process using SS electrode was less efficient than Al
and Fe electrodes in removal of FC.
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Fig. (4.25): Effect of operational time on removal efficiency of Fecal Coliforms
using SS electrode at optimum conditions (Fecal Coliforms [13 Colonies/100 ml], pH 10,
temperature of 30 oC, current density of 1.5 mA/cm2 and inter-electrode distance 0.8 cm).

4.4.4 Effect of electrocoagulation process on turbidity removal
Inorganic & particle fouling can lead to accumulation of particles on the membrane
surface not removed from the raw water during the filtration process in the pretreatment. The indicators of sufficient reduction of suspended solids and particles are
turbidity values of less than 0.5 Nephelometric Turbidity Unit (NTU) and silt density
index (SDI) values of less than 4. Electrocoagulation process using aluminum, stainless
steel and iron electrodes to remove water turbidity was carried out to investigate the
removal efficiency. Different parameters such as operational time and current density
were studied as mentioned in the following subsections.

4.4.4.1 Effect of current density on turbidity removal
As the fig (4.26) show that the higher of the voltages were used the higher of efficiency
removal of turbidity of treated water. The figure show that Al electrode is the best type
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of electrode that can be used for turbidity removal followed by Fe and SS. Also, it can
be concluded that by increasing the cell voltage (current density) the removal efficiency
increases. This is explained the fact that, the coagulant production on the anode and
cathode increases while increase the current density. Therefore, there is an increase in
metal hydroxide (M(OH)3) flocs formation in the reactor and hence the improvement in
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Fig. (4.26): Effect of voltage on turbidity removal efficiency using Al, Fe and SS
electrodes. (Turbidity [3.4 NTU], pH of 8, temperature of 25 oC, operational time of 40 min and interelectrode distance of 1.5 cm).

4.4.4.2 Effect of operational time on turbidity removal
The efficiency of turbidity removal is directly proportional with the operational time at
constant current density (1.5 mA/cm2) as shown in fig. (4.27). Aluminum electrodes
marked the highest removal of turbidity (90.9%) where Fe and SS electrodes can be
considered as a good in the removal of turbidity which reached up to 83.2% for Fe and
67.6% for SS electrodes. The removal efficiency of turbidity match more than 90% by
using aluminum electrode, this percentage is acceptable and there is no need to operate
the EC experiment for optimization.
The operating time has an important effect on turbidity removal efficiency. It is thought
that increasing operational time improves the efficiency of turbidity removal by faster
producing hydrolyzed products. During electrochemical treatment, when a potential is
applied between electrodes, hydroxyl ions and Al3+ or Fe3+ are generated at the cathode
and anode respectively. It is known that these products are responsible for flocculation
this is because potential is the major driving force during operational time for the
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respective phenomena of interest in electrochemical reactors as studied by R. Philippe et
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al. (2003).
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Fig. (4.27): Effect of operational time on turbidity removal efficiency using Al, Fe
and SS electrodes. (Turbidity [3.4 NTU], Current density 1.5 mA/cm2, temperature of 25 oC, pH of 8
and inter-electrode distance of 1.5 cm).

M. Han et al. (2002) compared effectiveness of the electrocoagulation (EC) with
conventional chemical coagulation through a set of batch experiments. They concluded
that the EC is more efficient than chemical coagulation for turbidity removal. In this
study the results show that turbidity removal is comparable to similar experiments in the
literatures as mentioned above.
Zongoet al., (2012) explained that the turbidity removal occurs as the result of
destabilization of colloids due to the effect of the electric field generated between the
electrodes and the reactions with coagulating compounds formed in situ during anode
oxidation, followed by a subsequent flotation of agglomerates of the particles. Kobya et
al., (2003) studied the treatment of textile wastewater by electrocoagulation using iron
and aluminum electrodes. The results showed that turbidity removal for the Al electrode
was as high as 98% at pH < 6.

4.4.6 Effect of electrocoagulation process on silt density index
Many parameters have been used to assess the need for pretreatment of feed water
before the RO units, the most common indexes are the Silt Density Index (SDI). Silt
density index (SDI) is a parameter characterizing the fouling potential of water. SDI
analytical protocol is standardized in the ASTM D 4189-95, re-approved 2002, and it
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evaluates the amount of 0.45-micron filter plugging caused by passing a sample of water
through the filter for 15 minutes. It is strongly depending on the amount of particles but
also representative of other fouling compounds.
The test is carried out at a pressure of 2.05 bars through a membrane with a cut-off
threshold of 0.45 μm. Conventionally, the measurement is made over a period of 15
minutes (SDI15) on the pre treated water. This test method is used to indicate the
quantity of particles, colloids in low turbidity water (< 1.0 NTU). In this study, the SDI15
tests were carried out for the water which passed the first sand filter and applied for
electrocoagulation process followed by a second sand filter.

Table (4.2): Comparison of seawater quality after first sand filter process , after
EC treatment and second sand filter process. (operational time = 40 min, initial pH = 8,
current density = 1.5 mA/cm2, temperature = 30 oC and inter-electrodes distance = 1.5 cm).

Parameter

After first sand filter

After EC treatment

After second sand filter

Type of electrodes

Type of electrodes

AL

Fe

SS

7.9

7.8

8.5

8.3

34920

30840

31200

3.4

0.31

0.57

Water Hardness (ppm)

7000

700

Conductivity ( µ mho/cm )

58200

Silicates (mg/L)
Fecal Coliform (Colonies/100 mL)

PH
TDS (ppm)
Turbidity (NTU)

AL

Fe

SS

7.8

8.5

8.3

30828

31200

31872

1.1

0.15

0.35

0.65

1050

1736

680

1000

1700

51400

52000

53140

51380

52000

53120

8

0.8

1.2

1

0.8

1.2

1

13

0

0

1

0

0

1

31884

Table (4.2) demonstrates a decrease in TDS was noticed with a corresponding
decrease in electrical conductivity, which may be due to the decrease in alkalinity and
total hardness concentration. The hydrogen gas liberated at cathode also helps to float
the contaminants. This influences the removal of TDS and other contaminants. Also the
turbidity of the effluent was less than 1 NTU for AL , Fe electrodes and 1.1 NTU for SS
electrode. SDI15 for SS electrode was 3.8 % min, this value is acceptable (< 4). SDI is
the essential parameter to control the fouling potential of water. Compared to others
parameters like turbidity or suspended solids, it is more sensitive. As the turbidity of the
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effluent was less than 1 NTU for Al and Fe electrodes, so there is no need to measure of
SDI15 and it will be within the acceptable limits (SDI15 < 4). Also, sand filter was
effective in the removal of turbidity from treated water by EC process up to 51.6%,
38.5% and 40.9% for AL, Fe and SS electrodes respectively. So, its highly
recommended to use a sand filter system before and after electrocoagulation process to
remove some of the impurities before application of EC system and to remove the
turbidity after EC which leads to save the cost of operation and conserve the system.

4.5 Sludge formation
EC forms less sludge which is readily settable and easy to dewater as it is primarily
composed of metallic oxides and hydroxides. Flocs formed by EC are similar to
chemical flocs except that EC flocs are larger, contain less bound water and are more
stable. Hence, they can be separated faster by settling and filtration (Kumar and Goel,
2010). EC sludge production is proportional to characteristics of raw wastewater,
settable solids and matter destabilized by coagulation and concentration flocculent
(Kobya et al., 2006). Further, research is highly recommended to study the type and
quality of sludge formed and finding the best way for handling and disposal of it.
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CHAPTER FIVE
Conclusion and Recommendations
5.1 Conclusion
1.

The rapid sand filter that used in the first prior the EC reactor was effective in
removal of turbidity (32%) and total hardness (15.6%) from the seawater sample.

2.

The maximum removal efficiency of 90%, 85% and 75.2% by using Al, SS and Fe
electrodes respectively was achieved for total Hardness under different operational
conditions of current density 1.5 mA/cm2, temperature of 10 oC, pH of 4 and interelectrode distance 1.5 cm for Al and Fe electrodes and 1.5 mA/cm2, temperature of
20 oC, pH of 8 and inter-electrode distance of 1.5 cm for SS electrode.

3.

For Fecal Coliforms, 30 minutes operating time, current density of 1.5 mA/cm2 and
inter-electrode distance of 0.8 cm were sufficient for 100% removal using
aluminum and iron electrodes and 92.3% for stainless steel electrode.

4.

Aluminum electrode marked the highest removal of Turbidity (90.8%) followed by
Fe electrode (83.2%) and SS electrodes (67.6%) under the operation conditions of
current density of 1.5 mA/cm2, temperature of 25 oC, pH of 8 and inter-electrode
distance of 1.5 cm.

5.

The optimum conditions for Silicates removal were at pH of 4, temperature of 30
o

C, current density 1.5 mA/cm2 and inter-electrode distance 1.5 cm for Al electrode

and pH of 8, temperature of 30 oC, current density 1.5 mA/cm2 and inter-electrode
distance 1.5 cm for SS and Fe electrodes where the removal efficiencies were 90%,
87% and 87% for Al, Fe and SS electrodes respectively.
6.

The rapid sand filter that was used after EC process was effective in the removal of
turbidity of treated water by EC process (40.9%) for SS, (51.6% ) for aluminum and
(38.6%) for iron electrodes.

7.

The SDI15 of treated water by using SS electrode was 3.8 which was within the
recommended level by the ASTM Standard D4189 of less than 4 under the
following condition (pH = 8, inter-electrode spacing = 1.5cm, operational time = 40
minutes, temperature = 30 oC and current density = 1.5mA/cm2).
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8.

The effect of inter-electrode spacing on the removal of pollutants reveals that their
removal efficiency increases as the inter-electrode spacing decreases from 2 cm to
1.5 cm for most pollutants and from 2 to 0.8 cm for Fecal Coliforms.

9.

The electrode materials play an important role in EC method for treatment of
pollutants in aqueous solution where each contaminant has optimum condition at
specific type of electrode due to its mechanism of removal. Within the three types
of electrodes, aluminum electrode marked the highest removal of total hardness
(90%), silicate (90%), turbidity (90.8%) and Fecal Coliforms (100%). Iron electrode
marked the same removal as Al electrode for Fecal Coliforms (100%). Iron
electrode also showed good removal efficiency of turbidity up to (83.2%) and can
also be applied for seawater treatment as it is the cheapest one.

10. The applied current density has significant effect on the removal efficiency of EC
process. It was found that rising the current density increases the removal efficiency
for the studied pollutants. It was found that rising the current density from 0.2 to
1.5 mA/cm2 increases the removal efficiency for studied pollutants. On contrary, the
effect of inter-electrode spacing on the removal of pollutants reveals that their
removal efficiency increases as the inter-electrode spacing decreases.
11. The operational time played an important role for EC process and it was directly
proportional to removal efficiencies up to some limits where an increase over that
limits didn‟t show any increase to contaminants removals. Further increase in
treatment operational time from 35 to 45 minutes for silicate marked close values in
removal efficiency: 90.3% by aluminum, 87.5 % by Stainless steel, and 85% by iron
electrodes. For Fecal Coliform 30 minutes were sufficient for total removal by
aluminum and iron electrodes and reached 92.3% removal by stainless-steel
electrodes.
12. Changing pH value marked changing of maximal removal at each level. Also,
during EC treatment the pH value changed and raised slightly at the end of
treatment process but it was within allowable limits.
13. The SDI15 of treated water by using SS electrode was 3.8 under the following
condition (pH=8, inter-electrode spacing =1.5cm, operational time = 40 minutes,
temperature = 30 oC and current density = 1.5mA/cm2) which was within the
recommended level of less than 4 according to the ASTM Standard D4189.
14. The results of the present study and other related studies show that EC process in
comparison to other techniques has some important advantages such as simple
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equipments, convenient operation, lower operational time, decrease or no need for
using chemical matters, rapid sedimentation of produced flocs and less sludge
production and retain less water as it is primarily composed of metallic oxides and
hydroxides.
15. This research indicates that EC could be considered as attractive method for the
treatment of various kinds of contaminants and it offers the potential for a feasible
and effective pretreatment strategy of seawater before the RO desalination process.

5.2 Recommendations
The study indicates that the electrocoagulation is a fast, effective, clean process and
requires simple equipment to the removal of total hardness, silicate, FC, COD and
turbidity. The treated seawater by EC process is suitable for use in RO desalination
plants. This could reduce many environmental and economic problems which could be
created by membrane fouling and clogging occurrence.
For that purpose the followings recommendations are advised:
1. It is very important to evaluate the nature and extent of fouling and the
characterize of the source of fouling. This is essential for the betterment of water
treatment procedures and modification in processes of the pretreatment process whatever possible to extend the life of the membrane.
2. Further investigations and researches on other pollutants and operating
parameters using this technology will not only improve its efficiency, but also
develop new modeling techniques.
3. Further research is highly recommended to study the type and quality of sludge
formed and the best way for handling and disposal of it.
4. Draw attention to study the economic and environmental feasibility when
applying EC units for pretreatment of seawater and other industries.
5. Encouraging studies related to different and specific cases in Gaza, especially
about finding an affordable and sustainable energy sources to run such EC units
as solar panel.
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