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Abstract 
 

Industrial effluents are one of the major causes of environmental pollution because 

effluents discharged from industries are highly colored with a large amount of suspended 

organic solid ,and soluble organic compounds. Untreated disposal of this colored water 

into the receiving water body either causes damage to aquatic life or to human beings by 

mutagenic and carcinogenic effect. One of the techniques that have been recently 

implemented in several countries is the utilization of electrocoagulation in domestic and 

industrial wastewater treatment. In this study the removal efficiencies of three pollutants: 

Cloropyrofis (pesticide), Safranin O (dye), and Levofloxacin (antibiotic) from synthetic 

aqueous solution using the electrocoagulation process were investigated. 

Laboratory scale experiments using a static mode batch electro-coagulator reactor were 

performed to assess the removal efficiency and select the appropriate EC technology for 

industrial wastewater treatment. Three types of electrodes materials Iron (Fe), Stainless 

Steel (S-S) and Aluminum (Al) were used. The experiments were performed using the 

following combination Al-Al, Fe-Fe, S-S of the different electrodes. The electrodes were 

connected in a monopolar connection mode. The electrocoagulation unit consists of a 250 

ml electrochemical reactor with an effective surface area of 12 cm
2 

for electrodes 

immersed in the solution. 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. The effects of operational parameters such as initial pH, initial 

contaminant concentration, current density, type of electrolyte, salt concentration, inter 

electrode distance and temperature on the pollutants removal efficiency have been studied. 

The ranges of experimental parameters were between 6-11 for initial pH, 5-80 min 

operating time, 10-40 °C of temperature, 1-3 cm inter-electrode distance, electrolyte 

concentration 2-8 g/L of NaCl and 41.7 - 250 mA/cm
2
 for current density. Electrolytes of 4 

g/L of the following salts: NaCl, KCl, NaNO3, and Na2CO3 were studied. Sodium chloride 

showed the best electrolyte of 4 g/l. 

The optimal operating conditions for removal of Safranin were: initial dyes concentration 

of 30 mg/L, temperature of 30
 o

C, current density of 125 mA/cm
2
, electrolyte salt 

concentration of 4g/L of NaCl and initial pH of (10.85), (6.2), (6.2) by using Fe, S-S and 

Al electrodes respectively. The results showed that the removal percentages for Safranin O 

were (96.2%), (99.8%) and (87%) by using Fe, S-S and Al electrodes at 15, 30 and 45 min 

respectively. The electrical energy consumptions at optimum conditions for Safranin O 
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were as follows: (3.6, 8.2 and 20.7 KWh/m
3
) using Fe, S-S and Al electrodes respectively. 

The optimum conditions for Cloropyrofis pesticide were: initial pesticides concentration of 

75 mg/L, current density 41.7 mA/cm
2
, electrolyte salt concentration of 4 g/L and 

temperature of 25 
o
C and initial pH of (6.2), (9.35), (10) for Fe, S-S and Al electrodes 

respectively. The results showed that Cloropyrofis removal efficiencies were 96.5%, 

98.1% and 97.2% by using Fe, S-S and Al electrodes at 10, 10 and 15 min respectively. 

The electrical energy consumptions at optimum conditions for Cloropyrofis were as 

follows: (0.85, 0.65, 1 KWh/m
3
) using Fe, S-S and Al electrodes respectively. The best 

removal for Levofloxacin drug was obtained with typical operating conditions of: initial 

pH of 6.2, initial drug concentration of 40 mg/L, current density of 41.7 mA/cm
2
, 

electrolyte salt concentrationof4 g/Land temperature of 25 
o
C. The results showed that the 

removal efficiencies of Levofloxacin were 56.2%, 87% and 81.6% by using Fe, S-S and Al 

electrodes at 60 min respectively. The electrical energy consumptions at optimum 

conditions for Levofloxacin were as follows: (3.35, 3.6, and 4 KWh/m
3
) using Fe, S-S and 

Al electrodes respectively. 

  

Keywords: Electrocoagulation, Iron, Stainless steel and aluminum electrodes, Safranin O 

dye, Cloropyrofis drug, Levofloxacin pesticide. 
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سةالدرا ملخص  
 

كمية كبيرة  وجود و بشكل كبير ملونةتكون غالبا  ألنهامن األسباب الرئيسية لتلوث البيئة  تعتبرمياه الصرف الصناعية 
المياه إما يسبب ضررا  أنظمةغير المعالجة في من تلك المياه الملونة . التخلص العالقة صلبة العضويةال الموادمن 

أساليب ابتكار ن. هناك حاجة إلى اسرطال أمراضو  اتطفر تكون العن طريق  يةالبشر الحياة للحياة المائية أو إلى 
خر.. واحةة من األاه ميال أنظمة من قبل تصريفها إلى أي ةرخيصة وفعالة لتنقية وتنظيف مياه الصرف الصناعي

 هيالتي تم تنفيذها مؤخرا في العةية من البلةان معالجة مياه الصرف الصحي ومعالجة النفايات الصناعية تقنيات 
للبيئة  الملوثةمواد من ال ةكفاءة إزالة ثالث حثتم بالةراسة  ههذفي . المعالجة كهربي فيطريقة التخثر الاالستفادة من 

طريقة  باستخةام الصناعية الليفوفلوكسن في المحاليل المائيةالمضاد الحيوي  الةورسبان،مبية  ،وهي صبغه السفرانين
 الكهربي.  التخثير

الملوثات  إزالة كفاءة ات الثابتة لتقييمةفعتخثير كهربي بنظام ال مفاعل باستخةام المختبر نطاق على تجاربال أجريت قة
ثالثة أنواع من األقطاب في تم استخةام  الصناعي. الصرف مياه لمعالجة المناسبةكهربي التخثير ال تكنولوجيا واختيار

فوالذ الحةية ,  -ألمنيوم , حةية -كيب مختلفة كالتالي: ألمنيوماكانت باستخةام تر و  تنفيذهاالتجارب المخبرية التي تم 
التخثير  وحةةكانت و  أحادي القطب. توصيلالفوالذ المقاوم للصةأ، وتم توصيل األقطاب بطريقة ال -المقاوم للصةأ

 األقطاب من أنواع للثالثة 2سم12 بمقةار  فعالة سطح مساحة معملي لتر  250سعته  مفاعل منتتكون  الكهربي
دقيقة في درجة حرارة الغرفة مع الترشيح  20لمةة الصناعية تم ترك العينة المعالجة من المياه  المحلول. في المغمورة

 الرقمدراسة تأثير العوامل التشغيلية مثل تم و الحاجة و ذلك بعة إجراء تجارب التخثير الكهربي.  ةأحيانا عن
 ودرجه حرارة الوسطالمضاف للتوصيل الكهربي  نوع الملحتركيز و ، شةة التيار، للملوث التركيز المبةئيالهيةروجيني، 

 6 - 11)المة. الذي تم اختياره لمتغيرات التشغيل في التجارب المخبرية كان يتراوح بين ) .األقطابو المسافة بين 
( درجة مئوية, والمسافة 10 - 40دقيقة, ودرجة حرارة تتراوح من )5 - 80) ) لةرجة الحموضة, و زمن تشغيل من
( غرام/لتر 2 - 8لتيار الكهربائي )و تركيز األمالح الموصلة لسنتيمتر,  1 – 3)الةاخلية بين األقطاب تتراوح من )

تم دراسة عةد من األمالح الموصلة للتيار الكهربائي  .2سمملي أمبير/ 41.7 – 250)وكثافة شةة تيار تتراوح من )
و تم اختيار ملح كلورية الصوديوم بعة  كربونات الصوديوم( و ، نترات الصوديوم،)كلورية الصوديوم، كلورية البوتاسيوم

 غرام/لتر. 4النتائج بتركيز  لأن أظهر أفض
والحةية المقاوم للصةأ  األقطاب)الحةيةباستخةام 96.2% ,99.8% ,87%) ) هيالنتائج ألزاله السفرانين  أفضلكانت 

 ملغم/لتر، (30) الصبغة وتركيز( 6.2) (،6.2) (،10.85) الهيةروجيني الرقمفي وجود  ( علي التواليمنيومواألل
 و ،درجة مئوية 30 رارةحالودرجه ، 2سم/أمبير ( ملي125)وشةة التيار  لتر،غرام/  4ديومو كلورية الصملح وتركيز 

 ,8.2 ,20.7المثالية في الظروف  المستهلكة الكهربية الطاقة كانت كميةو  ( دقيقه،15 ,30 ,45) زمن المعالجة 
 علي التوالي. األلمنيوم( الحةية المقاوم للصةأ، )الحةية، باستخةام 3/مساعة كيلو واط ((3.6
 (،9.35)(، 6.2الهيةروجيني ) الرقمباستخةام  (95.5% ,98.1% ,97.2%)رسبان و أفضل النتائج إلزالة الة وكانت

 ، وتركيز الملح2سم /أمبير( ملي 41.7شةة التيار ) لتر و/ملغم 75 ,50 ,75))رسبان و الةمبية  وتركيز (10)
باستخةام األقطاب  درجة مئوية 25 ودرجه الحرارة دقيقة،( 15 ,10 ,10لتر وزمن المعالجة )/( غم4) الموصل

 في الظروف المثالية المستهلكة ائيةالطاقة الكهرب وكانت كميةالتوالي، علىاأللمنيوم(و الحةية المقاوم للصةأ، و )الحةية، 
 التوالي. علىاأللمنيوم( و  الحةية المقاوم للصةأ،و  ،)الحةيةأقطاب باستخةام  3م/اعهس كيلو واط1) 0.85 ,0.65)
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الهيةروجيني  باستخةام الرقم 56.2% ,87% ,81.6%)) هي لإلزالةالنتائج  أفضللليبوفلوكسين كانت وبالنسبة 
 2سم/أمبير( ملي 41.7لتر، وشةة التيار )/( ملغم40تركيز الليبوفلوكسين ) دقيقة و 60زمن المعالجة  (، و6.2)

المقاوم للصةأ،  الحةيةو الحةية، كال من ) باستخةامدرجة مئوية  25لتر عنة درجة حرارة /غم (4ح )لوتركيز الم
 باستخةام )الحةية، 3م/ساعة واط كيلو 3.35 ,3.6 ,4)) الطاقة الكهربية المستهلكة. وكانت التوالي األلمنيوم( عليو 

 التوالي. األلمنيوم( على للصةأ،المقاوم  الحةية
 

، السفرانين، األلمنيومأقطاب  ،للصةأالمقاوم  الفوالذ أقطاب ،الحةية أقطابالكهربي،  رثيالتخمفتاحيه: كلمات 
 وفلوكسين.الليب ،الةورسبان
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CHAPTER ONE 

INTRODUCTON 
 

1.1 Overview 

Environmental protection is a significant matter that occupies a large area of global 

concern. Many issues are related to environmental protection, such as energy conservation, 

ecosystem reserve, water purification and wastewater treatment. With the increase in 

population and the growing industrialization, the pollution load on the environment is 

increasing. Wastewater is one of the main sources of pollution, which threatens 

environment, and should be disposed in a safe way. Pollution is the process of making 

land, water, air or other parts of the environment dirty and unsafe or unsuitable to use. This 

can be done through the introduction of pollutants into a natural environment. Toxic 

pollution affects more than 200 million people worldwide, according to Pure Earth, a non-

profit environmental organization. In some of the world’s worst polluted places, babies are 

born with birth defects, children have lost 30 to 40 points in intelligence quotient test (IQ) 

and life expectancy may be as low as 45 years because of cancers and other diseases. 

Water pollution happens when chemicals or dangerous foreign substances are introduced 

to water, including chemicals, sewage, pesticides and fertilizers from agricultural runoff, or 

metals like lead or mercury (Bradford A., 2015). The need to maintain a cleaner 

environment for the survival of both aquatic and terrestrial lives including human beings is 

very crucial and is a subject of increasing concern to the environmentalist. Pollution caused 

by agents such as drugs, pesticides, heavy metals and dyes are amongst the list which 

rendered the environment unwholesome and posed serious health concern to the populace 

(Rajappa et al., 2014). 

Industrial effluents are one of the major causes of environmental pollution because 

effluents discharged from industries are highly colored with a large amount of suspended 

organic solid. Untreated disposal of this colored water into the receiving water body either 

causes damage to aquatic life or to human beings by mutagenic and carcinogenic effect. As 

a matter of fact, the discharge of such effluents is worrying for both toxicological and 

environmental reasons. Agricultural use of pesticides is a subset of the larger spectrum of 

industrial chemicals used in modern society. While agricultural use of chemicals is 

restricted to a limited number of compounds, agriculture is one of the few activities where 

chemicals are intentionally released into the environment because they kill things ( Sivaraj 

et al.,2010). 
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Demands to the cleaning industrial and domestic wastewater to avoid environmental 

pollution has become an absolute necessity. Reduction of non-organic and organic 

pollutants as well as destruction of bacterial flora became very important and urgent 

practical issue. Incineration, biological treatment, and adsorption process are common 

procedures to remove or destroy toxic organic compounds. However, incineration, besides 

being costly and possible formation of traces of dioxins and furans as byproducts of 

incomplete oxidation, is impracticable when dealing with a large volume of residues. 

Biological treatments, even though efficient compared with other processes, have the 

disadvantage of requiring long periods before the effluent reaches the required low levels. 

Alternative procedures such as adsorption using activated carbon or natural fibers such as 

coconut shell and cane sugar do not promote destruction of the target compounds 

(Nogueira & Jardim, 1998). Researchers have proposed various innovative technologies 

for the removal of pesticides namely photo catalytic oxidation, ultrasonic radiation, 

bioremediation and thermal desorption. They are neither cost effective, nor eco-friendly, 

nor involving low concentrations (Nogueira & Jardim, 1998). 

For this reason, research in various countries has been exploring new effective and 

economical techniques for wastewater treatment. Several innovative treatment processes 

have been designed throughout the last few decades for treating wastewater but many of 

them are very costly and operate at low efficiencies. Innovative, cheap and effective 

methods of purifying and cleaning wastewater before discharging into any other water 

systems are needed. One of the techniques that have been recently implemented in several 

countries is the utilization of electrocoagulation in wastewater treatment and industrial 

wastes treatment. 

In recent years, there has been an increasing interest in the use of electrochemical methods 

for the treatment of recalcitrant toxic wastes. Electrochemical methods have been 

successfully utilized in the purification of olive oil wastewaters, domestic sewage, landfill 

leachate, tannery wastes, and textile wastes. These methods are environmentally friendly 

and they do not form new toxic wastes. Removal of methyl parathion by about 80% was 

reported (Andrade et al., 2007). Removal of pesticide wastewater by three methods was 

studied individually: by electrooxidation process, electrocoagulation process, (Kabdaşlı et 

al.,2009) and electro-Fenton process, (El-Desoky et al.,2010). Therefore, looking for cheap 

and effective methods for removal of organic compounds from industrial wastewater, the 

electrocoagulation can be considered one of the most suitable methods. 
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Electrocoagulation (EC) is an electrochemical technique for treating polluted water using 

electricity instead of expensive chemical reagents. Electrocoagulation due to some 

advantages over chemical coagulation is becoming a popular process to be used for 

wastewater treatment. EC is not a new technology (Holt et al., 2005). Treatment of 

wastewater by EC has been practiced for most of the 20
th

 century with limited success 

(Daneshvar et al.,2004). Using electricity to treat water was first proposed in UK in 1889, 

and the application of electrolysis in mineral beneficiation was patented by Elmore in 1904 

(Elmore, F. 1905). The principle of EC was used to treat bilge water from ships was first 

patented in 1906 by A. E. Dietrich (Pathak., 2003). 

Many investigations have been especially focused on the use of EC owing to the increase 

in environmental restrictions on effluent wastewater (Chen et al., 2000; Lin et al.,1998).  

Various authors have reported the use of EC for the treatment of wastewater, and several 

differences were found in comparison to the chemical coagulation process. A literature 

survey indicates that EC is an efficient treatment process for different wastes, e.g. soluble 

oils, liquid from the food, textile industries, or cellulose and effluents from the paper 

industry (Calvo et al.,2003; Carmona et al.,2006). Electrocoagulation is an effective 

process for the destabilization of finely dispersed particles by removing hydrocarbons, 

greases, suspended solids and heavy metals from different types of wastewater (Kumar et 

al.,2004; Larue et al.,2003). Electrocoagulation has been proposed in recent years as an 

effective method to treat various wastewaters such as landfill leachate, restaurant 

wastewater, saline wastewater, tar sand and oil shale wastewater, urban wastewater, 

laundry wastewater, nitrate and arsenic bearing wastewater, and chemical mechanical 

polishing wastewater (Can et al.,2006). Aluminum, iron and other electrodes were usually 

used as electrodes and their cations are generated by dissolution of sacrificial anodes upon 

the application of a direct current (Daneshvar et al.,2006; Larue et al., 2003). . 

 

1.2 Problem Identification 

Groundwater recharge with reclaimed municipal wastewater shares many of the public 

health concerns. Four water quality factors are particularly significant in groundwater 

recharge with reclaimed wastewater: (a) microbiological quality, (b) total mineral content 

(total dissolved solids), (c) presence of heavy metal toxicants, and (d) the concentrations of 

stable and potentially harmful organic substances. Thus, groundwater recharge with 

reclaimed wastewater presents a wide spectrum of technical and health challenges that 

must be carefully evaluated. Discharged wastewater by some industries under uncontrolled 
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and unsuitable conditions is causing significant environmental problems. The presence of 

organic matter contributes to the formation of disinfection byproducts including 

trihalomethanes and other organic halogens of potential health significance. 

The application of harmful organic compound like pesticides for crop protection, 

associated with the use of mineral fertilizers (nitrogen, phosphorus, potassium), intensive 

irrigation and machinery that is more efficient have promoted a massive increase in food 

production on arable land on the surface of the earth (Ntow, 2008). Pesticides are 

compounds or mixtures of compounds that aim to prevent, destroy, repel or mitigate any 

pest that is infesting and destroying a plantation (Baird, 2002). Despite the beneficial 

effects, the impact of pesticides has caused serious problems on the environment and on 

human health. Pesticide residues contaminate soil and water, persist in cultures and enter 

the food chain of animals and humans, and also contribute to biodiversity loss and removal 

of natural habitats (Sattler et al.,2007). Moreover, cases of resurgence of pests developing 

resistance to pesticides and destruction of non-target species have been reported. Workers 

who made pesticides were exposed harmful chemicals through breathing and through the 

skin developed cancer and mild injury to their livers. According to some studies, the risk of 

cancer was also slightly higher among workers who had made pesticides for a long time. 

The most likely source from which children could be exposed harmful compounds is 

contaminated water. Children playing outdoors in areas with contaminated soil could be at 

risk for exposure because they often put objects or hands in their mouths. 

Agricultural activities in the Gaza Strip have been associated with excessive and 

uncontrolled use of dozens of pesticides. The most commonly pesticides used in the Gaza 

Strip are Dimetoate, Lufenuron, and Chlorpyrifos. Accordingly, groundwater and soil are 

potentially contaminated causing severe threat to the crowded population. In their study, 

(Shomar et al.,2005) found that Atrazine, atrazine-desisopropyl, propazine, simazine were 

detected in four wells with average concentrations of 3.5, 1.2, 1.5 and 2.3 μg/L, 

respectively. Shallow aquifers in sandy soil in areas of low annual precipitation as in the 

southern areas of the Gaza Strip showed detectable concentrations of pesticides. Pesticides 

were more abundant in clay soils of the northern area. 

The wastewaters discharged from dying processes are highly colored, hot, and alkaline and 

contain high amounts of dissolved solids. The disposal of colored wastes such as dyes and 

pigments into receiving waters damages the environment, as they are carcinogenic and 

toxic to humans and aquatic life. Besides the matters of color, some dye imparts non-
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visibility and can be modified biologically to toxic or carcinogenic compounds. Nowadays 

concern has increased about the long-term toxic effect of water bodies containing these 

dissolved pollutants. The wastewaters discharge from textile industries includes residual 

dyes; these dyes are not bio-degradable therefore they may cause water pollution and 

serious threat to the environment (Wong et al.,2013). 

An essential tool in the management of hazardous waste is an inventory of national 

hazardous waste substances. No such inventory exists in the Gaza Strip and West Bank, 

and its absence makes it difficult to determine what types of waste are being generated, and 

where they are being disposed. There are very few estimates of the amounts of hazardous 

waste generated in the area. In the West Bank, the amount has been estimated at 2,500 tons 

per year. The true amount is likely to be much higher. There are 71 textile-dyeing facilities 

in the West Bank producing both printed and dyed fabrics. Effluent from these industries 

contains high concentrations of ionic substances, organic color and reactive dyestuffs. 

Heavy metals, which are used for fixing colors in the dye, are also present. Estimates of 

annual solid and liquid hazardous waste are 290 and 600 tons respectively. The quantity 

for Gaza has been estimated at only 0.2 tons of hazards waste. The low value of this figure 

can be referred to amounts that are collected, rather than total amounts including the waste 

that enters the domestic waste stream. Industrial use constitutes about 2% of overall water 

demand in Gaza, and industrial wastewater is correspondingly low as a proportion of 

overall discharges. Even this quantity is very small compared to the total wastewater 

generated; it is expected to have a significant harmful effect to the environment, 

groundwater and human health (Amarah, 2015). 

Industrial wastewater is generated from different types of the scattered industry distributed 

in the Gaza Strip. Industrial waste in Gaza is generated from print and photography shops, 

from the use of printer toner, chemicals, and film degrading. The textile garment industry 

generates waste from dyes, chemicals, oil, grease, and auxiliary chemicals. The textile-

dyeing facilities producing both printed and dyed fabrics. The specific processes used by 

each enterprise vary considerably. The main sources of environmental pollution typically 

arise from the finishing phase (pre-treatment, dyeing, printing, finishing, etc.), and heat 

treatment (drying, reticulation and thermo-fixing). Effluent from these industries contains 

high concentrations of ionic substances, organic color and reactive dyestuffs. Tanneries 

consume large quantities of scarce freshwater, and generate and release corresponding 

amounts of wastewater with significant pollution loads, and sometimes with extreme pH 

values. The disposal of wastewater containing untreated tannery effluent in open areas 
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presents a high risk of groundwater pollution, as wastewater infiltrates through the 

limestone into the aquifer. Tannery effluent also has a high salt content, which cannot be 

removed by biological treatment. When effluent is recycled for agriculture, these salts can 

affect the texture of soil and reduce crop yields (MOPIC, 1998).  

Effluents from factories in the Gaza Strip such dying factory, pharmaceutical waste, Food 

industry and others are producing many types of harmful compounds. Removal of specific 

trace organic compounds through full-scale advanced wastewater treatment processes 

including chemical clarification, filtration, air stripping, activated carbon adsorption, 

microfiltration, nanofiltration, reverse osmosis, and advanced oxidation using hydrogen 

peroxide and UV irradiation has been demonstrated. These studies show that there is the 

capability to control virtually all synthetic organic compounds to below current limits of 

acceptability (Asano & Cotruvo, 2004). These processes are costly and need a high 

technical operation, which are considered high obstacles specially in developing areas such 

as the Gaza Strip. Searching for innovative, cheap and effective methods of purifying and 

cleaning wastewater from harmful organic contaminants before discharging into any other 

water systems are needed. The current study deals with one example of pesticides 

(Chlorpyrifos) beside one example of pharmaceutical waste (Levofloxacin) and dye 

(Safranin) which are commonly used in the study area. In this study, electrocoagulation 

was proposed as innovative method for removal of those harmful organic compounds from 

aqueous media. 

Chemicals also get into the water from the drugs used by humans. Our bodies metabolize 

only a fraction of most drugs we swallow. Most of the remainder is excreted in urine or 

feces (some is sweated out) and therefore gets into wastewater. An increasing number of 

medications are applied as creams or lotions, and the unabsorbed portions of those 

medications can contribute to the pollution problem when they get washed off. Drug 

manufacturing also results in some pharmaceutical pollution, although some factories are 

bigger problem than others. For example, the U.S. Geological Survey study in 2015 found 

contamination levels downstream from two drug manufacturing plants in New York State 

that were 10 to 1,000 times higher than those at comparable facilities around the country 

(U.S. Geological Survey study 2015). 

 

1.3 Goal and Objectives 

The main goal of this study is to investigate the capability of electrocoagulation treatment 

process in removal of harmful organic pesticides (Chlorpyrifos), dyes (Safranin O) ,and 
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drugs(Levofloxacin) contaminants from synthetic industrial wastewater to improve the 

effluent quality prior to wastewater disposal. 

The following are the specific objectives of the study: 

1. To investigate the treatment efficiency of the electrocoagulation process for removal of 

targeted organic compounds like organic pesticides (Chlorpyrifos), dyes (Safranin O) 

and drugs (Levofloxacin) from synthetic aqueous solution. 

2. To study the parameters that affect the removal efficiency of pollutants including the  

current density, reaction time, electrical charge, temperature, initial pH, initial 

concentration of pollutant, electrolyte concentration and electrode type on the removal 

efficiency of harmful organic compounds. 

 

1.4 Significance of the study 

This study is expected to provide insight water treatment in industrial facilities. to be more 

effective to monitor its performance in order to identify priorities for improving the current 

status. So, this study will make the following contributions to industrial wastewater 

treatment in Palestine:  

- There were some studies conducted in the past about the use onsite wastewater 

treatment system in Palestinian industrial areas, thus, this study will contributes to 

provide a treatment method that could be implement.  

- On the other hand, this thesis will contribute to provide scientific issues on 

operating parameters and performance on electrocoagulation (EC) system.  

- The electrocoagulation process could be considered as one of the most practical and 

cheapest methods used to remove the harmful organic compounds of pesticides and 

industrial factory effluents. 

- The electrocoagulation process could be used as an effective method in the market 

as small scale treatment procedure for many industrial manufacturing as 

pharmaceutical, dyes company’s and others to reduce the environmental pollution. 

 

1.5 Justification of the study 

Removal of specific trace organic compounds through full-scale advanced wastewater 

treatment processes including chemical clarification, filtration, air stripping, activated 

carbon adsorption, microfiltration and reverse osmosis has been demonstrated. These 
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studies showed that there is a capability to control virtually all synthetic organic 

compounds to below current limits of acceptability (Asano & Cotruvo, 2004). These 

processes are costly and need a high technical operation, which are considered high 

obstacles specially in developing areas such as the Gaza Strip. Searching for innovative, 

cheap and effective methods of purifying and cleaning wastewater from harmful organic 

contaminants before discharging into any other water systems are needed. In this study, 

electrocoagulation treatment method was proposed for removal of harmful organic 

compounds like pesticide, dyes, pharmaceutical  effluents from Gaza factories. 

1.6 Thesis structure 

The subject matter of Thesis is presented in five chapters and can be described as follows: 

- The first chapter outlines the general background, problem definition, the main 

objectives and significance of the study.  

- The second chapter represents the literature review including information about 

pollutants, industrial wastewater and its benefits after treatment, electrochemical 

technologies in industrial wastewater treatment, principals and fundamentals of 

electrocoagulation, advantages and disadvantages of EC process in wastewater 

treatment, previous studies on EC process and previous studied in removal of the 

pollutants specially harmful organic compounds. 

- The third chapter reviews the materials and methods used in this research including 

sampling and analytical methods, operational methods and calculations procedure. 

- The fourth chapter discusses the results of each experiment after tabulation and 

graphical presentation, the operational performance evaluation of existing 

experiment, comparison of each different treatment processes, cost estimate of 

electricity consumption and evaluation of findings after application of treatment 

system at optimum operational parameters with comparison with other different 

treatment systems performance in the literatures.  

- The overall conclusion and recommendations are provided in chapter five. 
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CHAPTER TWO 

LITERATURE REVIEW 

 

2.1 Introduction 

Industrial effluents are one of the major causes of environmental pollution because 

effluents discharged from industries are highly colored with a large amount of suspended 

organic solid. Untreated disposal of this colored water into the receiving water body either 

causes damage to aquatic life or to human beings by mutagenic and carcinogenic effect. As 

a matter of fact, the discharge of such effluents is worrying for both toxicological and 

environmental reasons. Agricultural use of pesticides is a subset of the larger spectrum of 

industrial chemicals used in modern society. While agricultural use of chemicals is 

restricted to a limited number of compounds, agriculture is one of the few activities where 

chemicals are intentionally released into the environment because they kill things. 

 

2.2 Harmful organic compounds  

2.2.1 Safranin O 

There is emerging public concern over the contamination of wastewater by dyes. 

Therefore, a major focus of research has been on the removal of dyes and pigments from 

wastewater. This is because of the fact that existence of dyes and pigments in water is 

highly unwanted, even at very low concentrations, (Anbia M. et al., 2010). Total annual 

manufacturing of dyes in the world is more than 7×10
5
 tons and about 2% of dyes 

produced annually are released in effluent from manufacturing operations (Ip A. W. M. et 

al., 2009). 

Safranin (also Safranin O or basic red 2) is a biological stain used in histology and 

cytology. Safranin is used as a counter stain in some staining protocols, coloring all cell 

nuclei red. This is the classic counter stain in both Gram stains, and endospore staining. It 

can also be used for the detection of cartilage (Rosenberg, 1971) mucin and mast cell 

granules. Safranin typically has the chemical structure shown in fig (2.1) (sometimes 

described as Dimethyl Safranin). There is also trimethyl Safranin, which has an added 

methyl group in the ortho-position of the lower ring. Both compounds behave essentially 

identically in biological staining applications, and most manufacturers of Safranin do not 

distinguish between the two. Commercial Safranin preparations often contain a blend of 

both types. Safranin is also used as redox indicator in analytical chemistry Safranines are 

the azonium compounds of symmetrical 2,8-dimethyl-3,7-diamino-phenazine. They are 

https://en.wikipedia.org/wiki/Staining_(biology)
https://en.wikipedia.org/wiki/Histology
https://en.wikipedia.org/wiki/Cell_biology
https://en.wikipedia.org/wiki/Cell_nucleus
https://en.wikipedia.org/wiki/Cell_nucleus
https://en.wikipedia.org/wiki/Gram_stain
https://en.wikipedia.org/wiki/Cartilage
https://en.wikipedia.org/wiki/Mucin
https://en.wikipedia.org/wiki/Mast_cell
https://en.wikipedia.org/wiki/Methyl_group
https://en.wikipedia.org/wiki/Redox_indicator
https://en.wikipedia.org/wiki/Analytical_chemistry
https://en.wikipedia.org/wiki/Chemical_compound
https://en.wikipedia.org/wiki/Symmetrical
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obtained by the joint oxidation of one molecule of a para-diamine with two molecules of a 

primary amine; by the condensation of para-aminoazo compounds with primary amines, 

and by the action of para-nitrosodialkyl anilines with secondary bases such as 

diphenylmetaphenylenediamine, Safranin O is a water soluble phenazine dye (3,7-

diamino-2,8-dimethyl-5 phenyl-phenazinium chloride), C20H19N4Cl, reddish brown 

powder. The structure of Safranin O is given in Figure 2.1.  

 

 

 

 

Figure 2.1: The molecular structure of Safranin O 

Potential Health Effects as mentioned in (material safety data sheet in fisher scientific) are: 

Eye: Causes eye irritation. This product contains a cationic dye. Similar dyes have caused 

permanent injury to the cornea and conjunctiva in documented exposure cases with human 

or rabbit eyes. 

Skin: Causes skin irritation. 

 Ingestion: May cause irritation of the digestive tract. The toxicological properties of this 

substance have not been fully investigated. 

Inhalation: May cause respiratory tract irritation. 

Chronic: No information found. 

 

2.2.2 Dursban pesticide (Chlorpyrifos) 

Dursban is the registered trademark of Dow Agro Sciences' pesticide Chlorpyrifos. It acts 

on the nervous system of insects by inhibiting acetylchlorinesterase. Although almost all 

household uses of Chlorpyrifos were banned under a June 2000 agreement between Dow 

and other manufacturers and the Environmental Protection Agency (EPA, 2000). 

Chlorpyrifos is still used as a broad spectrum insecticide for the treatment of crops, lawns, 

ornamental plants and domestic animals.(EPA, 1997) reported that most of the 

Chlorpyrifos poisonings results from misuse or inappropriate use by pest control operators.  

Chlorpyrifos low solubility, volatility and strong affinity for colloidal matter are among the 

physical and chemical properties which influences its fate and mobility in the environment 

https://en.wikipedia.org/wiki/File:Safranin-3D-balls.png
https://en.wikipedia.org/wiki/Oxidation
https://en.wikipedia.org/wiki/Molecule
https://en.wikipedia.org/wiki/Primary_amine
https://en.wikipedia.org/wiki/Base_(chemistry)
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(Felsot A. and Dahm PA., 1979). It exists in the atmosphere primarily in vapor phase, but 

can transform into other forms. It is white in color, odorless and belongs to the 

organophosphates family. It boils at approximately 100 
o
C at 100 kPa with a specific 

gravity of 1.03 g/ml at 20 
o
C. It disperses as a suspension in water but dissolves in acetone 

and it’s not corrosive. The active ingredient of Dursban SL is the organophosphate 

compound Chlorpyrifos (Lide,David R.1998). The health effects of Dursban SL have been 

studied using toxicity tests conducted on animals (Müller, F., 2000). Excessive exposure 

may cause organophosphate type cholinesterase inhibition whose symptoms may include 

pallor, nausea, vomiting, diarrhea, abdominal cramps, headaches, dizziness, eye pain, 

blurred vision, constriction or dilation of the eye pupils, tears, salivation, sweating and 

confusion. Severe poisoning will affect the central nervous system, producing in 

coordination, slurred speech, loss of reflexes, weakness, fatigue, involuntary muscle 

contractions, twitching, tremors of the tongue or eyelids, and eventually paralysis of the 

body extremities and the respiratory muscles (California Air Resource Board, 2011). In 

severe cases there may also be involuntary defecation or urination, psychosis, irregular 

heartbeats, unconsciousness and convulsions. Chlorpyrifos is highly toxic to birds, 

freshwater fish, aquatic invertebrates and estuarine and marine organisms. Chlorpyrifos is 

also highly toxic to honeybees and should not be used when bees are actively collecting 

pollen and nectar. Chlorpyrifos is moderately toxic to pets and livestock and has low 

toxicity to earthworms (US Geological Survey, 2007). 

 

2.2.2.1 Environmental Fate 

Chlorpyrifos adsorbs strongly to soil particles and it is not readily soluble in water. It is 

therefore immobile in soils and unlikely to leach or to contaminate groundwater (Racke 

KD. 1993). At termiticide use rates the half-life approximates 380 days depending on 

sunlight, soil type and climatic conditions (Freed et al., 1979). If Chlorpyrifos enters water 

bodies, it binds to organic particles in the water and sediment. The concentration of 

Chlorpyrifos that dissolves (approx. 1ppm) is hydrolyzed rapidly in twelve hours to six 

days depending on pH (Macalady, D. L., & Wolfe, N. L. 1983). The structure of 

Chlorpyrifos is as shown in Fig (2.2). 

 

 

Fig. (2.2): The molecular structure of Chlorpyrifos. 
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2.2.2.2 Toxicity and safety 

Chlorpyrifos exposure may lead to acute toxicity at higher doses. Persistent health effects 

follow acute poisoning or from long-term exposure to low doses. Developmental effects 

appear in fetuses and children even at very small doses (Connors, 2008). Epidemiological 

and experimental animal studies suggest that infants and children are more susceptible than 

adults to effects from low dose exposure (Flaskos, 2012); (Slotkin, 2011). The young have 

a decreased capacity to detoxify Chlorpyrifos and its metabolites. This results in disruption 

in nervous system developmental processes, as observed in animal experiments (Flaskos, 

J., 2012). In multiple epidemiological studies, Chlorpyrifos exposure during gestation or 

childhood has been linked with lower birth weight and neurological changes such as 

slower motor development and attention problem (Slotkin, 2011). Exposure to 

organophosphate pesticides in general has been increasingly associated with changes in 

children's cognitive, behavioral and motor performance (Muñoz-Quezada, 2013). 

The acute dermal LD50 for rabbits is >5,000 mg/kg and> 2,000 mg/kg for rats,
2
 although an 

acute dermal LD50 of 202 mg/kg has also been reported for rats Reregistration Eligibility 

Decision (RED) for Chlorpyrifos(2006) (Peterson, R. K. 2006).   

Table (2.1) : Toxicity Classification- Chloropyrifos 

 

TOXICITY CLASSIFICATION - CHLORPYRIFOS 

 

High Toxicity Moderate Toxicity Low Toxicity 
Very Low 

Toxicity 

Acute Oral 

LD50 

Up to and including 50 

mg/kg  

(≤ 50 mg/kg) 

Greater than 50 

through 500 mg/kg  

(>50-500 mg/kg) 

Greater than 500 

through 5000 

mg/kg  

(>500-5000 mg/kg) 

Greater than 

5000 mg/kg  

(>5000 

mg/kg) 

Inhalation 

LC50 

Up to and including 0.05 

mg/L  

(≤0.05 mg/L) 

Greater than 0.05 

through 0.5 mg/L  

(>0.05-0.5 mg/L) 

Greater than 0.5 

through 2.0 mg/L  

(>0.5-2.0 mg/L) 

Greater than 

2.0 mg/L  

(>2.0 mg/L) 

Dermal LD50 

Up to and including 200 

mg/kg  

(≤200 mg/kg) 

Greater than 200 

through 2000 

mg/kg  

(>200-2000 mg/kg) 

Greater than 2000 

through 5000 

mg/kg  

(>2000-5000 

mg/kg) 

Greater than 

5000 mg/kg  

(>5000 

mg/kg) 

https://en.wikipedia.org/wiki/Acute_toxicity
https://en.wikipedia.org/wiki/Chronic_condition
https://en.wikipedia.org/wiki/Developmental
https://en.wikipedia.org/wiki/Fetuses
https://en.wikipedia.org/wiki/Metabolites
https://en.wikipedia.org/wiki/Epidemiology
https://en.wikipedia.org/wiki/Birth_weight
http://npic.orst.edu/factsheets/archive/chlorptech.html#references
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Primary Eye 

Irritation 

Corrosive (irreversible 

destruction of ocular 

tissue) or corneal 

involvement or irritation 

persisting for more than 

21 days 

Corneal 

involvement or 

other eye irritation 

clearing in 8 - 21 

days 

Corneal 

involvement or 

other eye irritation 

clearing in 7 days 

or less 

Minimal 

effects 

clearing in less 

than 24 hours 

Primary Skin 

Irritation 

Corrosive (tissue 

destruction into the 

dermis and/or scarring) 

Severe irritation at 

72 hours (severe 

erythema or edema) 

Moderate irritation 

at 72 hours 

(moderate 

erythema) 

Mild or slight 

irritation at 72 

hours (no 

irritation or 

erythema) 

 

2.2.3 Levofloxacin 

Levofloxacin is used to treat infections including: respiratory tract infections, cellulitis, 

urinary tract infections, prostatitis, anthrax, (McCue, 2006) endocarditic, meningitis, pelvic 

inflammatory disease, traveler's diarrhea, tuberculosis and plague(Preston, 1998). 

Levofloxacin is used for the treatment of pneumonia, urinary tract infections, and 

abdominal infections. The Infectious Disease Society of America (IDSA) and the 

American Thoracic Society recommend Levofloxacin, other respiratory fluoroquinolines 

as first line treatment for community acquired pneumonia when co-morbidities such as 

heart, lung, or liver disease are present or when in-patient treatment is required (Mandell, 

2007). Levofloxacin also plays an important role in recommended treatment regimens for 

ventilator-associated and healthcare-associated pneumonia (File, 2010). It is recommended 

by the IDSA as a first-line treatment option for catheter-associated urinary tract infections 

in adults (Hooton, 2010). In combination with metronidazole it is recommended as one of 

several first-line treatment options for adult patients with community-acquired intra-

abdominal infections of mild-to-moderate severity (Solomkin, 2010). The IDSA also 

recommends it in combination with rifampicin as a first-line treatment for prosthetic joint 

infections (Osmon, 2012). The American Urological Association (AUA) recommends 

Levofloxacin as a first-line treatment for bacterial prostatitis (Schaeffer, 2004). 

Levofloxacin and other fluoroquinolones have also been widely used for treatment of 

uncomplicated community-acquired respiratory and urinary tract infections, indications for 

which major medical societies generally recommend the use of older, narrower spectrum 

drugs to avoid fluoroquinolone resistance development. Due to its widespread use, 

common pathogens such as Klebsiellapneumoniae and Escherichia coli have developed 

https://en.wikipedia.org/wiki/Respiratory_tract_infections
https://en.wikipedia.org/wiki/Cellulitis
https://en.wikipedia.org/wiki/Urinary_tract_infections
https://en.wikipedia.org/wiki/Prostatitis
https://en.wikipedia.org/wiki/Endocarditis
https://en.wikipedia.org/wiki/Meningitis
https://en.wikipedia.org/wiki/Pelvic_inflammatory_disease
https://en.wikipedia.org/wiki/Pelvic_inflammatory_disease
https://en.wikipedia.org/wiki/Traveler%27s_diarrhea
https://en.wikipedia.org/wiki/Plague_(disease)
https://en.wikipedia.org/wiki/Metronidazole
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resistance. In many countries, resistance rates among healthcare-associated infections with 

these pathogens now exceed 20% (Goossens, 2005). 

 

2.2.3.1 Chemical properties 

Levofloxacin is the levo isomer of the racemateofloxacin, another quinolone antimicrobial 

agent. In layman terms, this means that levofloxacin is the 50% of ofloxacin that have been 

found to be effective against bacteria, while the other 50% have been removed. The 

substance is used as the hemihydrate, which has the formula C18H20FN3O4.½H2O and a 

molecular mass of 370.38 g/mol. Levofloxacin is a light-yellowish-white to yellow-white 

crystal or crystalline powder (Khalaf, 2010). 

 

 

 

 

 

Fig. (2.3): The molecular structure of Levofloxacin. 

2.3 Industrial wastewater 

All wastewater that is not defined as domestic wastewater is considered industrial 

wastewater. Industrial wastewater include manufacturing, commercial businesses, mining, 

agricultural production and processing, and wastewater from cleanup of petroleum and 

chemical contaminated sites. In this context, wastewater discharge from pharmaceutical 

factories, textile factories, water contaminated with pesticides refers as industrial 

wastewater. Range of industries manufacture or use complex organic chemicals. These 

included pesticides, pharmaceuticals paints and dyes, petrochemicals, detergents, paper 

pollution, etc. Wastewaters can be contaminated by feedstock materials, byproducts, 

product material in soluble or particulate form, washing and cleaning agents, solvents and 

added value products such as plasticisers (Kashiwaya et al., 1980). Biodegradable organic 

material of plant or animal origin is usually possible to treat using extended conventional 

https://en.wikipedia.org/wiki/Levo_isomer
https://en.wikipedia.org/wiki/Ofloxacin
https://en.wikipedia.org/wiki/Hydrate
https://en.wikipedia.org/wiki/Plasticiser
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sewage treatment processes such as activated sludge or trickling filter (Tchobanoglous G. 

et al., 2003).  

Problems can be raised if the wastewater is excessively diluted with washing water or is 

highly concentrated like undiluted blood or milk. The presence of cleaning agents, 

disinfectants, pesticides, antibiotics can have detrimental impacts on treatment processes. 

Synthetic organic materials including solvents, paints, pharmaceuticals, pesticides,products 

from coke production and so forth can be very difficult to treat. Treatment methods are 

often specific to the material being treated. Methods include advanced oxidation 

processing, distillation, adsorption, incineration, landfill disposal or chemical 

immobilization Some materials such as some detergents may be capable of biological 

degradation and in such cases, a modified form of wastewater treatment can be used but 

other chemical is persistence to biological or other types of conventional degradation, so 

searching for a modified and new technology such as electrocoagulation is a must. 

 

2.4 Electrochemical technologies in industrial wastewater treatment 

The use of electricity in wastewater treatment has been started in the late 1900s. The 

capital investment and the electricity costs of electrochemical treatment have been high 

and applications were not used widely in the 20
th

 century. However, electrochemical 

technologies have been started to investigate and use again during the past two decades. 

Nowadays, the costs of the electrochemical treatment are comparable with other 

technologies and in some cases, electrochemical treatment may be more efficient and 

compact than other technologies.  

Electrochemical wastewater treatment technologies are electrode position, electro-

coagulation (EC), electro-flotation, electro-oxidation (electrochemical oxidation), electro-

disinfection and electro-reduction. Electro-coagulation and electro-oxidation has been 

shown that they can have a good potential to remove harmful organic contaminants from 

industrial wastewater. Both treatments occur in an electrochemical reactor. The earlier 

studies have reported the potential of electrocoagulation to treat a variety of industrial and 

domestic wastewater (Kobya et al.,2006; Vlyssides et al.,2000); (Can et al.,2003; Holt et 

al., 2005); (Bensadok et al.,2008; Merzouk et al., 2009) and (Virkutyte et al.,2010). Unlike 

biological treatment which requires specific conditions, therefore limiting the ability of 

treatment in many wastewaters with high toxicity, xenobiotic compounds and pH, 

electrocoagulation can be used to treat multifaceted wastewaters, including industrial, 

agricultural and domestic (Butler et al.,2011).  

https://en.wikipedia.org/wiki/Activated_sludge


 

16 

 

2.5 Principals and Fundamentals of Electrocoagulation 

An electrochemical cell is composed of an anode and cathode immersed in an electrolyte, 

as shown in Figure (2.4). An external voltage is applied between the plates via an external 

circuit, completing the path for current to flow in the system as follows: an electron leaves 

the negative terminal of the power supply and moves to the cathode, where a charge 

transfer reaction occurs between the electron and a molecule on the cathode surface. This 

reaction produces a negatively charged ion, which crosses the electrolyte to the anode. At 

the anode, a second charge transfer reaction transfers the electron to the anode and it 

moves through the external circuit to the positive terminal of the power supply. Therefore, 

an electric current flows through the external circuit from the cathode to the anode and 

ionic current flows through the electrolyte from the anode to the cathode. The charge 

transfer reactions occurring at each cell plate are called half-cell reactions. 

The technique relies on the electrochemical dissolution of sacrificial Al or Fe electrodes. 

The generated cations contribute by diminishing the stability of the suspended entities, by 

decreasing their zeta potential. Also, upon formation of hydroxide ions at the cathode, 

metal ions complex with iron or aluminum hydroxides, which are known to be efficient 

coagulants. The hydrogen bubbles formed at the cathode adsorb the flocs formed from the 

process, and ensure their flotation, which simplest their separation from the treated water 

(Zongo et al.,2009).  

The pollutants from many different effluents are removed by applying the principle of 

coagulation; however, in electro-coagulation, no use is made of a chemical coagulant. 

Electrocoagulation can be defined as a process, in which the suspended pollutants are 

destabilized, emulsified or dissolved in an aqueous medium, by inducing electrical current 

in the water through parallel metal plates of different materials, iron and aluminum being 

the most commonly used (Holt et al., 2005; Chen et al., 2004). Usually, the instability of 

pollutant molecules produces stable, less emulsified colloidal particles, yielding 

hydrophobic components that precipitate or float, facilitating their removal by some form 

metallic of secondary separation. The metal ions released and dispersed in the liquid tend 

to form oxides that bond contaminants that have been destabilized (Chen, 2004). The 

electrochemical  reactions with metal (M) as anode may be summarized as follows. 
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Fig. (2.4): Schematic diagram of an electrochemical cell (Essadki, 2012). 

The following physiochemical reactions may also take place in the EC cell (Pickford, 

1996). 

- Cathodic reduction of impurities present in wastewater. 

- Discharge and coagulation of colloidal particles. 

- Electrophoretic migration of the ions in solution. 

- Electroflotation of the coagulated particles by H2 bubbles produced at the cathode.  

- Reduction of metal ions at the cathode. 

- Other electrochemical and chemical processes. 

In an EC experiment the electrode or electrode assembly is usually connected to an 

external DC source. The amount of metal dissolved or deposited is dependent on the 

quantity of electricity passed through the electrolytic solution (Pickford, 1996). 

If in this process M is considered as anode, the following reactions will occur: 

a. At anode: 

M (s) → M
n+

(aq) + ne
-
                         (2.1) 

2 H2O → 4 H
+

(aq) + O2(g) + 4e
-    

 (2.2) 

b. At cathode: 

M 
n+

(aq) + n e
-
 → M (s)                   (2.3) 

2 H2O + 2 e
-
 → H2 (g) + 2 OH

-
                 (2.4) 
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c. oxidation 

2Cl
− 

→ Cl2 + 2e
−
                                                                         (2.5) 

Cl2(g) + H2O → HOCl + H
+
 +Cl

−
                                                       (2.6)  

Fe(OH)2 + HOCl → Fe(OH)3(s) + Cl
− 

                                               (2.7)  

Fe
2+

 → Fe
3+

 + 2e
− 

                                                                               (2.8) 

Fe
3+

 + 3H2O → Fe(OH)3 + 3H
+                                                                            

 (2.9)
 

If iron and aluminum electrodes are used, Fe(aq)
3+

 and Al(aq)
3+

 are produced. These metal 

ions after reaction with hydroxyl ions will produce metal hydroxides or poly-hydroxides 

(Ramesh et al., 2007). For instance, aluminum in water produces [Al(H2O)6]
3+

, 

[Al(H2O)5OH]
2+

, [Al(H2O)4OH]
1+

 or monomer or polymer strains of: [Al(OH)2]
+
, 

[Al2(OH)2]
4+

, [Al6(OH)15]
3+

, [Al13(OH)34]
5+

, over a wide range of pH. These compounds 

increase the elimination efficiency (Jiang et al.,2002); (Bazrafshan et al.,2007); (Kim et al., 

2002). These Al-hydroxides compounds have large surface area as coagulant, which are 

beneficial for a rapid adsorption of soluble organic compounds and metal ions (Daneshvar 

et al., 2006). Since Al(OH)3 has higher weight and density, it settles faster (Malakootian & 

Yousefi, 2009) and it is easier to make the trapped colloidal separate from the aqueous 

medium by sedimentation or H2 flotation ( Kobya et al., 2006). The final compound of the 

eliminated matter by this process depends on parameters such as electrode type and 

electrode shape (Drouiche et al., 2008). In recent decades, three-dimensional electrodes 

have been used instead of two dimensional, which are suitable for the treatment of low 

concentration pollutants (Daida, 2005). In this process because of hydrogen release from 

cathode and oxygen release from anode, flotation takes place (Jiang et al., 2002); (Mavrov 

et al.,2006). Moreover, the adsorption rate of produced hydroxides by this process is 100 

times as much as hydroxides produced through chemical processes and they do not 

produce secondary pollutants (Gürses et al.,2002).
 

2.6 Advantages and disadvantages of EC process in wastewater treatment 

As stated in water reuse report which prepared by the Unit for Sustainable Development 

and Environment at the Organization of American States, advantages and disadvantages of 

EC process in wastewater treatment can be summarized as follows.    
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2.6.1 Advantages of EC process in wastewater treatment 

1. EC requires simple equipment and is easy to operate with sufficient operational 

latitude to handle most problems encountered on running. 

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

3. Sludge formed by EC tends to be readily settable and easy to de-water, because it is 

composed of mainly metallic oxides/hydroxides. Above all, it is a low sludge 

producing technique. 

4. Flocs formed by EC are similar to chemical floc, except that EC floc tends to be 

much larger, contains less bound water, is acid-resistant and more stable, and 

therefore, can be separated faster by filtration. 

5. The EC process has the advantage of removing the smallest colloidal particles, 

because the applied electric field sets them in faster motion, thereby facilitating the 

coagulation. 

6. The EC process avoids uses of chemicals, and so there is no problem of 

neutralizing excess chemicals and no possibility of secondary pollution caused by 

chemical substances added at high concentration as when chemical coagulation of 

wastewater is used. 

7. 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. 

8. The EC technique can be conveniently used in rural areas where electricity is not 

available, since a solar panel attached to the unit may be sufficient to carry out the 

process.  

9. Operation and maintenance are relatively simple except in direct reuse systems, 

where technology that is more extensive and quality control are required.2.6.2 

Disadvantages of EC process in wastewater treatment 

1. The ‘sacrificial electrodes’ are dissolved into wastewater streams as a result of 

oxidation, and need to be regularly replaced. 

2. The use of electricity may be expensive in many places. 

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

of the EC unit. 

4. High conductivity of the wastewater suspension is required. 

5. Gelatinous hydroxide may tend to solubilize in some cases. 
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2.7 Previous Studies on removal of other harmful organic compounds using EC 

process 

(Genc & Bakirci, 2015) Developed the effect of pulsed voltage application on energy 

consumption during electrocoagulation. Electrocoagulation experiments were performed 

by using synthetic and real wastewater samples. In continuous operation, energy saving 

was as high as 48%. Aluminum electrodes used for the treatment of emulsified oils 

resulted in higher oil removal efficiencies in comparison with stainless steel and iron 

electrodes. When the electrodes gap was less than 1 cm, higher oil removal efficiencies 

were obtained. The highest oil removal efficiencies were 95% and 35% for the batch and 

continuous operating modes, respectively.  

(Ghalwa & Farhat, 2015) Investigated the removal efficiency of abamectin and chemical 

oxygen demand (COD) from aqueous solution using the electrocoagulation process. The 

results showed that abamectin and COD removal were 94% and 76.9% by using Stainless-

Steel electrodes and were 64.5% and 50% by using Fe electrodes. Pesticide removal 

kinetic followed pseudo first and second order kinetics using Stainless-Steel and iron 

electrodes respectively. It can be concluded that EC process by Stainless-Steel electrodes is 

very efficient and clean process for abamectin removal and COD from wastewater. 

(Ghalwa & Farhat, 2015) Evaluated the removal efficiency of the pesticide imidacloprid 

and chemical oxygen demand (COD) from aqueous solution using the EC process. The 

obtained results showed that imidacloprid and COD removal were 95% and 89.5% by 

using Fe electrodes at 60 min and were 80.8% and 73.1% by using Al electrodes at 90 min. 

Pesticide removal kinetic followed pseudo second and first order kinetics using Fe and Al 

electrodes respectively. 

(Bustillo et al.,2015) A thorough review of advancement in slaughterhouse wastewater 

(SWW) characteristics, treatment, and management in the meat processing industry is 

presented. This study also provides a general review of the environmental impacts, health 

effects, and regulatory frameworks relevant to the SWW management. A significant 

progress in high-rate anaerobic treatment, nutrient removal, advanced oxidation processes 

(AOPs), and the combination of biological treatment and AOPs for SWW treatment is 

highlighted. The treatment processes are described and few examples of their applications 

are given. Conversely, few advances are accounted in terms of waste minimization and 

water use reduction, reuse, and recycle in slaughterhouses, which may offer new 

alternatives for cost-effective waste management. An overview of the most frequently 

applied technologies and combined processes for organic and nutrient removal during the 
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last decade is also summarized. Several types of individual and combined processes have 

been used for the SWW treatment. Nevertheless, the selection of a particular technology 

depends on the characteristics of the wastewater, the available technology, and the 

compliance with regulations. This review facilitates a better understanding of current 

difficulties that can be found during production and management of the SWW, including 

treatment and characteristics of the final effluent. 

(Davoudi et al., 2014) The post treatment of simulated tannery wastewater was evaluated 

in an electrochemical oxidation process under galvanostatic conditions. A continuous flow 

reactor divided by a cellulosic membrane consisted of Ti/SnO2–Sb anodes and iron 

cathodes was used. Central composite design and response surface methodology (RSM) 

were applied to investigate the effects of six operational parameters, namely initial 

concentration of total phenols (TPh), total chromium (TCr), total ammonia nitrogen 

(TAN), flow rate (Q), current intensity (I), and electrode surface area (A). Effectiveness of 

the innovative cellulosic membrane was proven by considerable pH variations in the 

anolyte and catholyte chambers. A faster removal rate was observed for TPh and TAN, 

followed by TCr. The treatment level was very sensitive to Q and I in the studied ranges. 

RSM showed the removal efficiencies of 78.14%, 63.42%, and 86.09% for TPh, TCr, and 

TAN, respectively, are achieved under optimal conditions with consumption of only 9.03 

kWhm
−3

 electrical energy. Chlorinated compounds such as chloroform, 2,4-

dichlorophenol, and chlorobenzene were detected as the degradation intermediates. 

According to the obtained results, electrolysis in the divided cell with cellulosic membrane 

is a practical, cost-effective method for advanced treatment of tannery effluents. 

 (Lambert et al.,2013) Investigated the feasibility of two decontaminating processes, 

ozonation and electrocoagulation, to decolorize wastewater generated by humid finishing 

leather production. Bench-scale experiments were conducted with three different colorants, 

representative of the main dye groups: di-azo (CI Direct Blue 1), anthraquinone (CI Green 

G) and aniline (CI Fast Red B base). Two methods were compared on the basis of 

electrical energy consumption. This study revealed that for two of the three studied 

colorants, CI Direct Blue 1 and CI Fast Red B base. Electrocoagulation achieved better 

removal, closely 99% of decolourization in each case. Nonetheless on the case of the third 

dye, CI Green G, ozonation achieved higher decolourization, up to 89%. 

(El-Ashtoukhy et al.,2013) The removal of phenolic compounds was investigated in terms 

of various parameters in batch mode EC process namely: pH, operating time, current 

density, initial phenol concentration, addition of NaCl, temperature and the effect of 



 

22 

 

phenol structure (effect of functional groups). The chemical oxygen demand (COD) was 

also measured. In order to throw some light on the economics of the process, energy 

consumption as well as Al consumption were calculated under different conditions. The 

study revealed that the optimum conditions for the removal of phenolic compounds were 

achieved at current density = 8.59 mA/cm
2
, pH = 7, NaCl concentration = 1 g/L and 

temperature of 25°C. Remarkable removal of 100% of phenol compound after 2hrs can be 

achieved for 3 mg/L phenol concentration of real refinery wastewater. The new anode 

design of electrocoagulation cell permits high efficiencies with lower energy consumption 

in comparison with other cell design used in previous studies. 

(Ali and Yaakob,2012) Studied the treatment of raw Palm Oil Mill Effluent (POME) which 

contributes 83% of the industrial organic pollution load in Malaysia, they use 

Electrocoagulation technology to pre-treat the POME, Aluminum and iron electrodes were 

used as Sacrificing anodes. The study was also partially focused to compare the 

effectiveness of Aluminum (Al) and Iron (Fe) as electrodes to reduce the polluting nature 

of POME and simultaneous hydrogen production during electrocoagulation (EC). The 

metal (anode) based coagulants were found enough efficient to reduce the chemical oxygen 

demand (COD) and turbidity of POME. The remarkable pollutants removal was also 

associated with the hydrogen production as revenue to contribute the operational cost of 

wastewater treatment. Hydrogen production was also found helpful to remove the lighter 

suspended solids towards surface. 

(Chopra et al.,2011) Explained that the electrochemical remediation methods can be used 

as an alternative technology for the purification of wastewater contaminated with toxicants 

and for the biological treatments. As this treatment is convenient and may be more 

efficient to produce high quality water. Electrodes with Aluminum, Iron, Steel and graphite 

are generally the best suited to electrochemical water treatment. They reviewed that the 

applications of electrochemical treatment as well as electro-coagulation, electro-flotation 

and electro-coagulation/flotation to the treatment of wastewater and their operating 

parameters (reactor design, current density, time and electrode type and arrangement) 

affecting these processes have been discussed. Among the electrochemical processes, EC 

process should be the best choice, not only because it can achieve more satisfactory 

removal but also due to the fact that the process is cost-effective and simple in 

technological aspect. The removal of pollutants from effluents by electrocoagulation has 

become an attractive method in recent years. 
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(Yatmaz & Uzman, 2009) The degradation of toxic monochrotophos (MCP) was 

comparatively studied by electrochemical methods such as direct electrooxidation, indirect 

electrooxidation, electrocoagulation and electro-Fenton processes. In the direct 

electrooxidation process using Ti electrodes in electrolyte solutions (6 g/L of NaCl) at two 

different current densities of 50 and 100 A/m
2
, degradation of MCP from aqueous 

solutions in different initial concentrations (50, 100, 200, 300 mg/L) was investigated to 

evaluate MCP degradation. It was determined that increases in the initial MCP 

concentration and current density lead to increase MCP degradation. In this process, 

considering the effects of different electrolyte concentrations of NaCl (1, 3, 6 g/L) and 

different electrolyte (6 g/L Na2SO4), it was observed that high NaCl concentration 

increases the MCP degradation and decreases the energy consumption. The degradation 

and removal of 300 mg/L MCP solution by electrocoagulation using Fe electrodes (pH 8.5, 

6 g/L NaCl, 93 A/m
2
) was investigated and 78 % removal was achieved. The degradation 

and mineralization of 300 mg/L MCP solution (6 g/L NaCl, 50 A/m
2
) by the indirect 

electrooxidation processes using Ti electrodes by adding 2mmol H2O2/min was also 

investigated and 100% MCP degradation and 20% TOC removal was obtained. Finally, the 

degradation and mineralization of 300 mg/L MCP solution (6 g/L NaCl, 93 A/m
2
) by the 

electro-Fenton process using Fe electrodes by adding 2 mmol H2O2/min was performed. It 

was observed that MCP was degraded completely in less than 5 min and was mineralized 

up to the yields of 66 % efficiency for 90 min. 

(Tripathi & Reddy, 2009) The effective performance of electrocoagulation (EC) technique 

in the treatment of olive mill wastewater (OMW) has been investigated using sacrificial 

aluminum electrodes. The optimum working pH was found to be in the range 4-6, allowing 

OMW to be treated directly without pH adjustment. In addition, it is found that an increase 

in the current enhanced the speed of the treatment significantly. However, simultaneous 

increase of electrode and energy consumption was observed. The optimum current density 

allowing the quickest treatment with a low cost was found to be 75 mA/cm
2
. Therefore, a 

current density of 75 mA/cm
2
 was selected as an optimum that allows fast and low cost 

treatment.  

(Phalakornkule et al.,2009) Investigated in their study electrochemical variables and an 

application of the optimal parameters in operating a continuous up flow electro-

coagulation reactor in removing dye. Direct red 23, was used as a representative of direct 

dyes. A batch mode was employed to optimize electrode type, electrode distance, current 

density and electrocoagulation time. The performance of the continuous up flow reactor 
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with these parameter was satisfactory, with  more than 95% color removal and energy 

consumption in the order of 0.6 - 0.7 kWh.m
-3

. 

(Alaton et al.,2008) Investigated the influence of operating parameters (electrolyte 

concentration, applied electrical current, initial reaction pH) on color and COD removals 

from a simulated acid dye bath effluent by employing electrocoagulation with aluminum 

(Al) and stainless steel (SS) electrodes. The study results indicated that almost complete 

(100% for EC with SS electrodes) color and partial (around 50% for EC with SS 

electrodes) COD removal could be achieved via electrocoagulation using Al as well as SS 

electrodes once working conditions were optimized. The study also revealed that 

Electrocoagulation with SS electrodes was more attractive both in terms of treatment 

performance as well as electrical energy and sludge handling costs. 

(Bazrafshan et al., 2007) Investigated the removal of pesticides by electrocoagulation 

process. A glass tank in 1.56 L volume with four iron plate electrodes was used to perform 

the experiments. The electrode connected to DC power supply (bipolar mode). The tank 

was filled with synthetic wastewater were contained diazinon pesticide in concentration of 

10, 50 and 100 mg/L. The present of removal was measured at pH=3.7 and 10 and in 

electric potential range of 20-40V by thin layer chromatography method. The results 

indicated that initial concentrations of diazinion can affect the efficiency of removal and 

for higher concentration of diazinion higher electrical potential or more reaction time is 

needed. The results showed that for a given time, the removal efficiency increased 

significantly with increase of voltage. The higher electrical potential (40 V) produced the 

quickest treatment with 99% diazinion reduction occurring after 60min the final pH for 

iron electrode was always higher than initial pH, finally it can be concluded that 

electrocoagulation process (using iron electrode) is reliable efficient and cost-effective 

method for removal of diazinion from aqueous environments, especially designed pH =3 

and voltage = 40 V. 

 (Kobya et al., 2006) Developed the decolorization of the levafix orange textile dye in 

aqueous solution by electrocoagulation using aluminum sacrificial anode. The study 

proved the effectiveness of electrochemical treatment for the textile dye solution. 

95%decolorization efficiency may be obtained at suitable operating conditions such as; 

current density 100 A/m
2
, operating time 12 min and initial pH 6.4. The corresponding 

electrode and energy consumptions during the electrolysis were found to be 1.8 kg Al/kg 

dye and 35 kWh/kg dyes. 
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(Apostolos Vlyssides, Arapoglou, Mai, & Barampouti, 2005) Organophosphoric pesticides 

are widely used for crop and fruit tree treatment, but their disposal causes serious 

environmental problems. Two commercial organophosphoric pesticides (Monocrotophos 

and Phosphamidon) were treated by an electrolysis system using Ti/Pt as anode and 

stainless steel 304 as cathode. A number of experiments were run in a laboratory scale pilot 

plant and the results are presented. For Monocrotophos, the achieved reduction was over 

28%, while for Phosphamidon it was nearly 26%. Phosphamidon had a higher energy 

demand than Monocrotophos. The COD/BOD5 ratio was improved considerably after 

electrolysis for both pesticides examined. Therefore, electrochemical oxidation could be 

used as a pretreatment method for their detoxification. 

(G. Chen (2004) Reviewed the development, design and applications of electrochemical 

technologies in water and wastewater treatment. Particular focus was given to 

electrodeposition, electrocoagulation, electroflotation and electrooxidation. Over 300 

related publications were reviewed with 221 cited or analyzed. Electrodeposition is found 

to be effective in recover heavy metals from wastewater streams. It is considered as an 

established technology with possible further development in the improvement of space-

time yield. EC has been in use for water production or wastewater treatment. It is finding 

more applications using either aluminum, iron or the hybrid Al/Fe electrodes. The 

separation of the flocculated sludge from the treated water can be accomplished by using 

EF. The EF technology is effective in removing colloidal particles, oil and grease, as well 

as organic pollutants. It was proven to perform better than dissolved air flotation, 

sedimentation, impeller flotation (IF). The newly developed stable and active electrodes 

for oxygen evolution would definitely boost the adoption of this technology. 

Electrooxidation is finding its application in wastewater treatment in combination with 

other technologies. It is effective in degrading the refractory pollutants on the surface of a 

few electrodes. Titanium-based boron-doped diamond film electrodes (Ti/BDD) show high 

activity and give reasonable stability. Its industrial application calls for the production of 

Ti/BDD anode in large at reasonable cost and durability. 

(Holt et al., 2004) Studied the capability of removing pollutant material from water by 

electrocoagulation. A sacrificial aluminum anode was used and hydrogen bubbles evolved 

at an inert cathode. Rates of clay particle flotation and settling were experimentally 

determined in a 7 L batch reactor over a range of currents (0.25 - 2.0 A) and pollutant 

loadings (0.1 - 1.7 g/L). Sedimentation and flotation are the dominant removal mechanism 

at low and high currents, respectively.  
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(Adhoum & Monser, 2004) They studied the application of electrocoagulation procedure 

permitted high removal efficiencies of pollutants with both fresh and stored olive mill 

wastewater. The process produces a removal capacity of 76% of COD, 91% of 

polyphenols and 95% of dark color, just after 25 min. The electrode consumption was 

found to be 2.11 kg/m of treated OMW. The results showed that electrocoagulation could 

be considered as an effective alternative for the treatment of OMW or may be combined 

with a classical biological process to achieve high quality effluent water. 

(Can et al., 2003) Study deals with the batch removal of the reactive textile dye Remazol 

Red RB 133 from an aqueous medium by the electrocoagulation method using aluminum 

electrodes. The effects of wastewater conductivity, initial pH, current density, stirring rate, 

dye concentration, and treatment time on the decolorization efficiency and energy 

consumption have been investigated. Aluminum hydroxyl polymeric species formed 

during an earlier stage of the operation efficiently remove dye molecules by precipitation, 

and in a subsequent stage, Al(OH)3 flocs trap colloidal precipitates and make solid−liquid 

separation easier during the flotation stage. These stages of electrocoagulation must be 

optimized to design an economically feasible electrocoagulation proceed the removal of 

pollutants from effluents by electrocoagulation has become an attractive method in recent 

years.  

Various authors have reported the use of electrocoagulation for the treatment of 

wastewater; a literature survey indicates that EC is an efficient treatment process for 

different wastes, e.g. soluble oils, liquid from the food, textile industries, or cellulose and 

effluents from the paper industry (Calvo et al., 2003; Carmona et al., 2006). 

Electrocoagulation is an effective process for the destabilization of finely dispersed 

particles by removing hydrocarbons, greases, suspended solids and heavy metals from 

different types of wastewater (Kumar et al., 2004; Larue et al., 2003) 

 

2.8 Previous studies in removal of Safranin, Chlorpyrifos and Levofloxacin 

2.8.1 Previous studies in removal of Safranin O 

(Al-Mammar, 2014) Evaluated the efficiency of Safranin O (SFO), dye removal with 

application of Thujaorientalis as a low-cost biosorbent. The biosorption equilibrium level 

was determined as a function of pH, adsorbent dose, contact time and temperature. Surface 

area and pore size distribution were measured for the adsorbent. Thuja has good removal 

efficiency for SFO dye.  
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(Shariati et at.,2011) Evaluated the efficiency of Safranin O dye removal with application 

of magnetite nano-particles (Fe3O4 NPs) as adsorbent. For this propose, NPs of Fe3O4 were 

synthesized via a chemical precipitation method with addition of sodium hydroxide to 

solutions of Fe
2+

 and Fe
3+

. The prepared NPs were characterized by XRD and TEM and 

the applicability of the synthesized NPs for removing of Safranin O as a cationic dye from 

aqueous solutions was investigated. The surface of Fe3O4 NPs was modified with addition 

of sodium dodecyl sulfate as an anionic surfactant. The effects of various parameters on 

the removal efficiency of Safranin O such as the type and amount of surfactant, pH of 

solution, salt effect and contact time were studied and optimized. The studies of sorption 

kinetics of the dye showed a rapid sorption dynamics by a second-order kinetic model, 

suggesting chemisorption mechanism. 

(Hayat et al., 2011) The photocatalytic degradation of Safranin-O (known as Basic Red 2) 

in water using locally synthesized nanocrystalline WO3 as a photocatalyst was investigated 

under UV laser irradiation. The photo-oxidation removal of the dye was monitored by UV–

vis spectrophotometer. The blank experiments for either laser irradiated only Safranin-O 

solution or the suspension containing WO3 and Safranin-O in the dark showed that both 

laser illumination and the photocatalyst were essential for the removal of Safranin-O. The 

effect of experimental parameters including laser energy, catalyst loading, solution pH and 

the initial dye concentration on photocatalytic degradation of Basic Red 2 were also 

investigated. Results indicated that the rate of reaction is strongly influenced by the 

adsorption of an azo dye into the surface of the photocatalyst materials and suggests an 

optimum catalyst loading and dye concentration for the degradation reaction. It was 

investigated that the adsorption of the dye decreases at higher alkaline pH because both 

catalyst and substrate are negatively charged, developing repulsive forces between them. 

Kinetic data obtained reveals that the rate of the reaction obeys the first-order kinetics. 

(El-Kemary et al., 2009) ZnS nanoparticles were synthesized using chemical precipitation 

method and were characterized with FTIR, transmission electron microscope (TEM), X-

ray diffraction analysis (XRD) and UV–vis absorption. XRD analysis shows that the 

diameter of the particles is 1.6 nm. The interaction between ZnS nanoparticles and 

Safranin O (SO) dye was studied with UV–vis absorption as well as fluorescence emission 

and excitation spectra. The results show fluorescence enhancement from dye molecules 

with nanoparticles upon excitation at 325 nm. In contrast, the fluorescence of the dye 

monitored at 520 nm is quenched by ZnS nanoparticles. ZnS nanoparticles were used as a 

photocatalyst in order to degrade SO dye. A maximum degradation efficiency of 51% of 
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the dye has been achieved in the presence of ZnS as a nanophotocatalyst at pH 7. 

Photodegradation of the dye follows second-order kinetics. 

 

2.8.2 Previous studies in removal of Chlorpyrifos 

Few studies discussed the removal of harmful organic compounds like pesticides by using 

electrocoagulation method. 

(Lu et al., 2013). A bacterial strain, Cupriavidus sp. DT-1, capable of degrading 

Chlorpyrifos and 3,5,6-trichloro-2-pyridinol (TCP) and using these compounds as sole 

carbon source was isolated and characterized. Investigation of the degradation pathway 

showed that Chlorpyrifos was first hydrolyzed to TCP, successively dechlorinated to 2-

pyridinol, and then subjected to the cleavage of the pyridine ring and further degradation. 

The mpd gene, encoding the enzyme responsible for Chlorpyrifos hydrolysis to TCP, was 

cloned and expressed in Escherichia coli BL21. Inoculation of Chlorpyrifos-contaminated 

soil with strain DT-1 resulted in a degradation rate of Chlorpyrifos and TCP of 100% and 

94.3%, respectively as compared to a rate of 28.2% and 19.9% in uninoculated soil. This 

finding suggests that strain DT-1 has potential for use in bioremediation of Chlorpyrifos-

contaminated environments. 

(QIAN et al., 2012) his article studied the treatment of simulating pesticide (Chlorpyrifos) 

wastewater by optimizing the design of electrocoagulation reactor. The wastewater was 

treated by human-made paired aluminum-titanium anode EC device. The results showed 

that the treatment efficiency of organic phosphorus wastewater by such device was good. 

The removal efficiency of organic phosphorus was reached at 73.12% after it was treated 

for15 min, if the initial concentration of the wastewater was 50 mg/L, and the voltage was 

set as 8V. 

Ultrasound-assisted EC was applied to weaken the electrode passivation phenomenon and 

improve the degradation effect for Chlorpyrifos wastewater. The research results showed 

that, when the voltage was10 V, the pH value was 6.00, the ultrasound power was 70 W 

and the organic phosphorus concentration of 10 mg/L, the removal efficiency of organic 

phosphorus was 99.56% after 15min. For the wastewater with flowing rate of 250mL/min, 

the removal efficiency of organic phosphorus could reach 99.84% when the voltage was 

9V and the ultrasound power was 80 W.  

(Abdel et al., 2012) Discussed the possibility of using electrocoagulation method for the 

removal of some pesticides (malathion, imidacloprid and chlorpyrifos). The effect of 

various operational parameters of the removal efficiency was investigated and optimized. 
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The removal of pesticides using iron sacrificial oxide was affected by the initial pH, the 

current density, the amount of NaCl and the initial pesticide concentration. The removal % 

for pesticides was ~ 98-99%. When iron used as a sacrificial anode under the operating 

conditions of initial pH of 6-7, current density of 1mA/cm
2
, electrolysis time of 10 min, 

initial pesticide concentration of 0.5% and NaCl concentration of 1g/L. The obtained 

results showed that pseudo-second-order equation was found to be in a good agreement 

with the experimental results. Three different electrochemical techniques namely, 

electrooxidation, electrocoagulation and electro-Fenton of pesticide effluent (contains 

methyl parathion, atrazine and triazophos) were chosen for this study. Experiments were 

carried out at different pH to determine the optimum pH condition. Chemical oxygen 

demand (COD) of the effluent reduced at the end of 6 hours from 1810 to 431 mg/l (pH 6) 

by electrooxidation, to 210 mg/l (pH 10) by electrocoagulation and to 341 mg/l (pH 8) by 

electro-Fenton. The results revealed that a high COD reduction was observed by 

electrocoagulation at pH 10 (88%), followed by electro-Fenton at pH 8 (81%) and 

electrooxidation at pH 6 (76%) at a constant current density of 5 Adm
-2

. Further we have 

also determined current efficiency, energy consumption and the cost of degradation. 

 

2.8.3 Previous studies in removal of Levofloxacin 

(Epold et al., 2015) The efficacies of Fenton (H2O2/Fe
2+

), Fe
2+

-activated persulfate 

(S2O8
2−

/Fe
2+

) and combined Fenton/persulfate (H2O2/S2O8
2−

/Fe
2+

) systems for degrading 

Levofloxacin (LFX) in aqueous solutions were investigated and compared. The LFX 

degradation by classical Fenton oxidation followed a pseudo-first-order kinetic law during 

the entire reaction. In the case of the S2O8
2−

/Fe
2+

 and H2O2/S2O8
2−

/Fe
2+

 systems, a fast 

degradation of LFX was observed within the first minute, and then the target compound 

was gradually degraded within the remaining reaction time. Notably, without consideration 

of the first minute, the rest of the LFX degradation in the S2O8
2−

/Fe
2+

 system also followed 

the pseudo-first-order kinetic model. The application of combined Fenton/persulfate 

oxidation was promising, and after careful adjustment of oxidants and activator doses, it 

demonstrated a considerable improvement in LFX degradation compared with the Fe
2+

-

activated persulfate system and a somewhat similar efficacy to the Fenton process. Among 

the studied processes, the H2O2/Fe
2+

 system showed the highest performance both in LFX 

degradation and mineralization, followed by the combined H2O2/S2O8
2−

/Fe
2+

 process. Six 

LFX transformation products were identified by LC–MS analysis in all studied systems, 

indicating that hydroxyl radicals are the predominant oxidative species in H2O2/Fe
2+

, 
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S2O8
2−

/Fe
2+

, and H2O2/S2O8
2−

/Fe
2+

 processes. In summary, all studied radical-based 

advanced oxidation technologies proved to be promising techniques for the treatment of 

wastewater and in situ groundwater containing LFX, with a particularly high potential for 

the combined Fenton/persulfate system. 

Epold, I., & Dulova, N. (2015) The performance of Levofloxacin (LFX) degradation in 

aqueous solutions in ferrous ion-activated persulfate (S2O8
2−

/Fe
2+

), peroxide-activated 

persulfate (S2O8
2−

/H2O2), and base-activated persulfate (S2O8
2−

/OH
−
) systems was 

evaluated and compared. The LFX degradation by all studied activated persulfate systems 

was divided into two oxidation periods: a fast degradation of target compound within the 

first minute and subsequent gradual oxidation within the remaining reaction time. Notably, 

without consideration of the first minute, the rest of the LFX degradation in the S2O8
2−

/Fe
2+

 

and S2O8
2−

/H2O2 system followed the pseudo-first-order kinetic model. Among the studied 

activation techniques, the Fe
2+

-activated persulfate system demonstrated the highest 

efficacy in LFX degradation, mineralization and persulfate utilization, followed by the 

peroxide-activated persulfate oxidation. Generally, all studied sulfate radical-based 

advanced oxidation technologies proved to be promising tool for the treatment of LFX 

contaminated water/wastewater and, especially, groundwater. 

 (Kansal et al., 2014) This paper reports the photocatalytic degradation of levofloxacin, a 

widely used antibiotic drug, using highly crystalline TiO2 nanoparticles. The TiO2 

nanoparticles were synthesized using a sol–gel technique and characterized by various 

techniques in terms of their morphological, structural, compositional, thermal and optical 

properties. The detailed studies revealed that the prepared TiO2 nanoparticles are grown in 

high density, are highly crystalline and exhibit good optical properties. Over 90% 

photocatalytic degradation of levofloxacin was achieved by the prepared TiO2 

nanoparticles in 120 min under UV light illumination. By comparing the photocatalytic 

degradation properties of the prepared TiO2 nanoparticles with a commercially available 

TiO2 catalyst (P25 and PC-50), it was observed that the as-synthesized TiO2 nanoparticles 

exhibited a superior photocatalytic performance towards levofloxacin. Moreover, the 

antibiotic efficacy of levofloxacin was tested against E. coli and interestingly, it was found 

that its antibacterial activity was drastically inhibited after the treatment of the drug 

solutions with the prepared photocatalyst. 

(Hu et al., 2011) Fe3O4 nanocrystals were synthesized with polyethylene glycol (PEG) and 

polyvinyl pyrrolidone (PVP) as dispersant respectively by solvo thermal process. The 

nanocrystals were characterized in order to elucidate the morphology and structure by 
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transmission electron microscopy (TEM), X-ray diffraction (XRD) and Fourier transform 

infrared spectroscopy (FTIR) respectively. The results indicated that Fe3O4 nanocrystals 

were cubic phases, and the morphologies of samples were globular nanoparticles structure 

no matter what dispersant was. The photocatalytic degradation of Levofloxacin lactate 

revealed that Fe3O4 nanocrystals promoted the degradation of Levofloxacin. As the UV 

radiation time was only 30 min, the photocatalytic degradation percentage of Levofloxacin 

with Fe3O4 (magnetite) as catalyst was about 92%. However, the direct photolysis 

degradation percentage of Levofloxacin without Fe3O4 is about 85%. 

(Guo et al., 2010) Sonochemical degradation of levofloxacin was investigated to assess the 

operational parameters and the impacts of rate enhancers (CCl4) and rate inhibitors (t-

butanol). Different dosages of CCl4, pH value of solutions, ultrasonic power, and initial 

concentration of levofloxacin which affected the degradation of levofloxacin were studied. 

The degradation rate of levofloxacin was accelerated with increased concentrations of CCl4 

via the accumulation of reactive chlorine species and the hindrance of OH radical 

combination reactions with atomic hydrogen. The addition of t-butanol at all test 

concentrations inhibited the degradation of levofloxacin regardless of the quantity of OH 

radicals in solution. It was also found that 5day biochemical oxygen demand (BOD5) of the 

solution increased evidently after sonochemical treatment, and the ratio of BOD5/COD that 

was a good measure for biodegradability increased from 0 to 0.41, which indicated that 

biodegradability of the solution was obviously enhanced. Based on the results, it is feasible 

that sonochemical oxidation can be used for pretreatment to levofloxacin effluent before 

biological treatment processes 

(Lam et al., 2005) The photochemical behaviour of the four pharmaceuticals, atorvastatin, 

carbamazepine, levofloxacin, and sulfamethoxazole in sunlit surface water was 

investigated. These compounds, which have been observed or have the potential to be in 

surface waters, were susceptible to direct and indirect photodegradation. Several 

photoproducts are identified using authentic standards, and structures of other degradation 

products are proposed based on mass spectral information from this and previous studies. 

The same degradation compounds are formed from direct and indirect photolysis, 

suggesting the same photoproducts are formed by alternate pathways. The natural water 

constituents nitrate, dissolved organic matter (DOM), and bicarbonate influence the 

elimination rates of the pharmaceuticals differently. Since direct photolysis appears 

important in limiting the persistence of levofloxacin and sulfamethoxazole, the presence of 

humic matter decreases degradation rates. The same constituent has an opposite and 



 

32 

 

positive effect on the elimination rates of atorvastatin and carbamazepine and thus, 

photosensitization reactions or photooxidants generated from DOM photolysis are 

important. Products resulting from direct and indirect photolysis also seem to be 

susceptible to photodegradation, suggesting they will not persist in sunlit aqueous systems. 
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CHAPTER THREE 

 

MATERIALS AND METHODS 

 

3.1 Introduction 

To achieve the objectives of this study, it is important to seek in the most parameters and 

variables concerns the electrocoagulation (EC) process in order to achieve clear and 

complete information about the capacity of the EC in removal of harmful contaminants 

under current study which are Safranin O, Chlorpyrifos and Levofloxacin. Study of waste 

contaminants removal by the EC system is an important issue because they may deteriorate 

the soil, impede wastewater reuse and contaminate the groundwater causing serious health 

problems. 

Therefore, this chapter is provided with details about experimental methods, which were 

conducted separately, to investigate the treatment efficiency of the electrochemical- 

electrocoagulation process for removal of contaminants, and color from wastewater to 

improve the effluent quality prior to disposal to environment or reuse. Experimental 

methods of electrocoagulation process were classified as laboratory bench scale (batch 

experiment) and different variables such as such as electrolysis time, current density, initial 

pH, type of supporting electrolyte, electrolyte concentration, initial contaminants 

concentration, temperature and electrode type were studied. During the research period, 

data were collected from the tests carried on the aqueous samples before and after 

treatment for chemical analysis and removal, trends were established. The materials, 

experimental setup and experimental procedures that were used during this research are 

delineated below. 

 

3.2 Analytical Methods 

The remaining pollutant concentration (mg/l) was measured at the begining of each 

experiment to evaluate the electrochemical treatment efficiency (initial concentration) and 

after treatment (final concentration) to evaluate the performance of the treatment process 

and to calculate the percentages of removal efficiency of the contaminants. The techniques, 

reagents and apparatus used to measure different parameters during the study are 

delineated below. 
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3.2.1 Chemicals used 

Three representative harmful pollutants (pesticide, drug and dye) were selected for 

preparing the synthetic pollutants in aqueous solutions. The Chlorpyrifos as representative 

of one of dangerous pesticide ( commercial) was chosen and purchased from (Makhteshim 

Company). The study also deals with another two types of harmful organic compounds in 

polluted water which are drugs (Levofloxacin) and dyes (Safranin O) from Aldrich-sigma. 

The chemicals used in the experiments such as sodium chloride (NaCl), potassium chloride 

(KCl), sodium carbonate(Na2CO3), sodium hydroxide (NaOH), sodium nitrate 

(NaNO3),sulfuric acid(H2SO4), and hydrochloric acid (HCl) were of analytical grade and 

purchased from Merck Company. De-ionized water was used for the preparation of 

chemical solutions. 

 

3.2.2 Preparation of synthetic solutions 

Preparation of Safranin O Solution (SFO) (M.W= 350.85 g/mol, purity 85%): 

Cationic dye was provided by Fluka. A stock solution of SFO dye at concentration of 1000 

mg/L was prepared by dissolving 250 mg of dye in 250 ml de-ionized water. Safranin is a 

water soluble phenazine dye (3,7-diamino-2,8-dimethyl-5 phenyl-phenazinium chloride- 

C20H19N4Cl) were prepared by dissolving an accurate quantity of the dyes in de-ionized 

water and suitably diluted to the required initial concentrations. The amount of Safranin O 

required to prepare the working solution was calculated using the following equation: 

M1×V1=M2×V2      (3.1) 

Preparation of Chlorpyrifos (M.W=350.58 g/mol purity 50%). A stock solution of 

Chlorpyrifos was prepared of 1000 mg/l concentration by dissolving 2.083 ml of 

Chlorpyrifos in 1000 ml de-ionized water. The Chlorpyrifos chemical formula is (O,O-

diethyl O-(3,5,6-trichloro-2-pyridyl)-phosphorothioate) 

Preparation of Levofloxacin (M.W=361.368 g/mol, purity 99%). A stock solution of 

Levofloxacin was prepared of 1000 mg/L concentration by dissolving 0.5 g of 

Levofloxacin in 500 ml.the chemical formula is (S)-9-fluoro-2,3-dihydro-3-methyl-10-(4 

methylpiperazin-1-yl)-7-oxo-7H-pyrido[1,2,3-de]-1,4-benzoxazine-6-carboxylic acid. 

 

 

 



 

35 

 

3.2.3 Analytical procedure 

 Main parameter were measured to evaluate the electrochemical treatment efficiency and 

the remaining pollutant concentration (mg/L) was measured at the end of each experiment. 

Remaining pollutants of (Safranin O) dyes, Chlorpyrifos pesticide and Levofloxacin 

antibiotic concentrations were measured by spectrophotometric methods using a double-

beam UV-Visible spectrophotometer at λ max= 518 nm, 290 nm, 288 nm  for Safranin O, 

Chlorpyrifos and Levofloxacin respectively with using calibration curve with standard 

error ± 0.5%. Various concentrations of standard solutions were prepared of (1, 2, 3, 5, 10, 

20, 30, 40 and 50 mg/L) from the Safranin O stock solution by dissolving appropriate 

amount of stock solution in 50 ml distilled water. A series of standard solution of 

Chlorpyrifos was prepared (5, 10, 20, 30, 40, 50, 75 and 100 mg/l) by dissolving 

appropriate amounts of stock solution in 100 ml distilled water. Also, for calibration curve 

preparation of levofloxacin, a series of standard solutions were prepared (5, 10, 20, 30, 40, 

50 and 70 mg/L) by dissolving appropriate amounts of stock solution in 100 ml distilled 

water. 
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3.3 Removal Efficiency 

After wastewater treatment by electrocoagulation method, the removal efficiency was 

calculated using the following equation (Daneshvar et al., 2006):  

     𝑬% =
𝑨𝒐−𝑨𝟏 

𝐀𝟎
∗  𝟏𝟎𝟎%       (3.2)  

Where Ao and A are absorbance values of dyes solutions before and after treatment with 

respect to their λ max Repeated experiments were performed to check the reproducibility of 

the experimental results and the reproducibility was found to be ±3%. 

 

3.4 Experimental Setup and procedure 

The experiments were carried out in this research as a set in static methods (batch reactor). 

The electrocoagulation unit consists of a 250 ml electrochemical reactor with an effective 

surface area of 12 cm
2 

for the three types of electrode immersed in the solution. Electrodes 

design is one of the most important factors that affect the electrocoagulation process. 

Electrode design affects the release of coagulants in the solution and the bubble type. 

Thereby influencing pollutant flotation, mixing and mass transfer. In this study, iron (Fe), 

aluminum (Al) and stainless steel (S-S) (304 L grade) electrodes were used as anode and 

cathode (the anode and cathode from the same metal and the same dimensions). The 

electrodes dimensions were 6 cm × 2 cm (the thickness (0.1cm) of electrode was neglected 

since it was very thin). The electrodes 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 
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power supply. Experiments were conducted using the following combination of different 

electrodes Al-Al, Fe-Fe, S-S electrodes. The electrodes were connected in a monopolar 

connection mode. The total effective electrode area and the distance between electrodes, 

electrode type, pH, current density, time of EC operation (hydrolysis time), type of 

supporting electrolyte, electrolyte concentration, initial contaminants concentration and 

temperature were used as variable factors may affect the pollutants removal efficiencies. 

For the three types of electrodes (Al-Al, Fe-Fe and S-S electrodes) different combination 

of variables were studied in order to determine optimum conditions of contaminants 

removals. Various values of current intensity were taken for the electrodes using reactor 

power: 41.7, 83.3, 125, 166.7 and 250 (mA/cm
2
), three inter electrode spacing were taken 

at different spacing of 1, 2 and 3 cm, initial pH was adjusted to pH =, 6.2, 8.5 and 10.85, 

different temperature of rang from 10 to 40
o
C were adjusted, different retention time: 5, 

30, 45, 60 and 75 min were studied. H2SO4 and NaOH (1 M) were used to get respectively 

acidic and basic pH. Synthetic pollutants solutions of concentrations varying from 5 to 75 

mg/l were used. Electrolytes of 4 g/L of the following salts: NaCl, KCl, NaNO3, and 

Na2CO3 were used. After finding the best electrolyte which was NaCl, different electrolyte 

concentrations of NaCl (2, 4, 6 and 8 mg/L) were examined. 

Magnetic stirrer controller with a sufficient magnetic stirring (10-30 rpm) was used. At the 

beginning of each run the dyes, pesticides and drug solutions of the desired concentration 

were fed into the cell and electrolytic (NaCl) of different concentrations was added to it to 

increase the solution conductivity. 

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 followed by ethyl 

alcohol and then with distilled water and dried until they are used again. The equipment's 

used in EC treatment are indicated in Table (3.1) and illustrated in Fig. (3.4). Fig. (3.5) and 

(3.6) represent schematic and photographic pictures for the experimental set up 

respectively used in this work. Upon EC treatment, filtering was common or centrifuged. 

Color changes which provided a visible indication of removal especially for dyes as shown 

in Fig. (3.7) for Safranin O removal in aqueous solution using of S-S electrode and it is an 

indication of contaminant removal. 

 

 

 

 



 

38 

 

Table (3.1): Equipments used in EC treatment. 

Name Model 

Hot plate  (HB502), BIBBY STERILIN LTD, (U.K) 

pH meter AC28, TOA electronic Ltd., (Japan) 

DC power supply (DZ040019) EZ Digital CO. Ltd., (china) 

Electronic Balance I balance 2011, Selecta, (Spain) 

UV-Vis spectrophotometer UV 1601, Shimadzu, (Japan) 

 

 

Fig. (3.4): Equipments used in electrocoagulation technique. 1: DC power supply; 2: Hot plate; 

 3: Water bath; 4: pH meter; 5: UV-Vis spectrophotometer; 6: Electronic Balance. 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3.5): Bench scale Electrocoagulation reactor with bipolar electrodes in parallel connection.(1) 

Electrocoagulation cell; (2) Anode; (3) Cathode; (4) bipolar electrodes; (5) Magnetic stirrer contol (6) 

Magnetic stirrer (7) power supply. 
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Fig. (3.6): Photographic picture for experimental set up. 

 

 

Fig. (3.7): Visual appearances of Safranin O sample before and after electrocoagulation treatment. 
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CHAPTER FOUR 

 

RESULTS & DISCUSSION 

 

4.1 Introduction 

There is emerging public concern over the contamination of wastewater by harmful 

organic compounds. Therefore, a major focus of research has been on the removal of these 

compounds from wastewater. This is because of the fact that existence of these compounds 

in water is highly unwanted, even at very low concentrations. A traditional biological 

treatment process is not helpful in treating effluent containing harmful organic compounds 

because of low biodegradability of them. The primary goal of this study is to investigate 

the effect of electrocoagulation (EC) process. This study is mainly focused on the 

capability of EC technology to improve wastewater quality, such as to increase removal 

efficiencies of wastewater contaminants prior to disposal or reused. 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 electrolysis time, 

current density, initial pH, type of supporting electrolyte, electrolyte concentration, initial 

contaminants concentration, temperature and electrode type.  

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 synthetic wastewater. Electrocoagulation process using aluminum, stainless 

steel and iron electrodes to remove water contaminants was carried out to investigate the 

removal efficiency of these impurities. 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 where necessary. In this chapter, the results of the EC 

experiments for removal of three types of contaminants (Safranin O, Chlorpyrifos and 

Levofloxacin) using different operation parameters are presented in the following sections: 
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4.2 Removal of Safranin O 

The textile industries generates extremely high amount of color wastewater, which are 

mainly poisons. A traditional biological treatment process is not helpful in treating the dye 

effluent because of low biodegradability of dyes. The presence of Safranin (O) dye causes 

distinct acute impact on health therefore the removal of this dye from aqueous solution is 

highly desirable. Electrocoagulation process using aluminum, stainless steel and iron 

electrodes to remove Safranin (O) dye was carried out to investigate the removal efficiency 

of these impurities. Different parameters such as electrolysis time, current density, initial 

pH, type of supporting electrolyte, electrolyte concentration, initial contaminants 

concentration and temperature were studied as mentioned in the following subsections. 

 

4.2.1 Effect of current density 

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, 

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 (I. Arslan-Alaton et al., 2008). 

The Current Density (CD) can be formulated as: 

CD = I/S                                                                                                      (4.1) 

Where CD is the current density (mA/cm
2
), I is the current (mA) and S is the total surface 

area of anode (cm
2
) (Parsa et al., 2011) 

As the current density decreased, the time needed to achieve similar efficiencies increased. 

If current density increased the % removal of contaminants also increased. The increasing of 

current density always increase the cost of treatment, so it is necessary to select an optimum 

value of current density for efficient treatment and minimum cost (Ajjam & Ghanim, 2012). 

To examine the effect of current density on Safranin O removal efficiency, a series of 

experiments were carried out with current densities ranging from (41.7- 166.7 mA/cm
2
) at 

pH of 6.2, initial concentration of 30mg/L, inter-electrode distance of 2.1 cm, NaCl 

concentration of 4 g/l and temperature of 30 
o
C. From Figures (4.1), (4.2), (4.3) and (4.4), it 

can be indicated that the optimum current density was 125 mA/cm
2
 for the three types of 

electrodes (S-S, Fe and Al electrode). The removal efficiencies of Safranin O were 99.8%, 
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96.2%, 87% by using S-S, Fe and Al electrode respectively. Approximately completely 

removal of contaminant was achieved by using S-S electrode. 

 

Fig. (4.1): Effect of current density and EC time on the removal efficiency of Safranin O using S-S 

electrodes. (Initial concentration of Safranin O = 30 mg/L, [NaCl] = 4 g/L, pH = 6.2, inter-electrode distance = 

2 cm and temperature 30°C). 
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Fig. (4.2): Effect of current density on the removal efficiency of Sarasin O using S-S electrodes after 

30min. (Initial concentration of Safranin O = 30 mg/L, [NaCl] = 4 g/L, pH = 6.2, inter-electrode distance = 2 

cm and temperature 30 °C). 
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Fig. (4.3): Effect of current density and EC time on the removal efficiency of Safranin O using Fe 

electrodes. (Initial concentration of the Safranin O = 30 mg/L, [NaCl] = 4 g/L, pH = 6.2, inter-electrode 

distance = 1 cm and temperature 30°C). 
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Fig. (4.4): Effect of current density and EC time on the removal efficiency of Safranin O using Al 

electrodes. (Initial concentration of the Safranin O = 30 mg/L, [NaCl] = 4 g/L, pH = 6.2, inter-electrode 

distance = 1 cm and temperature 30°C). 

Using Fe electrode the removal efficiency of Safranin O (Conc. 30 mg/L) reached the 

maximum removal efficiency of 96.2% using optimum current (125mA/cm
2
,at pH 10.85 

inter-electrode distance 1cm,4g/l NaCl, after15 min, temperature 30 ºC. By using Al 

electrode the removal efficiency of Safranin O (Conc. 30 mg/L) reached the maximum 

removal efficiency of 87% using optimum conditions (125 mA/cm
2
, pH 6.2, inter-electrode 

distance 1cm, 4 g/L NaCl, after 45 min, temperature 30 ºC). Also, by using S-S electrode the 
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removal efficiency of Safranin O (Conc. 30 mg/L) reached the maximum removal efficiency 

of 99.8% using optimum conditions (125mA/cm
2
, pH 6.2 inter-electrode distance 2 cm,4 

g/L NaCl, after 30 min, temperature 30 ºC). As the current density decreased, the time 

needed to achieve similar efficiencies increased. If current density increased, the removal 

percentage of contaminants also increased. The increasing of current density always increase 

the cost of treatment, so it is necessary to select an optimum value of current density for 

efficient treatment and minimum cost (Ajjam & Ghanim, 2012).Therefore, the optimal 

current density from the experiments was found to be 125 mA/cm
2
 by using the different 

electrodes. The increase of coagulant and bubbles generation rate lead to the increase 

number of H2 bubbles and decrease their size with increasing current density resulting in a 

faster removal of dyes, pesticides and drugs (Mollah et al., 2004; Holt et al., 2002; Golder et 

al., 2007; Daneshvar et al., 2003). Further increase in current density above optimal 

condition did not lead to an increase pollutant’s removal efficiencies. But the sufficient 

amount of flocs needed to coagulate the pollutant’s might be available at optimal current 

density and further formation of flocs which did not change pollutant’s removal efficiency 

(Khandegar & Saroha, 2013). 

 

4.2.2 Effect of initial pH 

It has been established in previous studies that initial pH has a considerable effect on the 

efficiency of the electrocoagulation process for removal of organic pollutants (Lakshmi & 

Sivashanmugam, 2013). To examine its effect, the samples were adjusted to a desired pH for 

each experiment by using sodium hydroxide (NaOH) or sulphuric acid (H2SO4).A series of 

experiments were carried out to evaluate effect of initial pH using solutions containing a 

sample with an initial pH varying in the range of (6.2 - 10.85) in an attempt to study the 

influence of this parameter on the removal of pollutants. The other parameter was adjusted 

to be: initial concentration of Safranin O (30 mg/L), inter-electrode distance of 2.1 cm, NaCl 

concentration of 4 g/L, temperature of 30 
o
C and current density of 125 mA/cm

2
 with S-S, 

Fe and Al electrodes. Figures (4.5), (4.6), (4.7) and (4.8) display that the removal 

efficiencies of the Safranin O in neutral (pH =6.2) were much higher than removal 

efficiencies in alkaline medium while the best removals were achieved in the basic 

medium(10.85)  for the three types of electrodes (S-S, Fe and AL electrodes). 
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Fig. (4.5): Effect of pH and EC time on the removal efficiency of Safranin O using S-S/electrodes. (Initial 

concentration of the Safranin O = 30 mg/L, [NaCl] = 4 g/L, current density125mA/cm
2
, inter-electrode 

distance = 2 cm and temperature 30 °C). 
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Fig. (4.6): Effect of pH on the removal efficiency of Safranin O using S-S electrodes after 30 min. (Initial 

concentration of the Safranin O = 30 mg/L, [NaCl] = 4 g/L, current density125 mA/cm
2
, inter-electrode 

distance = 2 cm and temperature 30 °C). 
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Fig. (4.7): Effect of pH on the removal efficiency of Safranin O using Fe electrodes after 15 min. (Initial 

concentration of the Safranin O = 30 mg/L, [NaCl] = 4 g/L, current density125 mA/cm
2
, inter-electrode 

distance = 1 cm and temperature 30 °C). 

6 7 8 9 10 11

40

50

60

70

80

90

R
em

ov
al

 e
ffi

ci
en

cy
%

pH

 

Fig. (4.8): Effect of pH on the removal efficiency of Safranin O using Al electrodes after 45 min. (Initial 

concentration of Safranin O = 30 mg/L, [NaCl] = 4 g/L, density125 mA/cm
2
, inter-electrode distance = 1 cm 

and temperature 30 °C). 

 

Previous studies showed that initial pH has a considerable effect on the efficiency of the 

electrocoagulation process for removal of organic pollutants (Lakshmi & Sivashanmugam, 

2013). 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 remained within the allowable 
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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 the process.  

By using S-S electrode, the removal efficiency of Safranin O (Conc. 30 mg/L) reached the 

maximum 99.8% using optimum conditions at pH ( 6.2). It's clear from figure (4.6) that 

when the time was fixed, the removal efficiency was decreased by increasing the pH and the 

favorable pH is the neutral medium(6.2) while the alkaline media(8) is not favorable. This 

result is compatible with result of Wang et al., study in 2002 where they found the removal 

efficiency is decreased in basic medium. For Fe electrode, the removal efficiency of 

Safranin O (Conc. 30 mg/L) reached the maximum of 96.2% by using the optimum 

conditions at pH 10.85 in (basic medium) but it rabidly decreased with time while the 

removal efficiency decreased in neutral medium at the starting time of the reaction but the 

removal percentages increased with time at these values of pH. This can be explained by 

that the oxidation of ferrous iron (Fe
2+

) to ferric iron (Fe
3+

) is favorable in neutral condition 

for mild steel electrode, also the formation of amorphous M(OH)3 species is predominate 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 

contaminants via a sweep coagulation followed by precipitation mechanism.  

By using Al electrode the removal efficiency of Safranin O (Conc. 30mg/L) reached the 

maximum 87% using optimum conditions at neutral medium (pH 6.2) while the removal 

decreased in basic medium. The change in the pH of the solution may also changes the 

properties of pollutants molecules and consequently their adsorption. From the results of 

Figures (4.5 to 4.8), it can be seen that the removal efficiency of Safranin O is highly 

dependent on the pH and the type of electrode. It was observed that  above pH 6.2 there was 

decreasing trend in the removal percentage by using S-S and Al electrode while it increased 

by increasing pH using Fe electrodes. 

Solution pH determines the specification of metal ions according to Mohammad M. et al., 

(2009). 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 al.,2006). Hence, the increase of pH due to hydrogen release from 

hydrogen bubbling, due to the formation of precipitates of other anions with Al3+, and due 

to the shift of equilibrium towards left for the H+ release reactions. As pH decreases at 

alkaline conditions, it can be the result of formation of hydroxide precipitates with other 
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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 neutral pH, the rate of 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)   

Oxidation     

2Cl
− 

→ Cl2 + 2e
−
                                                                         (4.6) 

Cl2(g) + H2O (l)→ HOCl + H
+
 +Cl

−
                                                  (4.7)  

Fe(OH)2 + HOCl → Fe(OH)3(s) + Cl
− 

                                              (4.8)  

Fe
2+

 → Fe
3+

 + 2e
− 

                                                                              (4.9) 

Fe
3+

 + 3H2O → Fe(OH)3 + 3H
+                                                                           

(4.10)
 

Here, Al(OH)2  and Al(OH)3 settle, while H2 moves upward and causes flotation. As 

mentioned in above reactions, in acidity condition Al(OH)2 and in alkali condition two 

solids Al(OH)2 and 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 according to Hua C. Y. et al., (2003); Daida (2005); Hence, based on the results 

of the present study and previous studies electrocoagulation process can act as a pH 

moderator (Kim et al., 2002; Bazrafshan et al., 2007).  

 

4.2.3 Effect of electrolyte type  

Figures (4.9) and (4.10) explain the effect of electrolyte types on the removal efficiencies of 

Safranin O at 30 min, pH of 6.2, initial concentration of Safranin O (30 mg/L), inter-

electrode distance of 2 cm, temperature of 30
o
C and current densities of 125 mA/cm

2
 using  

S-S electrode. Electrolytes of 4g/L of the following salts: NaCl, KCl, NaNO3, and Na2CO3 

were studied. According to Figures (4.9) and (4.10), the Safranin O removal with using 

NaCl, NaNO3, and Na2CO3 electrolytes showed that they are the most effective conductive 

electrolytes for the EC while KCl electrolytes showed poor results. The best electrolyte type 
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was sodium chloride, so different experiments were conducted by using NaCl with different 

concentrations to explore the best concentration to be used for other experiments as seen in 

the next section. 

 

Fig. (4.9): Effect of electrolyte type and EC time on the removal efficiency of Safranin O using S-S 

electrodes. (Initial concentration of the Safranin O = 30 mg/L, [electrolyte] = 4g/L, pH = 6.2, current density = 

125 mA/cm
2
, inter-electrode distance = 2 cm and temperature 30 °C). 
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Fig. (4.10): Effect of electrolyte type on the removal efficiency of Safranin O using S-S electrodes after 30 

min. (Initial concentration of the Safranin O = 30 mg/L, [electrolyte] = 4g/L, pH = 6.2, current density = 

125mA/cm
2
, inter-electrode distance = 2cm and temperature 30 °C). 

4.2.4 Effect of electrolyte concentration 

It is important to investigate the effect of electrolyte concentration since actual wastewater 

usually contains certain amount of salts (Sengil and Ozacar, 2006). The effect of NaCl 

concentration on removal efficiencies of Safranin O with time was investigated. The other 

parameters were: initial concentration of 30 mg/L, pH of 6.2, inter-electrode distance of 2 
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cm, temperature of 30 
o
C and current density of 125 mA/cm

2
 using S-S electrode. Figures 

(4.11) and (4.12) show that the maximum removal efficiency of Safranin O was obtained at 

4 g/L NaCl concentration 
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Fig. (4.11): Effect of NaCl electrolyte concentration and EC time on the removal efficiency of Safranin O 

using S-S electrodes. (Initial concentration of Safranin O = 30 mg/L, current density 125 mA/ cm
2
, pH = 6.2, 

inter-electrode distance = 2 cm and temperature 30°C). 

 

 

 

 

 

 

 

Fig. (4.12): Effect of NaCl electrolyte concentration on the removal efficiency of Safranin O using S-S 

electrodes after 30 min. (Initial concentration of Sarasin O = 30 mg/L, current density 125 mA/cm
2
, pH = 6.2, 

inter-electrode distance = 2 cm and temperature 30 °C). 

It can be attributed that the increase of the conductivity by the addition of sodium chloride 

is known to reduce the cell voltage at constant current density due to the decrease of the 

ohmic resistance of solution (Kobya et al.,2005) and the produced amount of metallic 

hydroxide this leading to a reduction of the oxide layer and an enhancement of the anodic 
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dissolution of the electrode material and dyes removal increases (Dalvand et al.,2011). 

However, with the increase in NaCl concentration more than 4g/L for Safranin O, the 

removal efficiency decreased using all electrodes. The maximum removal efficiency of 

Safranin O was obtained at 4 g/L NaCl concentration. 

 

4.2.5 Effect of initial concentration of Safranin O 

Effect of the initial concentration on removal efficiencies of dyes by EC was investigated in 

the range of 10 to 75 mg/L, at time 30 min, pH of 6.2,inter-electrode distance of 2, 1 and 1 

cm, NaCl concentration of 4 g/L, temperature of 30
 o

C and current densities of 125 mA/cm
2
 

using  S-S, Fe and Al electrodes respectively. From Figures (4.13), (4.14), (4.15) and (4.16), 

it can be seen that increasing initial Safranin O concentration results in decreasing removal 

efficiency. 
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Fig. (4.13): Effect of initial concentration of Safranin O and EC time on the removal efficiency of 

Safranin O using S-S electrodes. ([NaCl] = 4 g/L, pH= 6.2, current density = 125 mA/cm
2
, inter-electrode 

distance = 2 cm and temperature 30 °C). 
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Fig. (4.14): Effect of initial concentration of Safranin O on the removal efficiency of Safranin O using S-

S electrodes after 30 min. ([NaCl] = 4 g/L, pH = 6.2, current density = 125 mA/cm
2
, inter-electrode distance 

= 2 cm and temperature 30 °C). 

 

Fig. (4.15): Effect of initial concentration of Safranin O and EC time on the removal efficiency of 

Safranin O using Fe electrodes. ([NaCl] = 4 g/L, pH = 6.2, current density = 125 mA/cm
2
, inter-electrode 

distance = 1 cm and temperature 30 °C). 
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Fig. (4.16): Effect of initial concentration of Safranin O and EC time on the removal efficiency of 

Safranin O using Al electrodes. ([NaCl] = 4 g/L, pH = 6.2, current density = 125 mA/cm
2
, inter-electrode 

distance = 1 cm and temperature 30 °C). 

The optimum concentration for maximum removal efficiency of Safranin O was 30 mg/L 

using S-S, Fe and Al electrodes, while increasing concentration of Safranin O more 30 

mg/L the removal efficiency was decreased. That means further increasing of the initial 

concentration leads to decrease in the pollutants removal efficiency. According to 

Faraday‘s law, a constant amount of metal hydroxides is dissolved from the Fe, S-S and Al 

anode and passes to the solution for the same current density and electrolysis time for 

pollutants concentrations. Consequently, the same amount of metal hydroxides is produced 

in the aqueous solution. This is probably why the amount of hydroxyl and metal ions 

produced on the electrodes was not sufficient to adsorb at high Safranin O, concentrations 

at a constant current density.  

 

4.2.6. Effect of inter-electrodes distance 

To examine the effect of electrode distance on the EC process for the removal of pollutants 

from effluent, space between electrodes was varied. Increasing the electrodes spacing will 

reduce the capital cost of treatment but may reduce the treatment efficiency. 

The effect of distance between electrodes on removal of Safranin O was investigated in 

range of (1, 2 and 3 cm), at time 30 min, pH of 6.2, inter-electrode distance of (1, 2 and 3 

cm), NaCl concentration of 4 g/L, temperature of 30 
o
C and current densities of 125 mA/cm

2
 

using S-Steel electrodes. From Figures (4.17) and (4.18), it can be seen that increasing inter-
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electrode distance over 2 cm results in decreasing removal efficiency using S-S electrode, 

while changing inter-electrode distance using Fe and Al electrodes has small changes of 

removal efficiency so inter-electrode distance of 1 cm for both Fe and Al electrode was used 

.short distance between anodes and cathodes require low electrical energy for motion of ions. 

This is due to shorter travel path that reduce the resistance of motion of ions and the situation is 

reverse in the case of large distance between each electrode. Inter-electrode spacing of 1.0 cm 

had the low energy consumption and high removal efficiency. 
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Fig. (4.17): Effect of inter-electrodes distance and EC time on the removal efficiency of Safranin O 

using S-S electrodes. ([NaCl] = 4 g/L, pH = 6.2, current density = 125 mA/cm
2
 and temperature 30 °C). 
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Fig. (4.18): Effect of inter-electrodes distance on the removal efficiency of Safranin O using S-S 

electrodes after 30 min. ([NaCl] = 4 g/L, pH = 6.2, current density = 125 mA/cm
2
 and temperature 30 °C). 
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4.2.7 Effect of electrodes type 

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. In figure (4.19) the efficiency removal of Safranin O 

increased by using S-S electrodes but the efficiency removal decreased by using Fe 

electrode at the same condition of 30 mg/L of Safranin O at temperature 30 
o
C with 125 

mA/cm
2
. 

S.steel Fe Al

60

65

70

75

80

85

90

95

100

105

R
em

ov
al

 e
ffi

ce
nc

y%

Type of electrodes

 

Fig. (4.19): Effect of electrodes type on the removal efficiency of Safranin O using different types of 

electrodes after 30 min. ([NaCl] = 4 g/L, pH = 6.2, current density = 125 mA/cm
2
, inter-electrode distance = 

1cm and temperature 30 °C). 

The optimum electrode used for Safranin O removal was S-S then Fe and Al respectively. 

Due to the effective adsorption nature, the contaminants in the water will be removed by 

the adsorption with metal hydroxides produced from the chemical coagulants like Fe, S-S 

and Al salts. The main disadvantage for the use of chemical coagulants is the presence of 

anions like chloride and sulfate will reduce the removal efficiency and will increase the 

Total Dissolved Solids (TDS) in the treated water. So to overcome the above difficulties, in 

present investigation Fe, S-S and Al are evaluated as anode (in-situ generation of the 

coagulants). By this method coagulants are introduced without corresponding sulfate or 

chloride and more removal efficiencies are proved (Kamaraj et al., 2013). By eliminating 

competing anions and using a highly pure coagulant source, lower metals residuals are 

obtained and less sludge is produced than when metal salts are utilized. A contaminant free 
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ion source allows maximum adsorptive removal of the various dissolved forms of metals 

that could be present and require treatment. During the electrolysis of anodes like Fe, S-S 

and Al, respective hydroxides (micro-flocs) are formed rapidly by anodic dissolution 

according to reactions (2.1) to (2.4) as mentioned in chapter 2. The main advantage in the 

case of Fe and S-S electrode is that the residual iron if any present in treated water will not 

cause any health problem like aluminum. 

 

Table (4.1) the three types of electrodes in optimal condition of safranin o removal (current density 

=125 mA/cm
2
, temperature=30C°). 

Type of electrodes Fe Al S.steel 

Current density 125mA/cm
2 

125mA/cm
2
 125mA/cm

2
 

Time of hydrolysis 15min 45mim 30min 

pH 10.85 6.2 6.2 

Electrolyte concentration 4g/L 4g/L 4g/Ll 

Initial concentration 30mg/L 30mg/L 30mg/L 

Inter electrodes distance   1cm 1cm 2cm 

 

4.3 Chlorpyrifos 

Chlorpyrifos is a broad spectrum insecticide, a chemical used to kill a wide variety of 

insects. Chlorpyrifos is one of a class of insecticides referred to as organophosphates. 

Repeated or prolonged exposure to organophosphates may result in the same effects as 

acute exposure including the delayed symptoms. In humans, it is readily absorbed into the 

bloodstream through the gastrointestinal tract if it is ingested, through the lungs if it is 

inhaled, or through the skin if there is dermal exposure. Chlorpyrifos is very highly toxic to 

freshwater fish, aquatic invertebrates and estuarine and marine organisms (US EPA, 1989). 

Chlorpyrifos is moderately persistent, but relatively immobile in the environment (US 

EPA,1989). Chlorpyrifos may bio concentrate at very low levels in ecological systems 

(Howard P.H., 1989). In open waters, the concentration and persistence of Chlorpyrifos 

will vary depending on the type of formulation. Chlorpyrifos enters freshwater and 
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saltwater ecosystems primarily as spray drift. It is also carried on eroded soil particles from 

treated areas. If soil with adsorbed Chlorpyrifos is carried by runoff, surface water may be 

contaminated. In water, Chlorpyrifos readily adsorbs to suspended sediment and bottom 

materials (Rao, P. S. C. et al., 1983).  

Electrocoagulation process using aluminum, stainless steel and iron electrodes to remove 

Chlorpyrifos was carried out to investigate the removal efficiency of these impurities. 

Different parameters such as electrolysis time, current density, initial pH, type of 

supporting electrolyte, electrolyte concentration, initial contaminants concentration and 

temperature were studied as mentioned in the following subsections. 

 

4.3.1 Effect of current density 

To study the effect of current density on the Chlorpyrifos removal efficiency, a series of 

experiments were carried out at different current density and EC times where the 

Chlorpyrifos initial concentrations of75, 50 and 75 mg/L, pH 6.2, inter-electrode distance 

of 2, 1 and 1 cm, NaCl concentration of 4 g/L and temperature of 25 °C using Fe, S-S and 

Al electrodes respectively. Figures (4.20) to (4.23) show the effect of current density for 

Chlorpyrifos on removal efficiencies. The figures show an increase up to 96.5% for Fe 

electrodes, 98.5%for S-S electrodes and 97.2% for AL electrodes by increasing the current 

density. 
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Fig. (4.20): Effect of current density and EC time on the removal efficiency of Chlorpyrifos using Fe 

electrodes. (Initial concentration of the Chlorpyrifos = 75 mg/L, [NaCl] = 4 g/L, pH = 6.2, inter-electrode 

distance = 2cm and temperature 25 °C). 
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Fig. (4.21): Effect of current density and EC time on the removal efficiency of Chlorpyrifos using Al 

electrodes. (Initial concentration of the Chlorpyrifos = 75 mg/L, [NaCl] = 4 g/L, pH = 6.2, inter-electrode 

distance = 1 cm and temperature 25 °C). 
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Fig. (4.22): Effect of current density and EC time on the removal efficiency of Chlorpyrifos using S-S 

electrodes. (Initial concentration of the Chlorpyrifos = 50 mg/L, [NaCl] = 4 g/L, pH = 9.35, inter-electrode 

distance = 1 cm and temperature 25 °C). 

The optimum current density used was 41.7 for the three types of electrodes (Fe, Al and S-

S). By using Fe electrode, the removal efficiency of Chlorpyrifos (Conc. 75mg/L) reached 

the maximum (96.5%) under the optimum conditions 41.7 mA/cm
2
, pH 6.2 inter-electrode 

distance 2cm,4g/L NaCl and temperature 25ºC after10 min . As the current density 

decreased, the time needed to achieve similar efficiencies increased. If current density using 

S-S electrode the removal efficiency of Chlorpyrifos (Conc. 50 mgL) reached the maximum 

98.5% under the optimum conditions 41.7 mA/cm
2
, at pH 9.35 inter-electrode distance 1cm, 
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4 g/l NaCl and temperature 25ºC after 10 min. By using Al electrode the removal efficiency 

of Chlorpyrifos reached the maximum (97.5%) under the optimum conditions 41.7 mA/cm
2
 

at pH 10, inter-electrode distance 1cm, 4 g/L NaCl and temperature 25 ºC after 15 min.
 

As the current density increased the removal percentage of contaminants also increased. The 

increasing of current density always increase the cost of treatment, so it is necessary to 

select an optimum value of current density for efficient treatment and minimum cost (Ajjam 

& Ghanim, 2012). Therefore, the optimal current density used was 41.7 mA/cm
2 

by using 

the different electrodes. The increase of coagulant and bubbles generation rate lead to the 

increase number of H2 bubbles and decrease their size with increasing current density 

resulting in a faster removal of dyes, pesticides and drugs (Mollah et al., 2004; Holt et al., 

2002; Golder et al., 2007; Daneshvar et al., 2003). Further increase in current density above 

optimal condition did not lead to an increase of pollutant’s removal efficiencies. This result 

agreed with the study which conducted in (2013) by Khandegar & Saroha. The sufficient 

amount of flocs needed to coagulate the pollutant’s might be available at optimal current 

density and further formation of flocs which did not change pollutant’s removal efficiency 

(Khandegar & Saroha, 2013). 

 

4.3.2 Effect of initial pH 

It has been seen in previous studies that initial pH has a considerable effect on the efficiency 

of the electrocoagulation process for removal of organic pollutants (Lakshmi and 

Sivashanmugam, 2013). Within the scope of this study, a series of experiments were carried 

out to evaluate effect of initial pH at different EC times using different concentration of 

Chlorpyrifos as initial concentration of Chlorpyrifos (75, 50, 75 mg/L) with an initial pH 

varying in the range (6.2-10.85), inter-electrode distance of 2, 1 and 1 cm, NaCl 

concentration of 4g/L, temperature of 25 °C and current density of 41.7 mA/cm
2
at time 

10,10 and 15 min using Fe, S-S and Al electrodes. Figures (4.23) to (4.25) display that the 

removal efficiencies of the Chlorpyrifos were high in neutral and alkaline medium the 

removal efficiencies were much higher using the three types of electrodes. 
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Fig. (4.23): Effect of initial pH and EC time on the removal efficiency of Chlorpyrifos using Fe 

electrodes. (Initial concentration of the Chlorpyrifos = 75 mg/L, [NaCl] = 4g/L, current density = 41.7 

mA/cm
2
, inter-electrode distance = 2cm and temperature 25 °C). 
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Fig. (4.24): Effect of initial pH and EC time on the removal efficiency of Chlorpyrifos using Al 

electrodes. (Initial concentration of the Chlorpyrifos = 75mg/l, [NaCl] = 4g/L, current density = 41.7 mA/cm
2
, 

inter-electrode distance = 1 cm and temperature 25°C). 
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Fig. (4.25): Effect of initial pH and EC time on the removal efficiency of Chlorpyrifos using S-S 

electrodes. (Initial concentration of the Chlorpyrifos = 50mg/L, [NaCl] = 4g/L, current density = 41.7 

mA/cm
2
, inter-electrode distance = 1 cm and temperature 25°C). 

The removal efficiency of Chlorpyrifos increases at pH 6.2 with Fe electrode but it 

decreases under and over this value. That means for the solution with pH 6.2 the optimum 

efficiency can be reached at time 10 min while the best pH is 7.26 at time 6 min. For Al 

electrode the removal efficiency within the same pH is approximately constant with time 

but the best pH was alkaline medium (pH 10).  

For S-S electrode the best removal efficiency (98%) was for pH 9.3 at 10 min. An increase 

of the time of EC experiment will not improve the removal of contaminants even will lead 

to decrease the removal efficiency. The maximum removal efficiency was obtained in 

alkaline medium (pH 9.3 and 10) but any increase of the pH over 10 will give undesirable 

results. Also, it was observed that below pH 6.2 there was decreasing trend in adsorption, 

this may be due to:  

1. In case of iron anode the oxidation of ferrous iron Fe(II) to ferric iron Fe(III) 

diminishes, resulting decreased removal efficiency in acidic pH values. Neutral and 

slightly alkaline pH tends to favor Fe(II) to Fe(III) oxidation as well as complex 

polymerization. Finally, hydroxylated colloidal polymers and an insoluble precipitate of 

hydrated ferric oxide were formed and the removal efficiency was increased. The 

decrease of removal efficiency when the pH is higher than 6.2, and more acidic was 

observed by many investigators  (Vasudevan & Lakshmi, 2012) and was attributed to  

an amphoteric behavior of M(OH)3 which leads to soluble metal cations (at acidic pH) 

and to monomeric anions (at alkaline pH).  
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2. In case of aluminum anode the removal efficiency of the pollutants is high in neutral and 

moderate alkaline electrolyte. The decrease of removal efficiency at more acidic and 

alkaline pH was observed by many investigators (Sanchez-Calvo et al., 2003; Kobya et 

al., 2003) and was attributed to an amphoteric behavior of Al(OH)3 which leads to soluble 

Al
3+

 cations (at acidic pH) and to monomeric anions Al(OH)4 (at alkaline pH). It is well 

known that these soluble species are not useful for water treatment. When the initial pH 

was kept in neutral, all the aluminum produced at the anode formed polymeric species 

Al13O4(OH)
7+

24) and precipitated as Al(OH)3 leading to more removal efficiency (Kobya 

et at., 2003) 

 

4.3.3 Effect of electrolyte type 

Figures (4.26), (4.27) and (4.28) explain the effect of electrolyte types on the removal 

efficiencies of Chlorpyrifos at different times, pH of 6.2, current density of 41.7 mA/cm
2
, 

temperature of 25
o
C at initial concentration of Chlorpyrifos of 75 mg/l using Fe and Al 

electrode and 50 mg/l for S-S electrode. The inter-electrode distance used was 2 cm for Fe 

electrode and 1 cm for Al and S-S electrodes. The electrolytes solutions (Conc. 4 g/L) of the 

following salts: NaCl, KCl, Na2CO3 and NaNO3, were studied for the three types of 

electrodes (Fe, Al and S-S).  

According to Figures (4.26), the electrolyte solutions of NaCl, KCl were the most effective 

conductive electrolytes with Fe electrode for the EC process of Chlorpyrifos removal. On 

other hand, the electrolyte solutions of NaCl, KCl and Na2CO3 were the most effective 

conductive electrolyte with Al and S-S electrodes for the EC process of Chlorpyrifos 

removal according to figures (4.27 and 4.28). The Na2CO3 and NaNO3 electrolytes showed 

poor results with Fe and Al electrodes and Na2CO3, and NaNO3 for S-S electrode. 
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Fig. (4.26): Effect of electrolyte type on the removal efficiency of Chlorpyrifos using Fe electrodes 

after10 min. (Initial concentration of the Chlorpyrifos = 75 mg/L, [electrolyte] = 4g/L, pH = 6.2, current 

density = 41.7 mA/cm
2
, inter-electrode distance = 2cm and temperature 25 °C). 
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Fig. (4.27): Effect of electrolyte type  on the removal efficiency of Chlorpyrifos using Al electrodes after 

15 min. (Initial concentration of the Chlorpyrifos = 75 mg/L, [electrolyte] = 4g/L, pH = 6.2, current density = 

41.7 mA/cm
2
, inter-electrode distance = 1 cm and temperature 25°C). 
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Fig. (4.28): Effect of electrolyte type on the removal efficiency of Chlorpyrifos using S-S electrode after 

10 min. (Initial concentration of the Chlorpyrifos = 50 mg/L, [electrolyte] = 4g/L, pH = 6.2, current density = 

41.7 mA/cm
2
, inter-electrode distance = 1 cm and temperature 25°C). 

The presence of chloride ions of NaCl and KCl (which provide the effective Cl
-
 ion) 

electrolytes the removal efficiency of pollutants were high due to formation of hypochlorite 

(OCl
-
) and hypochlorous acid (HOCl). This behavior may be due to the small ionic size of 

K
+
 and Na

+
 which increases the ion mobility and the loss ability of Cl

-
 ion.  But in other 

electrolytes which don't contain chloride ions such as Na2CO3, and NaNO3, the removal 

efficiency of pollutants dropped down. Na2CO3, and NaNO3 electrolytes showed the least 

efficiency in the electrocoagulation of pollutant. This may be attributed to the formation of 

an adherent film on the anode surface that poisons the electrode surface. In addition, these 

electrolytes do not contain chloride ions (Cl
-
) in their structures and may form stable 

intermediate species that could not be oxidized by direct electrolysis. These observations 

were also confirmed in other studies (Awad & Galwa, 2005). The later experiments in this 

study were done using NaCl because it is cheap, mono-valence, high mobility, high 

conductivity, low voltage for electrocoagulation and so it economical in industrial scale 

(Alaton et al., 2009). 

4.3.4 Effect of electrolyte concentration 

It is important to investigate the effect of electrolyte concentration since actual wastewater 

usually contains certain amount of salts (Sengil and Ozacar, 2006). The effect of NaCl 

concentration on removal efficiencies of Chlorpyrifos were investigated at temperature of 25
 

o
C, pH of 6.2 and current densities of 41.7 mA/cm

2
. The time of EC was 5, 10, 15, 20 and 25 

min, initial concentration of 75, 75, 50 mg/L, and inter-electrode distance of 1, 2, 1cm using 
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Fe, Al and S-S electrodes respectively. Figures (4.29), (4.30) and (4.31) show that the 

maximum removal efficiency of Chlorpyrifos was obtained at 4 g/L NaCl concentration. 
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Fig. (4.29): Effect of NaCL electrolyte concentration and EC time on the removal efficiency of 

Chlorpyrifos using Fe electrodes. (Initial concentration of the Chlorpyrifos = 75 mg/L, pH = 6.2, current 

density = 41.7mA/cm
2
, inter-electrode distance = 2cm and temperature 25 °C). 
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Fig. (4.30): Effect of NaCl electrolyte concentration and EC time on the removal efficiency of 

Chlorpyrifos using Al electrodes. (Initial concentration of the Chlorpyrifos = 75 mg/L, pH = 6.2, current 

density = 41.7 mA/cm
2
, inter-electrode distance = 1 cm and temperature 25 °C). 
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Fig. (4.31): Effect of NaCl electrolyte concentration and EC time on the removal efficiency of 

Chlorpyrifos using S-S electrodes. (Initial concentration of the Chlorpyrifos = 50 mg/L, pH = 6.2, current 

density = 41.7mA/cm
2
, inter-electrode distance = 1cm and temperature 25 °C). 

It can be attributed that the increase of the conductivity by the addition of sodium chloride 

is known to reduce the cell voltage at constant current density due to the decrease of the 

ohmic resistance of solution (Kobya et al., 2005) and the produced amount of metallic 

hydroxide this leading to reduction of the oxide layer and enhancement of the anodic 

dissolution of the electrode material and pesticide removal increases (Dalvand et al., 2011). 

However, with the increase in NaCl concentration more than 4 g/L for Chlorpyrifos the 

removal efficiency decreased using all types of electrodes.  

 

4.3.5 Effect of initial concentration of Chlorpyrifos 

Effect of the initial concentration on removal efficiencies of Chlorpyrifos by EC was 

investigated in range of different concentrations and times, pH of 6.2, inter-electrode 

distance of 2, 1, 1 cm, NaCl concentration of 4 g/L, temperature of 25 
o
C and current 

densities of 41.7 mA/cm
2
 using Fe, Al and S-S electrodes respectively. From Figures (4.32), 

(4.33), (4.34) and (4.35), it can be seen that increasing initial Chlorpyrifos concentration 

more than 75 mg/L for Fe and Al electrodes and 50 mg/L for S-S electrode results in 

decreasing removal efficiency. 
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Fig. (4.32): Effect of initial concentration of Chlorpyrifos and EC time on the removal efficiency of 

Chlorpyrifos using Fe electrodes. ([NaCl] = 4 g/L, pH = 6.2, current density = 41.7 mA/cm
2
, inter-

electrode distance = 2 cm and temperature 25 °C). 
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Fig. (4.33): Effect of initial concentration of Chlorpyrifos and EC time on the removal efficiency of 

Chlorpyrifos using Fe electrodes. ([NaCl] = 4 g/L, pH = 6.2, current density = 41.7 mA/cm
2
, inter-

electrode distance = 2 cm and temperature 25 °C). 
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Fig. (4.34): Effect of initial concentration Chlorpyrifos and EC time on the removal efficiency of 

Chlorpyrifos using Al electrodes. ([NaCl] = 4 g/L, pH = 6.2, current density = 41.7 mA/cm
2
, inter-electrode 

distance = 1 cm and temperature 25 °C). 
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Fig. (4.35): Effect of initial concentration Chlorpyrifos and EC time on the removal efficiency of 

Chlorpyrifos using S-S electrodes. ([NaCl] = 4 g/L, pH= 6.2, current density = 41.7 mA/cm
2
, inter-

electrode distance = 1 cm and temperature 25 °C). 

The effect of the initial pollutants concentration in the aqueous solution on the removal 

efficiency for various electrolysis times was investigated. Increasing initial Chlorpyrifos   

concentration more than 75 mg/L for Fe and Al electrodes and 50 mg/L for S-S electrode 

results in decreasing removal efficiency. The uptake of Chlorpyrifos increased up to that 

concentrations but it will be decreased with increasing the initial concentrations more than 

the assigned values. It was observed that the optimal pollutants removal efficiency reached 
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96.5%, 98.5% and 97.2 % using Fe, S-S and Al electrodes respectively. Further increasing 

of the initial concentration leads to decrease in the pollutants removal efficiency.  

According to Faraday‘s law, a constant amount of metal hydroxides is dissolved from the 

Fe, S-S and Al anode and passes to the solution for the same current density and 

electrolysis time for pollutants concentrations. Consequently, the same amount of metal 

hydroxides is produced in the aqueous solution. This is probably why the amount of 

hydroxyl and metal ions produced on the electrodes was not sufficient to adsorb at high 

Chlorpyrifos concentrations at a constant current density. 

 

4.3.6 Effect of inter-electrodes distance 

To examine the effect of electrode distance on the EC process for the removal of pollutants 

from effluent, space between electrodes was varied. Increasing the electrodes spacing will 

reduce the capital cost of treatment but may reduce the treatment efficiency. The effect of 

distance between electrodes on removal of Chlorpyrifos was investigated in range of (1,2 

and 3 cm), at time in range of 5 to 25 min, pH of 6.2, inter-electrode distance of (1, 2 and 3 

cm), NaCl concentration of 4g/L, temperature of 25 
o
C and current densities of 41.7 mA/cm

2
 

using Fe, Al and S-S electrodes respectively. From Figures (4.36), (4.37) and (4.38), it can 

be concluded that increasing inter-electrode distance over 2 cm results in decreasing the 

removal efficiency of Chlorpyrifos. 
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Fig. (4.36): Effect of inter- electrode distance on the removal efficiency of Chlorpyrifos (75 mg/L) using 

Fe electrodes after 10 min. ([NaCl] = 4 g/L, pH = 6.2, current density = 41.7mA/cm
2
 and temperature 25 

°C). 
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Fig. (4.37): Effect of inter-electrode distance on the removal efficiency of Chlorpyrifos (75 mg/L) using 

Al electrodes after 15 min. ([NaCl] = 4 g/L, pH = 2, current density = 41.7mA/cm
2
 and temperature 25 °C). 
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Fig. (4.38): Effect of inter-electrode distance on the removal efficiency of Chlorpyrifos (50 mg/L) using 

S-S electrodes after 10 min. ([NaCl] = 4 g/L, pH = 6.2, current density = 41.7 mA/cm
2
 and temperature 25 

°C). 
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4.3.7 Effect of electrodes type 

As shown in figure (4.39) the removal efficiency of Chlorpyrifos was increased by using 

Al electrodes but the efficiency removal was decreased by using S-S electrode at the same 

condition of 75 mg/L of Chlorpyrifos at temperature 25 °C with 41.7 mA/cm
2
. 
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Fig. (4.39): Effect of electrodes type on the removal efficiency of Chlorpyrifos (75 mg/L) after 10 min. 

([electrolyte] = 4g/L, pH = 6.2, current density = 41.7mA/cm
2
, inter-electrode distance = 1cm and 

temperature 25°C). 

 Removal efficiency decrease by using S-S electrode at the same condition of 75 mg/L of 

Chlorpyrifos at temperature 25 °C with 41.7 mA/cm
2

.due to the effective adsorption nature, 

the contaminants in the water will be removed by the adsorption with metal hydroxides 

produced from the chemical coagulants like Fe, S-S and Al salts. The main disadvantage 

for the use of chemical coagulants is the presence of anions like chloride and sulfate will 

reduce the removal efficiency and will increase the Total Dissolved Solids (TDS) in the 

treated water. So to overcome the above difficulties, in present investigation Fe, S-S and 

Al are evaluated as anode (in-situ generation of the coagulants). By this method coagulants 

are introduced without corresponding sulfate or chloride and more removal efficiencies are 

proved (Kamaraj et al., 2013). By eliminating competing anions and using a highly pure 

coagulant source, lower metals residuals are obtained and less sludge is produced than 

when metal salts are utilized. A contaminant free ion source allows maximum adsorptive 

removal of the various dissolved forms of metals that could be present and require 

treatment. During the electrolysis of anodes like Fe, S-S and Al respective hydroxides 

(micro-flocs) are formed rapidly by anodic dissolution according to equations (4.2) to 
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(4.10). The main advantage in the case of Fe and S-S electrode is that the residual iron if 

any present in treated water will not cause any health problem like aluminum. 

4.3.8 Effect of temperature 

Figures (4.40), (4.41) and (4.42) show the effect of temperature on Chlorpyrifos removal 

efficiencies at different times, initial concentration of 75, 50 and 75 mg/L, current density 

of 41.7 mA/cm
2
, inter-electrode distance of 2, 1 and 1 cm, pH of 6.2 and at NaCl 

concentration of 4 g/L for Fe, Al and S-S electrodes respectively. The results showed that a 

high or low temperature has a negative effect on removal efficiencies of Chlorpyrifos. The 

Chlorpyrifos removal reached to (95%), (98.1%) and (97.7%) using Fe, S-S and Al 

electrodes respectively at the temperature of 25 ºC, which is the best temperature as shown 

in the figures below. 
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Fig. (4.40): Effect of temperature and EC time on the removal efficiency of Chlorpyrifos using Fe 

electrodes. (Initial concentration of the Chlorpyrifos = 75 mg/L, [NaCl] = 4 g/L, pH = 6.2, current density = 

41.7mA/cm
2
, inter-electrode distance = 2cm). 
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Fig. (4.41): Effect of temperature and EC time on the removal efficiency of Chlorpyrifos using Al 

electrodes. (Initial concentration of the Chlorpyrifos = 75 mg/L, [NaCl] = 4 g/L, pH = 6.2, current density = 

41.7 mA/cm
2
, inter-electrode distance = 1 cm). 
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Fig. (4.42): Effect of temperature and EC time on the removal efficiency of Chlorpyrifos using S-S 

electrodes. (Initial concentration of the Chlorpyrifos = 50 mg/L, [NaCl] = 4 g/L, pH = 6.2, current density = 

41.7 mA/cm
2
, inter-electrode distance = 1 cm). 

Increasing temperature has a negative effect on both removal efficiencies of pollutants 

values, where the optimal temperature for Chlorpyrifos was 25 ºC respectively using all 

electrodes. While at higher temperature value, 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 25 ºC, the removal efficiency began to 
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decrease. In this case, the volume of colloid M(OH)n will decrease and pores production on 

the metal anode well be closed (Liu et al., 2010). So increasing the temperature above 40 

o
C was found to be uneconomic as there was a slight change in the rate of the reaction and 

the percentage of removal. This agrees with previous results (Shalaby et al., 2014). 

However, it should be noted that the operation of electrocoagulation process at higher 

temperature significantly reduced electrical energy consumption (Phalakornkule et al., 

2009). 

 

Table (4.2) the three types of electrodes in optimal condition of chlorpyrifos removal (current density 

=41.7mA/cm
2
, temperature=25°C). 

Type of electrodes Fe Al S.steel 

Current density 41.7mA/cm
2 

41.7mA/cm
2
 41.7mA/cm

2
 

Time of hydrolysis 10min 15mim 10min 

pH 6.2 10 6.2 

Electrolyte concentration 4g/L 4g/L 4g/L 

Initial concentration 75mg/L 75mg/L 50mg/L 

Inter electrodes distance   2cm 1cm 1cm 

 

4.4 Levofloxacin 

Residual pharmaceutical products in sewage and other water environments have recently 

become a serious social problem worldwide. Among these pharmaceutical products, 

antibiotics have attracted special attention due to their serious impact on the ecosystem and 

connections to the emergence of drug-resistant bacteria. Our research intended to develop a 

new method to degrade one antibiotic which are expected to be released out of the body in 

large amounts; levofloxacin, and pollute the environment and inhibit the biological 

degradation of the domestic wastewater. Electrocoagulation process using aluminum, 

stainless steel and iron electrodes to remove levofloxacin antibiotic was carried out to 

investigate the removal efficiency of these impurities. Different parameters such as 

electrolysis time, current density, initial pH, type of supporting electrolyte, electrolyte 
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concentration, initial contaminants concentration and temperature were studied as 

mentioned in the following subsections. 

 

4.4.1 Effect of current density 

To investigate the effect of current density on the Levofloxacin removal efficiency, series 

of experiments were carried out at different times, Levofloxacin initial concentration of 40 

mg/L, pH 6.2, inter-electrode distance of 1 cm, NaCl concentration of 4 g/L and 

temperature of 25°C using S-S electrodes. Figure (4.43) shows the effect of current 

densities on Levofloxacin removal efficiencies which matched up to 87.5% by using S-S 

electrodes by using current density of 41.7 mA/cm
2
. After 60 min the increasing of current 

leads to decreasing the Levofloxacin removal efficiency. Using current density of 83.3 

mA/cm
2
 gave steady state condition of removals of about 85% after 40 min. It is clear that 

doubling of current density from 41.7 to 83.3 mA/cm
2
 gives only a slightly improvement 

of removal efficiency of contaminant. So, the optimum current density is 41.7 mA/cm
2
 and 

will be considered in the following experiments. 
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Fig. (4.43): Effect of current density and EC time on the removal efficiency of Levofloxacin (40 mg/L) 

using S-S electrodes. ([NaCl] = 4 g/L, pH = 6.2, inter-electrode distance = 1 cm and temperature 25 °C). 

4.4.2 Effect of initial pH 

It has been established in previous studies that initial pH has a considerable effect on the 

efficiency of the electrocoagulation process for removal of organic pollutants (Lakshmi & 

Sivashanmugam, 2013) . A series of experiments were carried out to evaluate the effect of 

initial pH of aqueous solutions containing a Levofloxacin sample with an initial pH 

varying in the range of (6.-10.85) at initial concentration of Levofloxacin 40 mg/L, inter-
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electrode distance of 1cm, NaCl concentration of 4 g/L, at time 60 min, temperature of 

25
o
C and current density of 41.7 mA/cm

2
 with S-S electrode. Figure (4.44) displays that 

the removal efficiencies of the Levofloxacin were the highest in neutral medium (pH = 

6.2), and high in basic medium (pH = 9.28) while it decreased considerably in alkaline 

medium (pH =10.85) using S-S electrode. So, the pH of 6.2 was used in addition of current 

density of 41.7 mA/cm
2
 in the following experiments. 
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Fig. (4.44): Effect of initial pH on the removal efficiency of levofloxacin using S-S electrodes after 60 

min. (Initial concentration of the levofloxacin= 40 mg/L, [NaCl] = 4 g/L, current density = 41.7 mA/cm
2
, 

inter-electrode distance = 1 cm and temperature 25 °C). 

4.4.3 Effect of electrolyte type  

Figure (4.45) shows the effect of electrolyte types on the removal efficiencies of  

Levofloxacin at 60 min, pH of 6.2 at initial concentration of Levofloxacin 40 mg/L, inter-

electrode distance of 1 cm, temperature of 25 
o
C and current density of 41.7 mA/cm

2
 using  

S-S. Electrolytes of 4 g/L of the following salts: NaCl, KCl, NaNO3, and Na2CO3 studies by 

using S-S electrodes. According to Figure (4.45), the Levofloxacin removal with NaCl was 

the most effective conductive electrolyte for the EC while NaNO3, Na2CO3 and KCl 

electrolytes showed poor results. 
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Fig. (4.45): Effect of electrolytes type on the removal efficiency of Levofloxacin using S-S electrodes 

after 60 min. (Initial concentration of the Levofloxacin = 40 mg/L, pH = 6.2, current density = 41.7 

mA/cm
2
, inter-electrode distance = 1 cm and temperature 25°C). 

 

4.4.4 Effect of electrolyte concentration 

It is important to investigate the effect of electrolyte concentration since actual wastewater 

usually contains certain amount of salts (Sengil and Ozacar, 2006). The effect of NaCl 

concentration on removal efficiencies of Levofloxacin were investigated at different times, 

initial concentration of 40 mg/L, pH of 6.2, inter-electrode distance of 1cm, temperature of 

25
 o 

C and current density of 41.7 mA/cm
2 

using S-S electrode. Figure (4.46) shows that the 

maximum removal efficiency of Levofloxacin was obtained at 4 g/L NaCl concentration. 

The increase of the conductivity by the addition of sodium chloride is known to reduce the 

cell voltage at constant current density due to the decrease of the ohmic resistance of 

solution (Kobya et al., 2005) and the produced amount of metallic hydroxide which 

leading to a reduction of the oxide layer and an enhancement of the anodic dissolution of 

the electrode material and pollutants removal increases (Dalvand et al., 2011).However, 

with the increase in NaCl concentration more than 4 g/L for Levofloxacin lead to the 

decreasing of removal efficiency.  
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Fig. (4.46): Effect of NaCl electrolytes concentration on the removal efficiency of Levofloxacin using S-

S electrodes after 60 min. (Initial concentration of the Levofloxacin = 40 mg/L, pH = 6.2, current density = 

41.7mA/cm
2
, inter-electrode distance = 1 cm and temperature 25 °C).  

4.4.5 Effect of initial Levofloxacin concentration 

Effect of the initial concentration of Levofloxacin concentration on removal efficiencies by 

EC was investigated in the range of 5 to 50 mg/L, at different times, pH of 6.2, inter-

electrode distance of 1 cm, NaCl concentration of 4 g/L, temperature of 25 
o
C and current 

density of 41.7 mA/cm
2
 using S-S electrode. From Figure (4.47), it can be seen that 

increasing initial concentration of Levofloxacin over 40 mg/L results in decreasing of 

removal efficiency. 
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Fig. (4.47): Effect of initial concentration Levofloxacin and EC time on the removal efficiency of 

Levofloxacin using S-S electrodes. ([NaCl] = 4 g/L, pH = 6.2, current density = 41.7 mA/cm
2
, inter-

electrode distance = 1 cm and temperature 25 °C). 



 

79 

 

The effect of the initial pollutants concentration in the aqueous solution on the removal 

efficiency for various electrolysis at different times showed that it is highly affected by 

concentration especially at low concentration. The maximum uptake of Levofloxacin 

reached 87%. It was observed that the optimal pollutants removal efficiency using S-S 

electrode is 40 mg/L. Further increasing of the initial concentration leads to slightly 

decrease in the pollutants removal efficiency. From the above experiments it can be 

concluded that for the very low concentration the EC methodology  is not fit for removal of 

Levofloxacin contaminant at the same variables of this study ([NaCl] = 4 g/L, pH = 6.2, 

current density = 41.7 mA/cm
2
, inter-electrode distance = 1 cm and temperature 25°C). 

According to Faraday‘s law, a constant amount of metal hydroxides is dissolved from the 

Fe, S-S and Al anode and passes to the solution for the same current density and 

electrolysis time for pollutants concentrations. Consequently, the same amount of metal 

hydroxides is produced in the aqueous solution. This is probably why the amount of 

hydroxyl and metal ions produced on the electrodes was not sufficient to adsorb at high 

Levofloxacin concentrations at a constant current density. 

4.4.6. Effect of inter-electrodes distance 

To examine the effect of  inter-electrode distance on the EC process for the removal of 

pollutants from effluent, space between electrodes was varied. The effect of distance 

between electrodes on removal of Levofloxacin was investigated in range of(1,2 and 3cm), 

at different times, pH of 6.2, inter-electrode distance of (1, 2 and 3cm), NaCl concentration 

of 4 g/L, temperature of 25
o
C and current densities of 41.7 mA/cm

2
 using  S-S electrode. 

From Figure (4.48), it can be seen that increasing inter-electrode distance over 1cm results 

in decreasing removal efficiency of Levofloxacin. So, the optimum distance between 

electrodes in this experiment under the same variables of the study ([NaCl] = 4 g/L, pH = 

6.2, current density = 41.7 mA/cm
2
, initial pollutants concentration 40 mg/L, S-S electrode 

and temperature 25°C) was 1 cm and the removal efficiency reached 87% at time 60 min. 
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 Fig. (4.48): Effect of inter-electrode distance on the removal efficiency of Levofloxacin using S-S 

electrodes after 60 min. (Initial concentration of the Levofloxacin = 40 mg/L, pH = 6.2, current density = 

41.7 mA/cm
2
 and temperature 25 °C). 

4.4.7 Effect of electrodes type 

Figure (4.49) shows that the removal efficiency of Levofloxacin was the highest by using 

S-S electrode followed by Al electrode but it was dramatically decreased by using Fe 

electrode at the same conditions of 40 mg/L of Levofloxacin,[NaCl] = 4 g/L, pH = 6.2, 

current density = 41.7mA/cm
2
,inter-electrode distance=1cm and temperature 25 °C
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Fig. (4.49): Effect of electrode type on the removal efficiency of Levofloxacin (40 mg/L) using S-S 

electrodes after 60 min. ([NaCl] = 4g/L, pH = 6.2, current density = 41.7 mA/cm
2
, inter-electrode distance = 

1 cm and temperature 25 °C). 

Removal increased by using S-S electrode other than types of electrodes used at the same 

conditions of the experiment. So, it is highly recommended using S-S electrode when 

dealing with Levofloxacin contaminant under specific operational conditions. 
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4.4.8 Effect of temperature on the Levofloxacin removal 

Figure (4.50) shows the effect of temperature on Levofloxacin removal efficiencies at 

different times, initial concentration of 40 mg/L, current density of 41.7 mA/cm
2
, inter-

electrode distance of 1 cm, pH of 6.2 and NaCl concentration of 4 g/L. The results from 

above figure indicate that the temperature increase has a negative effect on removal 

efficiencies of Levofloxacin, where the optimum temperature of Levofloxacin removal 

which reached up to 87% using S-S electrodes was at 25 °C.  
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Fig. (4.50): Effect of different temperature and EC time on the removal efficiency of Levofloxacin 

using S-S electrodes. (Initial concentration of the Levofloxacin = 40 mg/L, pH = 6.2, current density = 41.7 

mA/cm
2
, inter-electrode distance = 1 cm). 

Increasing temperature has a negative effect on both removal efficiencies of pollutants 

values, where the optimal temperature for Levofloxacin was 25 ºC using the three types of 

electrodes. While at higher temperature value, 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 30 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 occupied (Liu et al.,2010). So increasing the temperature above 40 

o
C was found to be uneconomic as there was a slight change in the rate of the reaction and 

the percentage of removal. This agree with previous results (Shalaby et al.,2014). 

However, it should be noted that the operation of electrocoagulation process at higher 

temperature significantly reduced electrical energy consumption (Phalakornkule et al., 

2009). 
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Table (4.3) the three types of electrodes in optimal condition of Levofloxacin removal (operating 

time=60min, initial pH=6.2, inter-electrodes distance=1cm, current density =41.7mA/cm
2
, 

temperature=25C°). 

Type of electrodes Fe Al S.steel 

Current density 41.7mA/cm
2 

41.7mA/cm
2
 41.7mA/cm

2
 

Time of hydrolysis 60min 60mim 60min 

pH 6.2 6.2 6.2 

Electrolyte concentration 4g/l 4g/l 4g/l 

Initial concentration 40mg/l 40mg/l 40mg/l 

Inter electrodes distance   1cm 1cm 1cm 

 

4.5 Operating Cost 

Operating cost is one of the most important parameters that must be determined to evaluate 

a method of wastewater treatment. The operating cost includes material (mainly electrodes) 

cost, operational cost (mainly electrical energy) and other cost items such as labor, 

maintenance, sludge dewatering and disposal. In this study, energy costs have been taken 

into account as major cost items in this study. 

 

4.5.1 Electrical Energy Consumption 

In an electrochemical process, the most important economical parameter is energy 

consumption EC (KWh/m
3
) (Eslami et al.,2013). This parameter is calculated from the 

following expression (Lambert et al.,2013):  

𝐄𝐂 =
𝐕.𝐈.𝐭

𝐯𝐨𝐥𝐮𝐦𝐞∗𝟏𝟎𝟎𝟎
       (4.11) 

Where: V is the average voltage of the EC system (V), I is the electrical current intensity 

(A) and t is the reaction time (h) and the treated solution volume (m
3
).  

According to equation (4.11), the electrical energy consumptions for EC of Safranin O 

contaminant removal after 15, 30 and 45 minutes of electrolysis time at the applied current 

of (0.75 A), volume of the solution of 250 ml and cell voltage of (4.8, 8.5 and 9.2 V) using 
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Fe, S-S and Al electrodes respectively were 3.6, 8.2 and 20.7 KWh/m
3
 respectively. Also, 

the electrical energy consumptions for Chlorpyrifos after 10, 10 and 15 min of electrolysis 

time at applied current (0.25 A), volume of solution 250 ml and cell voltage of (5, 3.8 and 

4 V) using Fe, S-S and Al electrodes were 0.83, 0.63 and 1 KWh/m
3
 respectively. The 

electrical energy consumptions for Levofloxacin by electrocoagulation were 3.35, 3.6 and 

4 KWh/m
3
 for Fe, S-S and Al electrodes respectively after 60 min electrolysis time, 

volume of solution 250 ml, 0.25 A applied current and cell voltage of 3.35 , 3.6 and 4 V for 

Fe, S-S and Al electrodes respectively.  

The above results showed that the energy consumptions at optimal conditions were high in 

regard to Safranin O removal using S-S and Al electrodes. The lowest energy consumption 

(3.6 KWh/m
3
) for Safranin O was by using Fe electrode. On other hand, the removal of 

Chlorpyrifos pollutant was in acceptable limit in regards to the energy consumption and 

time of operation using the three types of electrodes (Fe, S-S and Al electrodes). Also, at 

the optimal conditions even the time of operation is high the energy consumptions for the 

removal of Levofloxacin were in the middle between Safranin O and Chlorpyrifos. The 

calculation of energy consumption as mentioned in equation (4.6) depends in four factors 

which are the average voltage of the EC system (V), the electrical current intensity (A), the 

reaction time (h) and the treated solution volume (m
3
). In addition to that it is highly 

dependent on the type of contaminants to be removed. Some types of pollutants are 

persistence to degradation and are difficult to be removed such as Safranin O dye. A 

mandatory criterion for these dyes in their application is that they should be exceptionally 

stable in sun light and during washing. Also they should oppose the effect of microbial 

attack. So that, they aren’t easily degrade and by commonly used chemical effluent 

treatment systems they are not readily removed from wastewater (Tang W. Z. and An H., 

1995). A traditional biological treatment process is not helpful in treating the dye effluent 

because of low biodegradability of dyes (Garg V. K. et al., 2003). A broad range of 

traditional physical and chemical processes like oxidation, irradiation, electro-flotation, 

flocculation, precipitation, membrane filtration, ion exchange and electro-kinetic 

coagulation have been examined immensely for withdrawing dyes from aquatic bodies 

(Golder et al., 2005 and Lazaridis N. K. et al., 2003). However, a broad range of 

wastewater containing dyes cannot be effectively treated by these processes and also they 

are costly (Tarley, C.R.T and Arruda, M.A.Z., 2004). 
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4.6 Pollutants concentration in wastewater 

Since, it appears that these contaminants; Safranin O, Chlorpyrifos and levofloxacin; are to 

be a nuisance in addition to be a potential health hazard. Also, residual of these 

contaminants in sewage and other water environments have recently become a serious 

problem. Two composite wastewater samples were taken from Water Environmental 

Institute at Al Azhar University (WEI) in order to determine the concentrations and get a 

clear picture of the reality of the problem regards the three types of contaminants under 

study in this research. Two runs of measurement of the concentration of the three 

contaminants were conducted. The concentration of these measurements of pollutants were 

found to be 1.5, 2.7 and 4.9 mg/L in the first run and 1.0, 0.40 and 0.22 mg/L in the second 

run for Safranin O, Chlorpyrifos and Levofloxacin respectively. These results depend on 

time of taking the samples and dilution of pollutants in wastewater according to water 

consumption peak and practice. This measurement is not representative to all wastewater 

in the study area since only two composite samples were collected from one place. 

Chlorpyrifos was not detected in surveys of municipal and private drinking-water supplies 

in Canada between 1971 and 1986 (Health Canada, 1989). On other hand, US EPA (1998) 

has reported detecting Chlorpyrifos in surface waters, with the majority of results being 

below 0.1 µg/liter and with a maximum reported concentration of 0.4 µg/l. It was detected 

in groundwater in less than 1% of the wells tested, with the majority of measurements 

being below 0.01 µg/L. It's clear that the residual of Chlorpyrifos is high according to the 

results found here. It was found that the concentration of Levofloxacin (0.22 mg/l) in the 

collected wastewater sample in the current study is high in comparison to residual 

concentration of Levofloxacin in Japanese wastewater 552 ng/l according to the survey 

study which was conducted by Yasojima M., and others in 2006 and the study also showed 

that the Levofloxacin concentration increased in activated sludge reactors in some cases as 

the treatment progressed. It's clear that the residual of Levofloxacin that depends on the 

place of taking the samples. Accordingly, a more comprehensive assessment program is 

highly recommended and multiple composite samples collection from different place 

especially industrial wastewater and commercial places in addition to domestic wastewater 

are needed. 

  

4.7 Comparison of Electrocoagulation and other methods of treatment 

Comparison between the percentage of removal efficiencies for Safranin O and 

Chlorpyrifos, Levofloxacin by electrocoagulation using Fe, S-S and Al with other method 
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reported in literature was done to determine the benefit the electrocoagulation treatment 

over other methods used to removal of these compounds. Table (4.4) represents the 

comparison between the percentage of removal efficiencies for Safranin O and 

Chlorpyrifos, Levofloxacin by electrocoagulation using Fe, S-S and Al with other method 

reported in literature. It is clear from table (4.4) the electrocoagulation method using the 

proposed electrodes is a more efficient method for pollutants removal efficiency.  

Table (4.4): Comparison between removal efficiency of contaminants (Safranin O, Chlorpyrifos and 

Levofloxacin) using the EC and other methods. 

Pollutant Method Time Removal% Reference 

Safranin O Thuja orientalis as biosorbent. 60 min 91% Al- Mammar, 

2014 

Safranin O Fe3O4 magnetic nano-particles 1 min 95% Shariati et al., 

2011 

Safranin O  Heterogeneous nano-particles 70 min 60% using TiO2 

96% using Ag-

TiO2 

Elkemary, 

2011 

Safranin O Electrocoagulation with S-S (30 mg/L) 30 min 99.8% Present work 

Chlorpyrifos   Electrocoagulation (50 mg/L) 15 min 73.1% Qian et al., 

2012 

Chlorpyrifos   Ultrasound using 70 V, 80 V (10 mg/L) 15 min 99.5% -99.8% Qian et al., 

2012 

Chlorpyrifos   Electrocoagulation with Fe, Al and S-S, 

Initial Conc. 75, 75, 50 mg/L 

respectively 

10, 15 min 96.5%, 97.2%, 

98.1% 

Present work 

Levofloxacin 

Levofloxacin 

 

Levofloxacin 

Electrocoagulation with S-S (40 mg/L) 

Sonochemical degradation using carbon 

tetrachloride (40 mg/L) 

photocatalytic degradation 

60 min 

15 min 

 

120 min 

87% 

26.2% 

 

90% 

Present work 

Weilin Guo et 

al., 2010 

Kansal et 

al.,2014 
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CHAPTER FIVE 
 

CONCLUSION & RECOMMENDATIONS 
 

5.1 Conclusion 

The present study attempted to investigate the applicability of an electrocoagulation 

method in the treatment of harmful organic compounds, dyes (Safranin O), organic 

pesticides (Chlorpyrifos) and drugs (Levofloxacin) pollutants in aqueous solutions. The 

effects of initial pH, initial pollutants concentration, current density, type of electrolyte, 

electrolyte salt concentration, inter-electrode distance, electrode type and temperature were 

investigated on removal efficiency. The optimum variables were selected for each type of 

electrodes. The following conclusions are drawn up based on the results: 

1. As a result from this work, Electrocoagulation can be considered is a fast, effective, 

clean process and requires simple equipment to remove of harmful organic pollutants 

such as dyes (Safranin O), pesticides (Chlorpyrifos) and drugs (Levofloxacin) from 

aqueous solution.  

2. The treating pollutants Safranin O, Chlorpyrifos and Levofloxacin in aqueous solution 

using different electrodes was affected by different parameters such as current density, 

initial pH, initial type electrolyte, salt concentration, initial pollutants concentration 

and temperature.  

3. The optimal operating conditions for removal of Safranin O dye were: initial pH of 

6.2, an initial dyes concentration of 30 mg/L, temperature of 30 ºC, current density 

125 mA/cm
2
 and salt concentration of NaCl (4 g/L) by using Fe, S-S and Al electrodes 

respectively. The results showed that the removal percentage for Safranin O were 

(96.2%), (99.8%) and (87%) by using Fe, S-S and Al electrodes at 15, 30 and 45 min 

respectively. The consumption of electrical energy for Safranin O at optimum 

conditions as follows: (3.6, 8.2 and 20.7 KWh/m
3
) using Fe, S-S and Al electrodes 

respectively. The time of treatment and the electrical energy consumption indicate that 

the iron electrode is the most suitable type for Safranin O dye removal. 

4. The removal efficiencies for Chlorpyrifos pesticide of EC treatment were (96.5%), 

(98.1%) and (97.2 %) at time 10, 10 and 15 min by using Fe, S-S and Al electrodes 

respectively. The consumptions of electrical energy for Chlorpyrifos at optimum 

conditions were as follows: (0.85, 0.646 and 1 KWh/m
3
) using Fe, S-S and Al 
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electrodes respectively. Typical operating conditions were: initial pH of 6.2, initial 

pesticides concentration of 75, 50 and 75 mg/L, current density 41.7 mA/cm
2
, 

electrolyte salt concentration of 4 g/L inter-electrode distance of 2, 1 and 1 cm length 

and temperature of 25 ºC for iron (Fe), stainless steel (S-S) and aluminum (Al) 

electrodes respectively. The experiment result showed that the stainless steel electrode 

is the most suitable one according to energy consumption and removal efficiency.  

5. The removal efficiencies for Levofloxacin drug after 60 min of EC treatment were 

56.2%, 87% and 81.6% using Fe, S-S and Al electrodes. The electrical energy 

consumptions for Levofloxacin by electrocoagulation at the applied current of (0.25A) 

were (3.35, 3.6 and 4 KWh/m
3
) after 60 min of electrolysis time using Fe, S-S, Al 

electrodes respectively. The typical operating conditions were: a current density of 

41.7 mA/cm
2
, an initial pH of 6.2, NaCl concentration of 4 g/L, an initial levofloxacin 

concentration of 40 mg/L, inter-electrode distance of 1 cm and temperature of 25 ºC. 

According to the removal efficiency percentage and energy consumption for 

Levofloxacin drug treatment, the stainless steel electrode can be considered the most 

suitable one. 

6. The electrode materials play an important role in electrocoagulation 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. In addition, 

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.  

7.  The applied current density has significant effect on the removal efficiency of EC 

process. It was found that raising the current density increases the removal efficiency 

for the studied pollutants. Similarly, increasing time of EC treatment process leads to 

increasing of the pollutants removal but up to some limit and after that the removal of 

pollutants will be decreased. On contrary, the effect of inter-electrodes spacing on the 

removal of pollutants reveals that their removal efficiency increases as the inter-

electrode spacing decreases.  

8. Electrocoagulation is an attractive method for the treatment of various kinds of 

wastewater especially industrial wastewater which contains harmful organic 

compounds that will destroy the biological system in the public wastewater treatment 
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plant, by virtue of various benefits including environmental capability, versatility, 

energy efficiency, safety, selectivity and cost effectiveness. 

9. Electrocoagulation is characterized by simple equipment, easy operation, less 

operating time, decreased amount of sludge which sediments rapidly, and retain less 

water as it is primarily composed of metallic oxides and hydroxides. The sludge 

production is proportional to characteristics of raw wastewater, settable solids and 

matter destabilized by coagulation and concentration flocculent. 

10. The electrocoagulation process can be used as an effective method in the market and 

as small scale treatment procedure for many industrial manufacturing as dyes 

company’s pharmaceutical and others to reduce the environmental pollution. 

5.2 Recommendations 

The electrocoagulation can be considered as a method pretreatment process for industrial 

wastewater. This could reduce many environmental problems, which may be created by 

discharging the untreated industrial wastewater directly into open areas, public wastewater 

treatment plans or to the sea.  

For that purpose the followings recommendations are advised:  

1. Further investigations and researches on other pollutants using this technology will 

not only improve its efficiency, but also develop new modeling techniques.  

2. Expanding the establishment of the electrocoagulation units for different types of 

industrial wastewater applied is advisable, as small scale, to minimize some 

dangerous pollutants before access to municipal wastewater network.  

3. Draw attention to study the economic and environmental feasibility when applying 

EC units for industries.  

4. Further, research is highly recommended to study the type and quality of sludge 

formed and the best way for handling and disposal of it. 

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. 

 

 

 



 

89 

 

References 

 
Abdel-Gawad, S. A., Baraka, A. M., Omran, K. A., & Mokhtar, M. M. (2012). Removal of 

some pesticides from the simulated waste water by electrocoagulation method 

using iron electrodes. Int J Electrochem Sci, 7, 6654-6665. 

Adhoum, N., & Monser, L. (2004). Decolourization and removal of phenolic compounds 

from olive mill wastewater by electrocoagulation. Chemical Engineering and 

Processing: Process Intensification, 43(10), 1281-1287.  

Ajjam, S., & Ghanim, A. (2012). Electrocoagulation of Textile Wastewater with Fe 

Sacrificial Anode. the Iraqi journal for mechanical and material engineering, 12(2).  

Ali, E., & Yaakob, Z. (2012). Electrocoagulation for Treatment of Industrial Effluents and 

Hydrogen Production: INTECH Open Access Publisher. 

Al-Mammar, D. E. Decolorization of the aqueous Safranin O dye solution using Thuja 

orientalis as biosorbent. environment, 1, 2. 

Amarah, J. O. M. (2015). Removal of Methylene Blue from Industrial Wastewater in 

Palestine Using Polysiloxane Surface Modified with Bipyrazolic Tripodal 

Receptor. Master Thesis of Chemistry, Faculty of Graduate Studies, An-Najah 

National University. 

Anbia, M., Hariri, S. A., & Ashrafizadeh, S. (2010). Adsorptive removal of anionic dyes 

by modified nanoporous silica SBA-3. Applied Surface Science, 256(10), 3228-

3233 

Andrade, L. S., Ruotolo, L. A. M., Rocha-Filho, R. C., Bocchi, N., Biaggio, S. R., Iniesta, 

J., Montiel, V. (2007). On the performance of Fe and Fe, F doped Ti–Pt/PbO 2 

electrodes in the electrooxidation of the Blue Reactive 19 dye in simulated textile ]  

Arslan-Alaton, I., Kabdaşlı, I., & Şahin, Y. (2008). Effect of operating parameters on the 

electrocoagulation of simulated acid dyebath effluent. Open Environ. Biol. Monit. 

J, 1, 1-7.  

Asano, T., & Cotruvo, J. A. (2004). Groundwater recharge with reclaimed municipal 

wastewater: health and regulatory considerations. Water Research, 38(8), 1941-

1951.  

Asselin, M., Drogui, P., Benmoussa, H., & Blais, J.-F. (2008). Effectiveness of 

electrocoagulation process in removing organic compounds from slaughterhouse 

wastewater using monopolar and 

bipolarelectrolyticcells.Chemosphere,72(11),1727-1733.doi: 

http://dx.doi.org/10.1016/j.chemosphere.2008.04.067. 

Atkins P.W. (1978) Physical Chemistry, Oxford University 1st edition pg. 938Fontaine 

DD, Teeter D. 1987. Photodegradation of chlorpyrifos in the vapor phase. Rep. 

GH-C 1911. Dow Chemical U.S.A., Midland, Michigan. [Unpublished study] (As 

cited in Racke 1993). 

Awad, H., & Galwa, N. A. (2005). Electrochemical degradation of Acid Blue and Basic 

Brown dyes on Pb/PbO 2 electrode in the presence of different conductive 

electrolyte and effect of various operating factors. Chemosphere, 61(9), 1327-1335.  

Blanchet DF, St. George A. 1982. Kinetics of chemical degradation oforganophosphorus 

pesticides; hydrolysis of chlorpyrifos and chlorpyrifos-methyl in the presence of 

copper(II). PesticSci 13:85-91.  

Baird, C. (2002). Química Ambiental. Tradução Maria Angeles, Lobo Recio e Luiz Carlos 

Marques Carrera: Porto Alegre, Bookman. 

Bazrafshan, E., Mahvi, A., Nasseri, S., & Shaieghi, M. (2007). Performance evaluation of 

electrocoagulation process for diazinon removal from aqueous environments by 



 

90 

 

using iron electrodes. Iranian Journal of Environmental Health Science & 

Engineering, 4(2), 127-132.  

Bensadok, K., Benammar, S., Lapicque, F., & Nezzal, G. (2008). Electrocoagulation of 

cutting oil emulsions using aluminium plate electrodes. Journal of Hazardous 

Materials, 152(1), 423-430. 

Blanchet DF, St. George A. 1982. Kinetics of chemical degradation of organophosphorus 

pesticides; hydrolysis of chlorpyrifos and chlorpyrifosmethyl in the presence of 

copper(II). PesticSci 13:85-91. 

Boroski, M., Rodrigues, A. C., Garcia, J. C., Sampaio, L. C., Nozaki, J., & Hioka, N. 

(2009). Combined electrocoagulation and TiO2 photoassisted treatment applied to 

wastewater effluents from pharmaceutical and cosmetic industries. Journal of 

Hazardous Materials, 162(1), 448-454.  

doi: http://dx.doi.org/10.1016/j.jhazmat.2008.05.062 

Bradford  A., (2015) Pollution Facts & Types of Pollution, Live Science Contributor; 2015 

March 10; Available from: http://www.livescience.com/22728-pollution-facts.html 

Bustillo-Lecompte, C. F., & Mehrvar, M. (2015). Slaughterhouse wastewater 

characteristics, treatment, and management in the meat processing industry: A 

review on trends and advances. Journal of environmental management, 161, 287-

302.  

Butler, E., Hung, Y.-T., Yeh, R. Y.-L., & Suleiman Al Ahmad, M. (2011). 

Electrocoagulation in wastewater treatment. Water, 3(2), 495-525. 

California Air Resource Board Cdpr.ca.gov. Retrieved November 20, 2011.US Geological 

Survey. "Breakdown Products Of Widely Used Pesticides Are AcutelyLethal To 

Amphibians, Study Finds." ScienceDaily, 25 June2007. Retrieved on February 25, 

2014 . 

Calvo, L. S., Leclerc, J. P., Tanguy, G., Cames, M., Paternotte, G., Valentin, G.Lapicque, 

F. (2003). An electrocoagulation unit for the purification of soluble oil wastes of 

high COD. Environmental Progress, 22(1), 57-65.  

Can, O., Kobya, M., Demirbas, E., & Bayramoglu, M. (2006). Treatment of the textile 

wastewater by combined electrocoagulation. Chemosphere, 62(2), 181-187.  

Can, O. T., Bayramoglu, M., & Kobya, M. (2003). Decolorization of Reactive Dye 

Solutions by Electrocoagulation Using Aluminum Electrodes. Industrial & 

Engineering Chemistry Research, 42(14), 3391-3396. doi: 10.1021/ie020951g 

Carmona, M., Khemis, M., Leclerc, J.-P., & Lapicque, F. (2006). A simple model to 

predict the removal of oil suspensions from water using the electrocoagulation 

technique. Chemical Engineering Science, 61(4), 1237-1246.  

Chen, G. (2004). Electrochemical technologies in wastewater treatment. Separation and 

Purification Technology, 38(1), 11-41. doi: 

http://dx.doi.org/10.1016/j.seppur.2003.10.006 

Chen, M.-L., & Yu, L. (2009). The Use of Drug Metabolism for Prediction of Intestinal 

Permeability†. Molecular pharmaceutics, 6(1), 74-81.  

Chen, X., Chen, G., & Yue, P. L. (2000). Separation of pollutants from restaurant 

wastewater by electrocoagulation. Separation and Purification Technology, 19(1), 

65-76.  

Chopra, A., Sharma, A. K., & Kumar, V. (2011). Overview of electrolytic treatment: an 

alternative technology for purification of wastewater. Arch. Appl. Sci. Res, 3(5), 

191-206. 

Connors, S. L., Levitt, P., Matthews, S. G., Slotkin, T. A., Johnston, M. V., Kinney, H. C., 

Zimmerman, A. W. (2008). Fetal Mechanisms in Neurodevelopmental Disorders. 

http://dx.doi.org/10.1016/j.jhazmat.2008.05.062
http://www.livescience.com/22728-pollution-facts.html
http://dx.doi.org/10.1016/j.seppur.2003.10.006


 

91 

 

Pediatric Neurology, 38(3), 163-176 doi: 

http://dx.doi.org/10.1016/j.pediatrneurol.2007.10.009 

Christensen, K., Harper, B., Luukinen, B., Buhl, K., & Stone, D. (2009). Chlorpyrifos 

technical fact sheet. National Pesticide Information Center, Oregon State 

University Extension Services. [Cited 2013 June 29]. Available from: h ttp. npic. 

orst. edu/factsheets/chlorptech. html.  

Daida, P. (2005). Removal of Arsenic from Water by Electrocoagulation Using Al-Al, Fe-

Fe, Al-Fe Electrode Pair Systems and Characterization of By-products: Lamar 

University. 

Dalvand, 1consumption and operating cost of electrocoagulation of textile wastewater as a 

clean process. Clean–Soil, Air, Water, 39(7), 665-672.  

Daneshvar, N., Oladegaragoze, A., & Djafarzadeh, N. (2006). Decolorization of basic dye 

solutions by electrocoagulation: an investigation of the effect of operational 

parameters. Journal of Hazardous Materials, 129(1), 116-122.  

Daneshvar, N., Sorkhabi, H. A., & Kasiri, M. (2004). Decolorization of dye solution 

containing Acid Red 14 by electrocoagulation with a comparative investigation of 

different electrode connections. Journal of Hazardous Materials, 112(1), 55-62.  

Daniel, R., Himabindu, V., Krupadam, R. J., Anjaneyulu, Y., & (2010). Removal of 

Mercury from Pharmaceutical Wastewaters Using Electrocoagulation: A Cleaner 

Technology Option The IUP Journal of Environmental Sciences, IV, (No 3), 7-15.  

Davoudi, M., Gholami, M., Naseri, S., Mahvi, A. H., Farzadkia, M., Esrafili, A., & 

Alidadi, H. (2014). Application of electrochemical reactor divided by cellulosic 

membrane for optimized simultaneous removal of phenols, chromium, and 

ammonia from tannery effluents. Toxicological & Environmental Chemistry, 96(9), 

1310-1332.  

Dohare, E. D., & Sisodia, T. (2014). Applications of Electrocoagulation in treatment of 

Industrial Wastewater : A Review. INTERNATIONAL JOURNAL OF 

ENGINEERING SCIENCES & RESEARCH TECHNOLOGY, 3(11). 

Drabik, M., Touskova, J., Hanus, J., Kobayashi, H., & Biederman, H. (2010). Properties of 

composite films of titania nanofibers and Safranin O dye. Synthetic Metals, 

160(23), 2564-2572.  

Drlica, K., & Zhao, X. (1997). DNA gyrase, topoisomerase IV, and the 4-quinolones. 

Microbiology and molecular biology reviews, 61(3), 377-392.  

Drouiche, N., Ghaffour, N., Lounici, H., Mameri, N., Maallemi, A., & Mahmoudi, H. 

(2008). Electrochemical treatment of chemical mechanical polishing wastewater: 

removal of fluoride—sludge characteristics—operating cost. Desalination, 223(1), 

134-142.  

El-Ashtoukhy, E., El-Taweel, Y., Abdelwahab, O., & Nassef, E. (2013). Treatment of 

petrochemical wastewater containing phenolic compounds by electrocoagulation 

using a fixed bed electrochemical reactor. Int. J. Electrochem. Sci, 8, 1534-1550.  

El-Desoky, H. S., Ghoneim, M. M., El-Sheikh, R., & Zidan, N. M. (2010). Oxidation of 

Levafix CA reactive azo-dyes in industrial wastewater of textile dyeing by electro-

generated Fenton's reagent. Journal of Hazardous Materials, 175(1), 858-865. 

El-Kemary, M., & El-Shamy, H. (2009). Fluorescence modulation and photodegradation 

characteristics of safranin O dye in the presence of ZnS nanoparticles. Journal of 

Photochemistry and PhotobiologyA:Chemistry,205(2–3),151-155.doi: 

http://dx.doi.org/10.1016/j.jphotochem.2009.04.021. 

Elmore, F. (1905). A process for separating certain constituents of subdivided ores and like 

substances, and apparatus therefore. British patent, 13, 578. 



 

92 

 

Emamjomeh, M. M., & Sivakumar, M. (2009). Review of pollutants removed by 

electrocoagulation and electrocoagulation/flotation processes. J Environ Manage, 

90(5), 1663-1679. doi:10.1016/j.jenvman.2008.12.011. 

EPA, N. S. W. (1997). Environmental guidelines: use and disposal of biosolids products. 

New South Wales Environmental Protection Authority, Sydney. 

Epold, I., & Dulova, N. (2015). Oxidative degradation of levofloxacin in aqueous solution 

by S2O8
2−

/Fe
2+

, S2O8
2−

/H2O2 and S2O8
2−

/OH
−
 processes: A comparative study. 

Journal of EnvironmentalChemicalEngineering,3(2),1207-1214.doi: 

http://dx.doi.org/10.1016/j.jece.2015.04.019. 

Epold, I., Trapido, M., & Dulova, N. (2015). Degradation of levofloxacin in aqueous 

solutions by Fenton, ferrous ion-activated persulfate and combined 

Fenton/persulfate systems. Chemical Engineering Journal, 279, 452-462. doi: 

http://dx.doi.org/10.1016/j.cej.2015.05.054. 

Eslami, A., Moradi, M., Ghanbari, F., & Mehdipour, F. (2013). Decolorization and COD 

removal from real textile wastewater by chemical and electrochemical Fenton 

processes: a comparative study. Journal of Environmental Health Science and 

Engineering, 11(1), 1. 

Felsot, A., &Dahm, P. A. (1979). Sorption of organophosphorus and carbamateinsecticides 

by soil. Journal of agricultural and food chemistry, 27(3), 557-563. 

FENG, J.-w., SUN, Y.-b., Zheng, Z., ZHANG, J.-b., Shu, L., & TIAN, Y.-c. (2007). 

Treatment of tannery wastewater by electrocoagulation. Journal of Environmental 

Sciences, 19(12), 1409-1415. 

 File, T. M. (2010). Recommendations for treatment of hospital-acquired and ventilator-

associated pneumonia: review of recent international guidelines. Clinical Infectious 

Diseases, 51(Supplement 1), S42-S47.  

Flaskos, J. (2012). The developmental neurotoxicity of organophosphorus insecticides: A 

direct role for the oxon metabolites. Toxicology Letters, 209(1), 86-93. 

doi:http://dx.doi.org/10.1016/j.toxlet.2011.11.026 

Fisherscientific,safetydatasheetofsafraninO 

https://www.nwmissouri.edu/naturalsciences/sds/s/Safranin%20O.pdf 

Freed, V. H., Chiou, C. T., &Schmedding, D. W. (1979). Degradation of selected 

organophosphate pesticides in water and soil. Journal of agricultural and , 27(4), 

706-708. 

Ghalwa A. N., & Farhat, N. B. (2015). Removal of Abamectin Pesticide by 

Electrocoagulation    Process Using Stainless Steel and Iron Electrodes. J Environ 

Anal Chem, 2, 1-7  

Ghalwa A. N., & Farhat, N. B. (2015). Removal of Imidacloprid Pesticide by 

Electrocoagulation Process using Iron and aluminum Electrodes. J Environ Anal 

Chem, 2, 1-7. 

Garg, V., Gupta, R., Yadav, A. B., & Kumar, R. (2003). Dye removal from aqueous 

solution by adsorption on treated sawdust. Bioresource technology, 89(2), 121-124.  

Genc, A., & Bakirci, B. (2015). Treatment of emulsified oils by electrocoagulation: pulsed 

voltage applications. Water Science and Technology, 71(8), 1196-1202.  

Ghernaout, D., Badis, A., Kellil, A., & Ghernaout, B. (2008). Application of 

electrocoagulation in Escherichia coli culture and two surface waters. Desalination, 

219(1), 118-125. 

Golder, A., Hridaya, N., Samanta, A., & Ray, S. (2005). Electrocoagulation of methylene 

blue and eosin yellowish using mild steel electrodes. Journal of Hazardous 

Materials, 127(1), 134-140.  



 

93 

 

Golder, A. K., Samanta, A. N., & Ray, S. (2007). Removal of trivalent chromium by 

electrocoagulation. Sep. Purif. Technol, 53, 33-41. 

Goossens, H., Ferech, M., Vander Stichele, R., Elseviers, M., & Group, E. P. (2005). 

Outpatient antibiotic use in Europe and association with resistance: a cross-national 

database study. The Lancet, 365(9459), 579-587. 

Gunnell, D., Eddleston, M., Phillips, M. R., & Konradsen, F. (2007). The global 

distribution of fatal pesticide self-poisoning: Systematic review. BMC Public 

Health, 7, 357-357. doi: 10.1186/1471-2458-7-357. 

Guo, W., Shi, Y., Wang, H., Yang, H., & Zhang, G. (2010). Intensification of 

sonochemical degradation of antibiotics levofloxacin using carbon tetrachloride. 

Ultrasonics sonochemistry, 17(4), 680-684. 

Gupta, V., Jain, R., Mittal, A., Mathur, M., & Sikarwar, S. (2007). Photochemical 

degradation of the hazardous dye Safranin-T using TiO 2 catalyst. Journal of 

colloid and interface science, 309(2), 464-469. 

Gürses, A., Yalçin, M., & Doğar, C. (2002). Electrocoagulation of some reactive dyes: a 

statistical investigation of some electrochemical variables. Waste management, 

22(5), 491-499. 

Hayat, K., Gondal, M., Khaled, M., Yamani, Z., & Ahmed, S. (2011). Laser induced 

photocatalytic degradation of hazardous dye (Safranin-O) using self synthesized 

nanocrystalline WO 3. Journal of Hazardous Materials, 186(2), 1226-1233.  

Holt, P. K., Barton, G. W., & Mitchell, C. A. (2004). Deciphering the science behind 

electrocoagulation to remove suspended clay particles from water. Water Sci 

Technol, 50(12), 177-184.  

Holt, P. K., Barton, G. W., & Mitchell, C. A. (2005). The future for electrocoagulation as a 

localised water treatment technology. Chemosphere, 59(3), 355-367. 

Hooton, T. M., Bradley, S. F., Cardenas, D. D., Colgan, R., Geerlings, S. E., Rice, J. C., . . 

. Tenke, P. (2010). Diagnosis, prevention, and treatment of catheter-associated 

urinary tract infection in adults: 2009 International Clinical Practice Guidelines 

from the Infectious Diseases Society of America. Clinical Infectious Diseases, 

50(5), 625-663.  

Howard, P. H. (1989). Handbook of environmental fate and exposure data: for organic 

chemicals, volume III pesticides (Vol. 3): CRC press. 

Hu, X. D., Zhang, H. Q., & Cao, D. M. (2011). Synthesis of Fe3O4 nanocrystals and 

application in photocatalytic degradation of levofloxacin lactate. Paper presented at 

the Materials Science Forum. 

Inan, H., Dimoglo, A., Şimşek, H., & Karpuzcu, M. (2004). Olive oil mill wastewater 

treatment by means of electro-coagulation. Separation and Purification Technology, 

36(1), 23-31. 

Ip, A., Barford, J., & McKay, G. (2009). Reactive Black dye adsorption/desorption onto 

different adsorbents: effect of salt, surface chemistry, pore size and surface area. 

Journal of colloid and interface science, 337(1), 32-38. 

Jafarzadeh, M., ., Nikkhoo, Khoshgard, A., & Aslani, R. (2011). Treatment of 

Petrochemical Effluent by Electrocoagulation Method. Paper presented at the 

International Conference on Chemical, Environmental and Biological Sciences 

(ICCEBS'2011). 

Jiang, J.-Q., Graham, N., André, C., Kelsall, G. H., & Brandon, N. (2002). Laboratory 

study of electro-coagulation–flotation for water treatment. Water Research, 36(16), 

4064-4078. 



 

94 

 

Kamaraj, R., Ganesan, P., Lakshmi, J., & Vasudevan, S. (2013). Removal of copper from 

water by electrocoagulation process—effect of alternating current (AC) and direct 

current (DC). Environmental Science and Pollution Research, 20(1), 399-412.  

Kabdaşlı , I., Vardar, Arslan-Alaton, I., & Tünay, O. (2009). Effect of dye auxiliaries on 

color and COD removal from simulated reactive dyebath effluent by 

electrocoagulation. Chemical Engineering Journal, 148(1), 89-96 

Kamau, G., & Mbugua, J. (2014). Adsorption of Dursban (Chlorpyrifos) Pesticide by 

Loam Soil from Limuru, Kenya: Apparent Thermodynamic Properties.  

Kansal, S. K., Kundu, P., Sood, S., Lamba, R., Umar, A., & Mehta, S. (2014). 

Photocatalytic degradation of the antibiotic levofloxacin using highly crystalline 

TiO 2 nanoparticles. New Journal of Chemistry, 38(7), 3220-3226. 

Kashiwaya, Mamoru; Yoshimoto, Kameo (May 1980). "Tannery Wastewater Treatment by 

the Oxygen Activated Sludge Process". Journal (Water Pollution Control 

Federation) (Alexandria, VA: Water Environment Federation) 52 (5): 999–1007. 

Khalaf, S. (2010). Adsorption of Some Fluoroquinolones on Selected Adsorbents. Faculty 

of Graduate Studies Adsorption of Some Fluoroquinolones on Selected Adsorbents 

By Areej'Muhammad Ghazi'Abed Ar-Rahman Hattab Supervisors Dr. Shukri 

Khalaf Dr. Ibrahim Abu Shqair This Thesis is Submitted in Partial Fulfillment of 

the Requirements for the Degree of Master of Science in Chemistry, Faculty of 

Graduate Studies, An-Najah National University.    

Khandegar, V., & Saroha, A. K. (2012). Electrochemical treatment of distillery spent wash 

using aluminum and iron electrodes. Chinese Journal of Chemical Engineering, 

20(3), 439-443.  

Khandegar, V., & Saroha, A. K. (2013). Electrocoagulation for the treatment of textile 

industry effluent–A review. Journal of environmental management, 128, 949-963.  

Kim, T.-H., Park, C., Shin, E.-B., & Kim, S. (2002). Decolorization of disperse and 

reactive dyes by continuous electrocoagulation process. Desalination, 150(2), 165-

175.  

Kobya, M., Can, O. T., & Bayramoglu, M. (2003). Treatment of textile wastewaters by 

electrocoagulation using iron and aluminum electrodes. Journal of Hazardous 

Materials, 100(1), 163-178.  

Kobya, M., Hiz, H., Senturk, E., Aydiner, C., & Demirbas, E. (2006). Treatment of potato 

chips manufacturing wastewater by electrocoagulation. Desalination, 190(1), 201-

211.  

Kumar, P. R., Chaudhari, S., Khilar, K. C., & Mahajan, S. (2004). Removal of arsenic 

from water by electrocoagulation. Chemosphere, 55(9), 1245-1252.  

Kuokkanen, V., & Kuokkanen, T. (2013). Recent applications of electrocoagulation in 

treatment of water and wastewater—A review. 

Lide, David R. 1998. Handbook of Chemistry and Physics (87 ed.). Boca Raton, FL: CRC 

Press. 3–126.  

Lakshmi, P. M., & Sivashanmugam, P. (2013). Treatment of oil tanning effluent by 

electrocoagulation: Influence of ultrasound and hybrid electrode on COD removal. 

Separation and Purification Technology, 116, 378-384.  

Lambert, J., Vega, M. M., Isarain-Chavez, E., & Peralta-Hernandez, J. M. (2013). Ozone 

and Electrocoagulation Processes for Treatment of Dye in Leather Industry 

Wastewater: A Comparative Study. 

Lam, M. W., & Mabury, S. A. (2005). Photodegradation of the pharmaceuticals 

atorvastatin, carbamazepine, levofloxacin, and sulfamethoxazole in natural waters. 

Aquatic Sciences, 67(2), 177-188.  



 

95 

 

Lazaridis, N., Karapantsios, T., & Georgantas, D. (2003). Kinetic analysis for the removal 

of a reactive dye from aqueous solution onto hydrotalcite by adsorption. Water 

Research, 37(12), 3023-3033.  

Larue, O., Vorobiev, E., Vu, C., & Durand, B. (2003). Electrocoagulation and coagulation 

by iron of latex particles in aqueous suspensions. Separation and Purification 

Technology, 31(2), 177-192.  

Lin, S. H., Shyu, C. T., & Sun, M. C. (1998). Saline wastewater treatment by 

electrochemical method. Water Research, 32(4), 1059-1066.  

Liu, H., Zhao, X., & Qu, J. (2010). Electrocoagulation in water treatment Electrochemistry 

for the Environment (pp. 245-262): Springer. 

Lu, P., Li, Q., Liu, H., Feng, Z., Yan, X., Hong, Q., & Li, S. (2013). Biodegradation of 

chlorpyrifos and 3,5,6-trichloro-2-pyridinol by Cupriavidus sp. DT-1. Bioresource 

technology, 127, 337-342. doi: http://dx.doi.org/10.1016/j.biortech.2012.09.116. 

Macalady, D. L., & Wolfe, N. L. (1983). New perspectives on the hydrolytic degradation 

of the organophosphorothioate insecticide chlorpyrifos. Journal of agricultural and 

food chemistry, 31(6), 1139-1147. 

Malakootian, M., & Yousefi, N. (2009). The efficiency of electrocoagulation process using 

aluminum electrodes in removal of hardness from water. 

Mandell, L., Wunderink, R., Anzueto, A., Bartlett, J., Campbell, G., Dean, N., . . . 

Niederman, M. (2007). American Thoracic Society Infectious Diseases Society of 

America/American Thoracic Society consensus guidelines on the management of 

community-acquired pneumonia in adults. Clin Infect Dis, 44(Suppl 2), S27-S72. 

Mavrov, V., Stamenov, S., Todorova, E., Chmiel, H., & Erwe, T. (2006). New hybrid 

electrocoagulation membrane process for removing selenium from industrial 

wastewater. Desalination, 201(1), 290-296. 

McCall, P., Swann, R., Laskowski, D., Unger, S., Vrona, S., & Dishburger, H. (1980). 

Estimation of chemical mobility in soil from liquid chromatographic retention 

times. Bulletin of Environmental Contamination and Toxicology, 24(1), 190-195. 

McCue, J. D., & Kahan, S. (2006). In a Page: Infectious disease: Lippincott Williams & 

Wilkins 

Merzouk, B., Gourich, B., Sekki, A., Madani, K., Vial, C., & Barkaoui, M. (2009). Studies 

on the decolorization of textile dye wastewater by continuous electrocoagulation 

process. Chemical Engineering Journal, 149(1), 207-214.  

Mollah, M. Y. A., Schennach, R., Parga, J. R., & Cocke, D. L. (2001). Electrocoagulation 

(EC)—science and applications. Journal of Hazardous Materials, 84(1), 29-41.  

Mollah, M. Y., Morkovsky, P., Gomes, J. A., Kesmez, M., Parga, J., & Cocke, D. L. 

(2004). Fundamentals, present and future perspectives of electrocoagulation. 

Journal of Hazardous Materials, 114(1), 199-210.  

MOPIC, 1998b. Master Plan for Sewerage and Storm water Drainage in the Gaza 

Governorates – Final Master Plan Report, Main Report. Ministry of Planning and 

International Cooperation. March 1998. 

Müller, F. (2000). Agrochemicals: composition, production, toxicology, applications: 

Wiley-VCH Verlag GmbH. 

Muñoz-Quezada, M. T., Lucero, B. A., Barr, D. B., Steenland, K., Levy, K., Ryan, P. B.,   

Vega, C. (2013). Neurodevelopmental effects in children associated with exposure 

to organophosphate pesticides: A systematic review. NeuroToxicology, 39, 158-

168. doi: http://dx.doi.org/10.1016/j.neuro.2013.09.003 

Murthy, Z., Nancy, C., & Kant, A. (2007). Separation of pollutants from restaurant 

wastewater by electrocoagulation. Separation Science and Technology, 42(4), 819-

833. 



 

96 

 

Mutschler, E., Geisslinger, G., Kroemer, H. K., Ruth, P., & Schäfer-Korting, M. (2002). 

Mutschler Arzneimittelwirkungen. Legal Med, 112, 303-308.  

Nasution, M. A., Yaakob, Z., Ali, E., Tasirin, S., & Abdullah, S. (2011). 

Electrocoagulation of palm oil mill effluent as wastewater treatment and hydrogen 

production using electrode aluminum. Journal of environmental quality, 40(4), 

1332-1339.  

Nogueira, R. F., & Jardim, W. F. (1998). Heterogeneous photocatalysis and its 

environmental applications. Química Nova, 21(1), 69-72.  

Ntow, W. J. (2008). The Use and Fate of Pesticides in Vegetable-Based Agro-Ecosystems 

in Ghana: CRC Press. 

Osmon, D. R., Berbari, E. F., Berendt, A. R., Lew, D., Zimmerli, W., Steckelberg, J. 

M.,Wilson, W. R. (2012). Diagnosis and management of prosthetic joint infection: 

clinical practice guidelines by the Infectious Diseases Society of America. Clinical 

Infectious Diseases, cis803. 

Othman, F., Sohaili, J., Ni’am, M. F., & Fauzia, Z. (2006). Enhancing suspended solids 

removal from wastewater using Fe electrodes. Malaysian journal of civil 

Engineering, 18(2), 138-149. 

Parsa, J. B., Vahidian, H. R., Soleymani, A., & Abbasi, M. (2011). Removal of Acid 

Brown 14 in aqueous media by electrocoagulation: Optimization parameters and 

minimizing of energy consumption. Desalination, 278(1), 295-302.  

Phalakornkule, C., Polgumhang, S., & Tongdaung, W. (2009). Performance of an 

electrocoagulation process in treating direct dye: batch and continuous upflow 

processes. World Academy Sci. Technol, 57, 277-282.  

Pickford, J. (1996). Reaching the unreached: challenges for the 21st century: proceedings 

of the 22nd WEDC Conference, New Delhi, India, 9-13 September 1996: Water, 

Engineering and Development Centre, Loughborough University. 

Peterson, R. K. (2006). Comparing ecological risks of pesticides: the utility of a risk 

quotient ranking approach across refinements of exposure. Pest management 

science, 62(1), 46-56. 

Preston, S. L., Drusano, G. L., Berman, A. L., Fowler, C. L., Chow, A. T., Dornseif, B., 

Corrado, M. (1998). Pharmacodynamics of levofloxacin: a new paradigm for early 

clinical trials. Jama, 279(2), 125-129.  

QIAN, J.-y., WANG, L., XUE, J.-j., CAI, Y.-h., ZHOU, N., & HUANG, M.-x. (2012). 

Study on the treatment of chlorpyrifos wastewater by ultrasonic electro-coagulation 

and degradation pathway analysis. Chemical Engineer, 2, 012. 

Racke KD. 1993. Environmental fate of chlorpyrifos. Rev Environ Contam Toxico113 

1:150. 

Rajappa A., Ramesh K., Nandhakumar V., Ramesh H., Sivakumar S., Savithri S. 

2014August 27, Thermodynamics and Instrumental Analysis of Congo Red Dye 

Adsorption onto Commercial Activated Carbon, International Journal of Chemistry 

and Pharmaceutical Sciences, Vol. 2 (8): 1068-1073. 

Ramesh, R.; Babu, N.S. and K. Bhadrinarayana (2007). Treatment of Tannery wastewater 

by  electrocoagulation. Journal of the University of Chemical Technology and 

Metallurgy, 42, 2, 201-206. 

Rao, P., Mansell, R., Baldwin, L., & Laurent, M. (1983). Pesticides and their behavior in 

soil and water. Soil Science. Fact Sheer Florida Cooperative Extension Service, 

Institute of Food and Agricultural Science, University of Florida. 

Rosenberg, L. (1971). Chemical Basis for the Histological Use of Safranin O in the Study 

of Articular Cartilage. The Journal of Bone & Joint Surgery, 53(1), 69-82. 



 

97 

 

Sattler, C., Kächele, H., & Verch, G. (2007). Assessing the intensity of pesticide use in 

agriculture. Agriculture, ecosystems & environment, 119(3), 299-304. 

Schaeffer, A. J. (2004). NIDDK-sponsored chronic prostatitis collaborative research 

network (CPCRN) 5-year data and treatment guidelines for bacterial prostatitis. 

International journal of antimicrobial agents, 24, 49-52. 

Şengil, İ. A. (2006). Treatment of dairy wastewaters by electrocoagulation using mild steel 

electrodes. Journal of Hazardous Materials, 137(2), 1197-1205. 

Shalaby, A., Nassef, E., Mubark, A., & Hussein, M. (2014). Phosphate Removal from 

Wastewater by Electroco-agulation Using Aluminum Electrodes. American Journal 

of Environmental Engineering and Science, 1(5), 90-98. 

Shariati, S., Faraji, M., Yamini, Y., & Rajabi, A. A. (2011). Fe 3 O 4 magnetic 

nanoparticles modified with sodium dodecyl sulfate for removal of safranin O dye 

from aqueous solutions. Desalination, 270(1), 160-165. 

Shomar, B., Müller, G., & Yahya, A. (2005). Geochemical features of topsoils in the Gaza 

Strip: natural occurrence and anthropogenic inputs. Environmental Research, 98(3), 

372-382. 

Slotkin, T. A. (2011). Does early-life exposure to organophosphate insecticides lead to 

prediabetes and obesity? ReproductiveToxicology,31(3),297-301.doi: 

http://dx.doi.org/10.1016/j.reprotox.2010.07.012. 

Sirés, I., & Brillas, E. (2012). Remediation of water pollution caused by pharmaceutical 

residues based on electrochemical separation and degradation technologies: a 

review. Environment international, 40, 212-229. 

Sivaraj, R., Rajendran, V., & Gunalan, G. S. (2010). Preparation and characterization of 

activated carbons from Parthenium biomass by physical and chemical activation 

techniques. Journal of Chemistry, 7(4), 1314-1319.  

Solomkin, J. S., Mazuski, J. E., Bradley, J. S., Rodvold, K. A., Goldstein, E. J., Baron, E. 

J.,Eachempati, S. R. (2010). Diagnosis and management of complicated intra-

abdominal infection in adults and children: guidelines by the Surgical Infection 

Society and the Infectious Diseases Society of America. Surgical infections, 11(1), 

79-109.  

Tarley, C. R. T., & Arruda, M. A. Z. (2004). Biosorption of heavy metals using rice 

milling by-products. Characterisation and application for removal of metals from 

aqueous effluents. Chemosphere, 54(7), 987-995. 

Tyagi, N., Mathur, S., & Kumar, D. (2014). Electrocoagulation process for textile 

wastewater treatment in continuous upflow reactor. Journal of Secientific and 

Industrial Research, 73, 195-198. 

Tchobanoglous, G., Burton, F.L., and Stensel, H.D. (2003). Wastewater Engineering 

(Treatment Disposal Reuse) / Metcalf & Eddy, Inc. (4th ed.). McGraw-Hill Book 

Company. ISBN 0-07-041878-0. 

Tripathi, S., & Reddy, A. (2009). Electrochemical Treatment of organic and oily 

wastewaters. Thapar University Patiala, MT thesis. 

Ukiwe, L., Ibeneme, S., Duru, C., Okolue, B., Onyedika, G., & Nweze, C. (2014). 

Chemical and electrocoagulation techniques in coagulation-floccculationin water 

and wastewater treatment-A REVIEW. International Journal of Research and 

Reviews in Applied Sciences, 18(3), 1.  

US Environmental Protection Agency (US EPA). June, 1989. Registration Standard 

(Second Round Review) for the Reregistration of Pesticide Products Containing 

Chlorpyrifos. Office of Pesticide Programs, US EPA, Washington, DC. 

U.S. EPA (2002). "Interim Reregistration Eligibility Decision for Chlorpyrifos" (PDF). 

Archived from the original on November 19, 2012. Retrieved 2016-02-28.Jump up 

https://en.wikipedia.org/wiki/International_Standard_Book_Number
https://en.wikipedia.org/wiki/Special:BookSources/0-07-041878-0
https://web.archive.org/web/20121119113014/http:/www.epa.gov/oppsrrd1/REDs/chlorpyrifos_ired.pdf
http://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=200008BM.TXT
https://en.wikipedia.org/wiki/Chlorpyrifos#cite_ref-7


 

98 

 

^The Dow Chemical Company. "Chlorpyrifos and Responsible Use". Retrieved 

2014-07-24. 

US Geological Survey. "Breakdown Products Of Widely Used Pesticides Are 

AcutelyLethal To Amphibians, Study Finds." ScienceDaily. ScienceDaily, 25 

June2007. Retrieved on February 25, 2014. 

Vasudevan, S., & Lakshmi, J. (2012). The adsorption of phosphate by graphene from 

aqueous solution. Rsc Advances, 2(12), 5234-5242.  

Virkutyte, J., Rokhina, E., & Jegatheesan, V. (2010). Optimisation of electro-Fenton 

denitrification of a model wastewater using a response surface methodology. 

Bioresource technology, 101(5), 1440-1446.  

Vlyssides, A., Arapoglou, D., Mai, S., & Barampouti, E. M. (2005). Electrochemical 

oxidation of two organophosphoric obsolete pesticide stocks. International journal 

of environment and pollution, 23(3), 289-299.  

Vlyssides, A., Papaioannou, D., Loizidoy, M., Karlis, P., & Zorpas, A. (2000). Testing an 

electrochemical method for treatment of textile dye wastewater. Waste 

management, 20(7), 569-574. 

Wang, C., Zhang, D. Q., & Chen, Y. Z. et al. (2002). Study of the relation between electric 

current density and cell voltage in the process of electrocoagulation. Industrial 

Water Treatment, 22(7), 28-30. 

Wong, Y., Senan, M., & Atiqah, N. (2013). Removal of Methylene Blue and Malachite 

Green Dye UsingDifferent Form of Coconut Fibre as Absorbent. Journal of Basic 

& Applied Sciences, 9. 

Yildiz, B. O., Knochenhauer, E. S., & Azziz, R. (2008). Impact of obesity on the risk for 

polycystic ovary syndrome. The Journal of Clinical Endocrinology & Metabolism, 

93(1), 162-168.  

Yasojima, M., Nakada, N., Komori, K., Suzuki, Y., & Tanaka, H. (2006). Occurrence of 

levofloxacin, clarithromycin and azithromycin in wastewater treatment plant in 

Japan. Water Science and Technology, 53(11), 227-233. 

Yatmaz, H. C., & Uzman, Y. (2009). Degradation of pesticide monochrotophos from 

aqueous solutions by electrochemical methods. International Journal of 

Electrochemical Scence, 4, 614-626.  

Zaroual, Z., Azzi, M., Saib, N., & Chaînet, E. (2006). Contribution to the study of 

electrocoagulation mechanism in basic textile effluent. Journal of Hazardous 

Materials, 131(1), 73-78. 

Zhao, X., Shi, Y., Wang, T., Cai, Y., & Jiang, G. (2008). Preparation of silica-magnetite 

nanoparticle mixed hemimicelle sorbents for extraction of several typical phenolic 

compounds from environmental water samples. Journal of Chromatography A, 

1188(2), 140-147. 

Zongo, I., Leclerc, J.-P., Maïga, H. A., Wéthé, J., & Lapicque, F. (2009). Removal of 

hexavalent chromium from industrial wastewater by electrocoagulation: A 

comprehensive comparison of aluminium and iron electrodes. Separation and 

Purification Technology, 66(1), 159-166. 

Zhu, B., Clifford, D. A., & Chellam, S. (2005). Comparison of electrocoagulation and 

chemical coagulation pretreatment for enhanced virus removal using microfiltration 

membranes. Water Research, 39(13), 3098-3108.  

 

 

 

https://en.wikipedia.org/wiki/Chlorpyrifos#cite_ref-7
http://www.chlorpyrifos.com/benefits-and-use/use/responsible-use.htm

