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I 

 

Abstract 

Water pollution can be defined as the contamination of a stream, 

river, lake, ocean or any other stretch of water, depleting water quality and 

making it toxic for the environment and humans. The environmental effects 

of water pollution primarily involve the damage that pollution does to the 

surrounding ecosystem. Many of the organisms that depend on a supply of 

relatively healthy water will die. When bodies of water become too heavily 

polluted, it’s common for crabs, dolphins, seagulls, and fish to wash up 

ashore. Pollution is also damaging to the economy since it increases the 

costs of treating the water, leads to losses in tourism, lowers local real 

estate values, and damages commercial fishing. Likely the most effective 

way to reduce water pollution is by treating some of the water before it’s 

reintroduced into the waterways. This is a highly effective solution because 

wastewater treatment facilities are able to remove nearly all pollutants in 

wastewater via a chemical, physical, or biological process. Sewage will be 

taken through several chambers of the facility to slowly reduce its toxicity 

levels. 

There are many variables described as affected factors on 

electrocoagulation reaction EC. Therefore, this study includes investigation 

impact of eight variables on the EC process; contact time, current density, 

the voltage supplied, stirring rate, initial copper concentration, solution pH, 

reaction temperature, and type of anode was chosen as controlled variables 

on EC reaction, while copper removal efficiency used as a process 

response. The feed is simulated wastewater prepared by adding copper 

nitrate as a copper ions source. Two levels identified the most influential 

variables on copper removal during EC reaction according to Plackett-

Burman design PBD. Results show that the initial copper concentration, 

solution pH, reaction temperature, and contact time are the most significant 
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variables on EC reaction. On the other hand, the predicted results show that 

maximum removal efficiency (98%) will obtain at optimum operation 

conditions; contact time (40 minutes), current density (3 A/cm
2
), voltage 

supply (10 volts), initial copper concentration (400 ppm), reaction 

temperature (70°C) with no stirring rate and using Fe as an anode. The 

most affected variables that appeared during the application of PBD in the 

previous step were studied more deeply via applied Box-Behnken 

experimental design to explore the initial concentration, temperature, and 

pH on energy consumption and the efficiency of removing heavy metals 

(Copper) from simulated. 

Box-Behnken Design-based wastewaters, was selected fifteen (15) 

experiments have been performed, and every experiment takes 44minutes. 

The findings have been utilized to model the efficiencies of Heavy metals 

removal and energy consumption for this method with the Minitab support. 

Numerical Optimization indicates that the optimal energy consumption of 

4556 kWh/m³ and highest removal efficiencies for Copper was achieved 

97% respectively at operating situations of 200, 350, and 500 ppm Cu 

concentrations and 50, 40, and 60 
o
C from temperature and 3, 7 and 11 

from pH gradients. The EC reaction kinetics and thermodynamics 

parameters were estimated; the reaction obeys second order reaction with 

rate constants are  (k) are 0.6572, 0.6829 and 0.8308 [(mol/L) sec
-1

]
-1 

 at 50, 

60, and 70 °C respectively, and the apparent activation energy value is 

10.719 kJ/mol obtained for the process according to the Arrhenius 

equation. EC reaction obtained a negative entropy change ΔS (-0.218 

kJ/mol K) with the positive enthalpy change ΔH and Gibbs free energy ΔG 

values. 
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Chapter One 

Introduction 

1.1. Introduction  

Water and energy are the two most pressing issues facing the twenty-first 

century. Water quality has become a critical issue as a result of increased 

contamination from non-pointed and pointed sources, especially in 

developing countries (Chaturvedi, 2013).  

Wastewater is described as the flow of spent water directed to remediation 

facilities from households, industries companies, commercial activities, and 

institutions. This effluent is further classified and characterized in terms of 

its origins (Abdel-Ghani & Elchaghaby, 2007). 

Domestic wastewater relates to flows that are mostly discharged from 

home sources and are produced by activities including food preparation, 

washing, cleaning, and personal hygiene. Commercial and industrial 

operations including food and printing processing produce and discharge 

industrial/commercial effluent (Abdel-Ghani & Elchaghaby, 2007).  

Water contamination may come from a variety of sources, however, there 

are two main types: indirect and direct pollutant sources. Waste outfalls 

from waste remediation plants, refineries, factories, and other direct 

sources are examples. Pollutants, which enter the water supplement through 

the soil/groundwater system and create the atmosphere throught water of 

rain are examples of indirect sources (Rao et al., 2012). Heavy metal refers 

to a set of minerals (and metals-like elements) having a density higher than 

5 g/cm3 and an atomic number larger than 20 (Raut et al., 2012). Toxic 

substances must be removed from industrial effluent as soon as possible. 

Natural materials used to remove heavy metals have become a source of 
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worry in all nations. Natural materials in vast numbers or agricultural waste 

might have could be employed as low-cost adsorbents since they are 

underutilized resources that are widely accessible and ecologically 

acceptable (Kerri, 2004). The water of acceptable quality is needed for 

agriculture, industry, home, and commercial uses, and great-quality water 

was essential for human life. Each of these actions contributes to water 

contamination. Hundreds of millions of dollars The need for water is 

growing, but all water resources are gradually becoming unsuitable for use 

as gallons of trash from all of these sources are being dumped into 

freshwater bodies each day. incorrect trash disposal The job of establishing 

appropriate remediation facilities for all pollutant emissions is tough and 

costly, therefore there is an urgent need for low-cost, low-maintenance, and 

energy-efficient new solutions. Because the monitoring system is minimal, 

the adsorption method is both cost-effective and technically simple to 

separate. The technological feasibility of a variety of low-cost adsorbents 

for the removal of heavy metals from polluted water is examined in this 

study (Renge et al., 2012).  

Heavy metals were discharged in large quantities into the environment as a 

result of increasing industrialization, posing a significant worldwide issue. 

Chromium, mercury, lead, nickel, copper, zinc, and cadmium are 

frequently found in industrial wastewaters originating from smelting, 

mining, metal plating, battery manufacturing, petroleum refining, paint 

manufacturing, tanneries, pesticide manufacturing, pigment manufacturing, 

photographic manufacturing, and printing, and so on (Ngah & Hanafiah, 

2008). Adsorption is a Physico-chemical remediation method for 

eliminating heavy metals from aqueous solutions that has been shown to be 

successful. If an adsorbent is plentiful in nature, needs minimal processing, 

and is a waste product from the waste industry, it may be called 
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inexpensive or low-cost. Plant waste is cheap because it has no or very 

little economic value (Bailey et al., 1999). Grape stalk waste (Villaescusa 

et al., 2004), rice husk ashes, Neem bark (Bhattacharya et al., 2006), and 

peanuts hull pellets (Johnson et al., 2002) were the most often studied 

untreated plant wastes. Tea trash (Adelaja et al., 2011), sago wastes (Quek 

et al., 1998), Imperata cylindrical leaves (Hanafiah et al., 2007), papaya 

woods (Saeed et al., 2005), Moringa Olivera pods (Wasewar, 2010), etc. 

Industries that conduct procedures such as electroplating, metal/surfaces 

finishing, and solid-state wafer manufacturing produce wastewater that is 

polluted with dangerous heavy metals. Some hazardous concentrations of 

metals, such as Zn, Ni, and Cu, are greater than permitted discharge limits 

in these wastes. As a result, before having to release these wastewaters into 

the surrounding areas, it is vital to eliminate these toxic metals via proper 

remediation (Li et al., 2013).  

Heavy metal toxicity: Toxic substances in groundwater and surface sources 

were designated as significant environmental pollutants owing to their 

movement in marine toxicity and ecosystems to greater living systems. 

Although once they were available in relatively, undetectable amounts, 

their recalcitrance and subsequent perseverance in bodies of water indicate 

that amounts may get raised to the point where they become hazardous due 

to natural processes including biomagnification. These metals are present 

in their elemental form, indicating that they have been not susceptible to 

further biodegradation or bonded in different salt complexes. Metals could 

be mineralized in either case. Aside from surrounding areas' considerations, 

technological elements of metal recovery from industrial waterways should 

be taken into account (Johnson et al., 2002).  

Hazards and Human Health: Chromium, Arsenic, Cadmium, Mercury, 

Lead, Nickel, Zinc, and Copper are some of the heavy metals that are 
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harmful to people. These metals were present in trace amounts in the soil 

naturally, posing little concerns. Nevertheless, when concentrated in certain 

locations, they pose a significant threat. Cancer may be caused by cadmium 

and arsenic, for example. Mercury may induce genetic damage and 

mutations, while zinc, nickel, and copper could harm the brain and bones 

(Goldblatt, 1958; Ngah & Hanafiah, 2008).  

Toxic impact on aquatic species: Toxic metals in the surrounding areas 

harm aquatic organisms. The surface water toxicity is mainly determined 

by the sediment composition and water chemistry (Volesky, 2003). 

Microorganisms mineralize the metals that are then carried by plankton and 

then by aquatic organisms. Eventually, once man eats fish from polluted 

water, the metals have been biomagnified multiple times.  

i.) Sublethal impacts on aquatic species might well be caused by 

slightly increased metal levels in natural waters: Changes in tissue 

histology or morphology;  

ii.) Alterations in physiology, including development and growth 

inhibition, decreased swimming performance, and circulation 

modifications;  

iii.) Changing in biochemistry, including blood chemistry and enzyme 

activity;  

iv.) Changing in behavior; and  

v.) Changing in imitation (Connell & Miller, 1984).  

1.4 Heavy Metals Waste Source  

Heavy metals-containing industrial waste streams have been produced by a 

range of businesses. Heavy metals (including titanium, silver, platinum, 

vanadium, copper, nickel, chromium, lead, zinc, and cadmium) are 

produced in large amounts by electro-plating and surface metals 

remediation procedures in a range of applications (Chuah et al., 2005).  
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Electroplating, electroless depositions, etching, milling, anodizing-

cleaning, and conversion-coating are only a few examples. Printed circuits 

board (PCB) manufacture is another major source of toxic substances 

waste. The most often utilized resistant over-plates were nickel, lead, and 

tin solder plates. Other sources of metal wastes involve the industry of 

processing wood that also produces arsenic-having waste from wood 

remediation by chromate copper-arsenates; inorganic pigments industrial 

production that also produces pigments usually has chromium compounds 

and cadmium sulfides; refining of petroleum that also products change 

catalysts polluted with nickel, vanadium, and chromium; and photographic 

processes that also produce the film with great silver and ferrocyanide 

amounts. All of these sources generate significant amounts of sludge, 

residue, and wastewater that may be classified as hazardous waste materials 

that need substantial waste remediation (Rana et al., 2004).  

Copper: In their effluents, the metalworking and electroplating factories 

release substantial quantities of toxic substances, including ions of nickel 

(Ni) and copper (Cu) (Hsu, 2009). Metal plating, pipe corrosion, fiber 

manufacturing, metallurgical, printed circuits, and mining sectors all 

contribute to copper pollution in the environment (Barrell, 1975). Pulp and 

paper, petroleum refineries, and woods preservation are the other main 

sectors that discharge copper in their industrial effluent.  

Copper contamination is also caused by sources of agriculture like animal 

manure, fungicidal sprays, and fertilizers. Copper might well be found in 

foods such as chocolates, nuts, mushrooms, liver, and shellfish as a 

pollutant. Copper-based packing containers might pollute products 

including beverages, water, and food (Kabata-Pendias & Pendias, 1992). 

Copper accumulation in the brain lenticular nucleus has been linked to 

neurotoxicity, often described as "Wilson's disease," as well as renal failure 
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(Timberlake & Orgill, 2009). Copper poisoning has caused jaundice and an 

enlarged liver in certain people, however the acceptable amount of Copper 

in the potable water is (1.3 ppm). One type of metallic fume fever is 

thought to be caused by it (Goldblatt, 1958). Sprays that contain Copper 

have been related to the increase in the cancer of lung amongst employees 

who have been subjected to them (Onundi et al., 2010).  

Electro-coagulation reactors come in a variety of shapes and sizes. 

Every system has its own set of benefits and drawbacks. The first 

significant difference among electrocoagulation reactors is whether a 

reactor has been designed as a batch or a batch system, which is critical for 

optimum efficiency. The bulk of applications, with a constant input of 

wastewater and working under steady-state conditions, clearly fall into the 

latter group. The fact that the coagulant needs of these reactor systems have 

been basically set is a significant benefit in terms of both operation and 

design. Batch reactors generally treat a set amount of wastewater each 

treatment cycle that has the apparent drawback of changing conditions 

inside the reactor over time (Comninellis & Chen, 2010).  

1.5 Objectives  

 The major goal of this investigation is to explore and inspect the 

characteristics of Coppe removal from wastewater using a batch flow 

electrocoagulation reactor. Also, this study is supposed to achieve the 

following  objectives:  

1. To study the combined effects of applied voltage (v), current density, 

stirring rate, initial copper concertation, PH, temperature, and type of 

anode on the efficiency of EC for the copper removing from aqueous 

solution by batch flow reactor and aluminum as anode and stainless 

steel as the cathode. 
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2. To investigate the best-operating conditions of the batch 

electrocoagulation method of the copper removal. 

1.6 Thesis structure   

 The thesis’s structure consists of five chapters, as follows:    

1- Chapter (1) is the introduction, which shows an overview of the 

subject wastewater background, Copper, and electrocoagulation. In 

addition, other heavy metals, objectives of this thesis, and thesis 

structure.  

2- Chapter (2); the removal of Coppers, deals with the theory of 

electrocoagulation, mechanism of electrocoagulation, comparison 

between batch and batch process, and literature review.  

3- Chapter (3): Experimental methods used to determine the 

concentration of copper ions, as well as the materials used in this 

thesis and apparatus.  

4- Chapter (4): Results and Discussion, deal with the results of the 

electrocoagulation batch reactor experiment, and analyses also, 

Factors affecting Copper removal are studied throughout this 

chapter. These factors are applied voltage (v),  current density, 

temperature, pH, initial copper concertation, stirring rate, and 

anode’s type.  

5- Chapter five: Conclusions and Recommendations, provides the 

conclusions and recommendations suggestions for future work. 
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Chapter Two 

Theoretical part and literature review 

2.1 Introduction  

 Across several developing and developed nations, contamination by 

Coppers is a severe issue. Evaporation, ion exchange, solvent extraction, 

reverse osmosis, electrochemical remediation, chemical reductions or 

oxidation, and Chemical precipitation are some of the traditional 

techniques for extracting metals from aqueous solutions (Ozsoy & van 

Leeuwen, 2009). 

EC treatment of wastewater was used for much of the twentieth century, 

with varying degrees of effectiveness and popularity. This method has been 

more popular in South America and Europe in the past decade for the 

treatment of industrial wastewater containing metals. It should also be 

mentioned that in North America, EC has predominantly been utilized to 

treat effluent from pulp and paper mills, as well as mining and metal 

processing. EC has also been used to treat water that has food wastes, oil 

wastes, colors, suspended particles, chemical and mechanical polishing 

waste, organic matter from landfill leachates, defluorination of water, 

synthetic detergent effluents, mining wastes, and Copper-containing 

solutions. EC is often used to identify main operational parameters for wide 

groups of polluted water or waste streams via empirical investigations (M) 

(Mollah et al., 2001).  

Electrocoagulation is a complicated process that involves many processes 

working together to remove contaminants from water. In the literature, 

there are many different viewpoints on critical mechanisms and reactor 

designs. An absence of a systems process would also have led to a plethora 



Chapter Two                                                    Theoretical part and literature review     

9 

 

of designs for electro-coagulation reactors that do not take into account the 

system's complexity. Understanding electrocoagulation and its regulating 

factors require a methodical, comprehensive approach (anode, temp, initial 

concentration, contact time, stirring rates, current density, voltage, and pH). 

In electrocoagulation, a current is passed via electrodes in water. The anode 

dissolves as a consequence of this (either iron or aluminum). These ions 

subsequently form hydroxides that bind to pollutants and/or adsorb them, 

causing them to precipitate out. The pollutants may then be removed from 

the water by settling, decantation, or filtering of the precipitation (Etiégni et 

al., 2010). 

 The charged particles in colloidal suspension were neutralized by mutual 

impact with metal hydroxides ions and agglomerated, followed by flotation 

or sedimentation, in chemical coagulation (CC) and EC. The fundamental 

distinction between chemical coagulation and electrocoagulation is the 

delivery method for iron or aluminum ions (Avsar et al., 2007).  

2.2 The difference between chemical coagulation and 

electrocoagulation (Liu et al., 2010) 

Electrocoagulation Chemical coagulation 

1- Because of the pH neutralizing 

impact, it worked across significantly 

wider pH ranges (3-10). 

1- Since hydrolysis of the metal 

salt causes a pH reduction, the 

final pH must constantly be 

adjusted. Chemical coagulation 

is very sensitive to pH changes, 

and successful coagulation is 

only possible when the pH is 

kept constant (7). 

2- Electrocoagulated flocks are 2- EC flocs were greater 
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substantially bigger than chemically 

coagulated flocks, contain less bound 

water, seem to be acid-resistant, and 

more stable, and thus may be readily 

extracted by filtering. 

compared with chemical 

coagulation flocs. 

3- Sedimentation or flotation might be 

used after the electrocoagulation 

procedure. 

3- Filtering and sedimentation 

are always performed after the 

chemical coagulation procedure. 

4- The contaminant may be carried to 

the solution's top by the gas bubbles 

formed throughout electrolysis, where it 

could have been focused, gathered, and 

eliminated more readily. 

4- There will be no bubbles 

created. 

5- The gas bubbles generated 

throughout electrolysis could indeed 

conduct the contaminant to the 

solution's top, where it could be more 

easily mainly focused, collect, and 

remove. 

5- Sludge generation is high. 

6- The electrocoagulation technique is 

used to treat low-turbidity water, low-

temp. 

6- When the temp and turbidity 

are low, chemical coagulation 

has a hard time producing a 

satisfactory outcome. 

7- Electrocoagulation is a basic 

procedure that needs little equipment 

and is straightforward to perform. 

7- High-level operational issues. 
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2.3 Theory of electrocoagulation process  

A direct current supply is processed by EC between metal electrodes 

submerged in wastewater. The dissolving of metal electrodes, most often 

aluminum and iron, into water is caused by an electrical current. At an 

adequate pH, dissolved metal ions may produce a broad spectrum of 

coagulated species and metal hydroxides, which destabilize and 

agglomerate suspended material or precipitated and adsorb dissolved 

pollutants (Katal & Pahlavanzadeh, 2011). 

This method uses a coagulant as a sacrificial anode (typically aluminum or 

iron) that is formed in situ (Figure 2.1). Anodes have often been made of 

aluminum or iron that dissolve to generate polymeric hydroxides, oxy-

hydroxides, and hydroxides. In EC, settling has been the most typical 

method, although flotation might well be accomplished using H2 

(electroflotation) or with the help of air injection (Essadki, 2012). 

 

Figure 2.1:Two-electrodes EC cell schematic illustrations (Essadki, 2012). 
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Throughout EC, three steps take place in order (Essadki, 2012): 

i. Coagulants are formed when a sacrificial anode is oxidized. 

ii.  Contaminant destabilization, particle suspension, and emulsion 

breaking. 

iii.  The destabilized components clump together to produce flocs. 

The contaminants could be in the system of (Essadki, 2012): 

1-  Particles of a large size By settling, it is simple to extract them from 

the water. 

2- Colloid. 

3- Minerals salts dissolved in water and organic compounds.  

 

Fig.2.2 Principles of Electrocoagulation (Dubrawski, 2013) 

The consumable (sacrificial) metal anodes M was seen in Fig. 2.2 A, in 

which they are employed to constantly create polymeric hydroxides in the 

region of the anode. Coagulation takes place once those metal cations 

interact with the negative particles transported towards the anode using 

electrophoretic motion, as seen in Fig. 2.2 B. Contaminants in the 

wastewater stream are treated in Figure 2.2 C either via chemical processes 

and precipitation or through chemical and physical attachment to colloidal 
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materials created by electrode erosion. Filtering, sedimentation, and 

Electro-flotation are used to remove them. 

It is difficult to employ decantation as a method for removing the greatest 

number of particles. This is particularly true in the case of colloids. 

Colloids were mineral or organic particles that range in size from a few 

nanometers to a few millimeters and are willing to take responsibility for 

turbidity and color (Essadki, 2012).  

2.4 Mechanism of EC  

  The processes of EC is the remediation of water and wastewater are quite 

complicated. Apart from EC, electroflotation, electrochemical oxidation, 

and adsorption were thought to be three additional probable processes at 

work (Kobya et al., 2011). Throughout this electrocoagulation process, 

seven primary steps happen: 

1. The movement to an electrode with the opposing charging 

(electrophoresis).  

2. Charging neutralization causes aggregation.  

3. With the contaminant, the cation or hydroxyl ion (OH) produces 

precipitation. 

4. The metallic cation binds to the contaminant by reacting with OH to 

generate a hydroxide with strong adsorption characteristics (bridge 

coagulation). 

5. The hydroxides sweep thru the water, forming bigger lattice-like 

formations (sweeping coagulation). 

6. Adhesion to bubbles and removing using electro-flotation or sediment  

Iron electrodes were used to study the mechanics of EC (Ni’am et al., 

2006). EC is depending on the notion that electrical charges affect the 

stabilization of emulsions, suspensions, and colloids. As a result, once extra 
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electrical charges are applied to charged particles through suitable 

electrodes, the surface charge of the particles becomes neutralized, and 

numerous particles clump together to form larger, separate agglomerates 

(Koparal & Öğütveren, 2002). 

Coagulant has been formed in situ via electrolytic oxidation of the anode 

material in EC with an electrical current passing between two electrodes. 

Fe(OH)n with n = 2 or 3 is generated at the anode with an iron anode. The 

cathode and anode of the iron electrodes have been described by 

simplification oxidation/reduction processes:  

Anodes:  

            
                                                                           (2.1)  

     
         

                                                              (2.2) 

Cathodes:  

                   
     

                                                        ( 2.3)  

Overall: 

                                                                                     

Utilizing aluminum electrodes to study the processes of EC (Koparal & 

Öğütveren, 2002). 

 The major reactions happening at the aluminum electrodes throughout 

electrolysis in the EC process have been well recognized: 

            (anode)               E
0
A = -1.66 V                       (2.5)  

Once the anode potential is reasonably high, oxygen evolution is also 

conceivable.   

      → O2 +     + 4e
-
                E

0
= -0.40 V                       (2.6)  

 Concurrently, a cathodic process happens, generally resulting in hydrogen 

evolution. The pH of the reaction at the cathode seems important. 

Hydrogen is created by Formula (2.7) at alkaline or neutral pH. 
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      + 2e− → 2O  + H2                           E
⁰
 = -0.83 V           (2.7)   

Formula (2.8) best captures hydrogen evolution at the cathode under acidic 

environments. 

2   + 2e− → H2                                           E
⁰
= 0 V                  (2.8)                          

Faraday's law states that the metal's dissolved amount is proportional to the 

electricity amount flowing thru the electrolytic solution (Sakarinen, 2016). 

In its most basic form, this formula provides:  

Al + 3    → Al (OH   +1.5                                                                         

Al + 4   +   → Al( OH  + 2                                                   ( 2.10) 

                 
 

   
                                                                         

w (metal) = the dissolved metal mass (g). 

I = the applied current (A). 

 t (s) = the time remediation (s).  

M = the electrode material in molar mass (M (Al) = 26.982 g/mol). 

 z = the ions valence of the electrodes material (z (Al) = 3). 

 F = The constant of Faraday, which equal to (96485 C/mol). 

2.5 Factors affecting electrocoagulation processes  

Much research has demonstrated that electrocoagulation is a complicated 

process that may be influenced by a variety of factors including 

temperature, anode, contact duration, initial amount, stirring rates, pH, 

voltage, and current density. 

2.5.1 Impact of Current Density 

Current density is an essential factor in EC since it controls the coagulant 

dose rate, bubble generation rate, floc size, and development, all of which 

have an impact on the EC's efficiency. The anode dissolving rate rises as 

the current density increases. As a consequence, the amount of metal 
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hydroxide flocs increases, increasing the effectiveness of pollution 

removal. Because adequate quantities of metal hydroxide flocs seem to be 

obtainable for contaminant sedimentation, an increase in current density 

above the optimal current density does not lead to an increase in pollution 

removal effectiveness (Doong et al., 1998; Fabbri et al., 2009). 

 

2.5.2 Impact of stirring rate  

 The main purpose of the rotating electrodes mixing rate is to effectively 

transfer the coagulant materials dissolved from the electrode to the EC 

reactor. The instability of flocks produced in the reactor might well be 

causing the loss in efficiency at greater rates of stirring. The stirring rate 

has no impact on the final pH. Slight increases in electrode dissolution have 

been found (Al Qedra, 2015). Generally, when the stirring rate is increased, 

coagulant matter forms bind together, and disperses in the reactor, making 

the contents homogeneous. Agitation aids in improving current efficiency, 

allowing for a greater working current density (Pletcher & Walsh, 2012).  

 2.5.3 Impact of temperature   

 The electrocoagulation process is also influenced by the temp of the water. 

The pace of reaction is increased as the temp is raised during 

electrocoagulation (Shen et al., 2006). The electrocoagulation process is 

also influenced by the temp of the water. The breakdown of an aluminum 

anode was studied at water temperatures ranging from 40 to 60 degrees 

Celsius. The destructive reaction of the oxide membrane will be accelerated 

as the temp rises, increasing the current efficiency. Once the temp above 60 

degrees centigrade, nevertheless, the current efficiency started to decline. 

The amount of colloid formed on the anode will decrease in this situation, 
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and pores created on the anode will shut. The aforementioned variables will 

be to blame for the existing inefficiency (Comninellis & Chen, 2010).  

2.5.4 Initial PH. 

 Researchers have conducted several investigations on electrocoagulation 

to see how it affects the overall mechanism of the process (Chen et al., 

2000). The pH of the wastewater is always taken into account while 

choosing the coagulation method (Canizares et al., 2005). Maximum 

removing efficiency is achieved at an appropriate pH level for a given 

contaminant, and precipitation starts at this pH. When the pH is changed 

from its optimal magnitude, its removing efficiency diminishes. Optimum 

effectiveness was reached at neutral pH levels of 6 to 8, whereas removing 

efficiency is about same at strongly acidic (pH less than 5) and extremely 

basic (pH more than 9) pH levels. However the pH does not stay constant 

during the process, it does change over time. 

2.5.5 Initial concentration 

Investigations have been performed using the CCD design to investigate 

the influence of initial Cu (II) various concentrations from 100 to 400 

mg/L. At lower initial amounts, removing efficiency has been increased; 

nevertheless, when the initial amount was raised, removing efficiency rose 

dramatically. Even though the efficiency only increased up to a certain 

point of the initial amount, beyond that it began to drop. This might be 

explained by the fact that the number of flocs generated was inadequate for 

Cu (II) adsorption at extremely high starting concentrations.  

2.5.6 Impact of electrodes materials   

The current remediation facility's core is the electrode assembly. Stainless 

steel, aluminum, and In the initial minutes, the effluent treated with an iron 
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electrode looked greenish, and also became yellow and muddy. Fe2+ and 

Fe3+ ions created during the EC process might well be responsible for the 

green and yellow colors. Fe
2+

 is the most frequent ion produced during the 

electrolysis of an iron electrode in situ. It seems to have a high soluble in 

acidic or neutral situations and could be easily oxidized into Fe
3+

 by 

dissolved oxygen in water (Babu et al., 2007), in which the effluent treated 

with aluminum electrode appeared white for the first time and remained 

white throughout the process, no sludge has been observed, and only white 

foam founded as the electrode has been eroded and liberated trivalent 

aluminum (Al
3+

). (Al
3+

) created an ionic couple with the wastewater 

contaminant. The development of a powerful coagulant occurred. There 

was good coagulation and flocculation.  

2.5.8  Contact time:  

The effectiveness of pollutant removal is already a function of the 

electrolysis time. As the electrolysis duration is increased, the effectiveness 

of pollution removal improves. However, beyond the optimal electrolysis 

time, the contaminant removing efficiency remains constant and does not 

improve when the electrolysis duration is increased. The disintegration of 

the anode produces metal hydroxides. With a constant current density, the 

number of produced metal hydroxides grows as the electrolysis time 

increases. The formation of flocs increases as the electrolysis duration is 

increased, resulting in an improvement in contaminant removing 

efficiency. The pollutant removing effectiveness does not improve when 

the electrolysis time exceeds the optimal electrolysis duration because 

adequate quantities of flocs were accessible for contaminant removal 

(Khandegar & Saroha, 2013).   
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 2.6 Previous Studies 

Research has been conducted to determine the ideal design of 

electrocoagulation reactors to retain a greater removing efficiency of 

contaminants and hazardous metals from aquatic environments while 

keeping ecological and economic principles in mind.  

(Rajemahadik et al., 2013) investigated the removing efficiency of toxic 

metals from electroplating wastewater utilizing an Al and Fe electrode as a 

material at pH variations of 9, 7.0, 5.0, and 3.0 for half an hour of retention 

time. Throughout most of the testing, the impacts of retention duration, pH, 

and electrode material were investigated, as well as energy usage and 

electrodes. In comparison to Al-Al and Al-Fe removing efficiency and 

usage cost, the maximum removing efficiency on optimization has been 

demonstrated throughout pH 9 at 0.1A current utilizing electrode 

combination of Fe-Fe and Fe-Al 100.0 percent of chromium and nickel 

removing within 20 minutes for INR 90.0/m
3
 for INR 90.0/m

3
.  

(Escobar et al., 2006) utilized flat commercial laminate steel plates for both 

electrodes in a monopolar configuration and utilized batch and continuous 

operational parameters to treat simulated contribute to water pollution 4, 4, 

and 12ppm of cadmium, lead, and copper, respectively. The pH ranges (4-

9) have been investigated, as were the current density=(11-108)A/m
2
 and 

flow rates=(6.3-17)cm
3
/min. This research discovered the ideal 

circumstances for better-removing efficiency: current density=(31-54) 

A/m
2
, flow rate=6.3 cm3/min, and pH=7. 

(Petsriprasit et al., 2010) investigated the removing of Coppers from billet 

manufacturing effluent using the electrocoagulation technique in batch and 

continuous tests at a lab-scale and ambient temp (30) C. The influence of 

several factors on metal removing efficiency, such as current density, 
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beginning wastewater pH, and electrolysis duration, has been investigated 

in a batch experiment. With a current density=98 A/m
2
, an initial 

wastewater pH=5, and a 30 minute electrolysis period, optimal metal ion 

depletion has been achieved. More than 99 percent of Zn, Cr, and Cu have 

been removed under these circumstances, and the outlet effluent had less 

than (0.05, 0.07, 0.01, and 0.02) mg/l of Zn, Pb, Cr, and Cu, respectively. 

The findings showed that the continuous process achieved steady condition 

after 2 hr and that the optimal condition for continuous treatment was 

identified at an initial wastewater pH of 3 and a flow rate of 55 ml/min. Cu 

and Pb have been completely removed, whereas Cr and Zn had been 

removed at a rate of better than 99 percent. 

Batch electrocoagulation (EC) utilizing monopolar iron electrodes for 

simultaneous removing of manganese (Mn), zinc (Zn), nickel (Ni), and 

copper (Cu) from a sample of wastewater were researched by (Al Aji et al., 

2012). To find the ideal experimental situations, the impacts of beginning 

pH (3, 5.68, 8.95), initial metal amount (50-250 mg/L), and current density 

(2–25) mA/cm
2
 on removing efficiency have been investigated in a batch 

stirred cell. Under the optimal experimental circumstances, the findings 

demonstrate that EC was extremely efficient in removing toxic metals from 

the sample of wastewater, which had an initial amount of 250 mg/L for 

each metal. High pH levels seem to be more favorable for metal removing 

with EC remediation, depending on preliminary pH measurements.  

(Murthy & Parmar, 2011) investigated the removing of strontium utilizing 

aluminum electrodes and stainless steel inelectrocoagulation. 

Electrocoagulation has been used to remove strontium up to (100mg/L) 

from synthetic wastewater. The removing efficiency of aluminum 

electrodes and stainless steel have been evaluated in terms of 

electrocoagulation duration, current density, the quantity of electrolyte 
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injected, solution pH, the distance between electrodes, temp, and starting 

strontium content. For both electrode materials, initial operational cost 

estimates were discovered. Utilizing adsorption kinetics models for pseudo-

second-order and pseudo-first-order, the strontium removing data has been 

utilized to discover adsorption kinetics. The best operational factors are 50 

minutes of process duration, 8mA/cm2 current density, and solution pH 5, 

with removing efficiency of roughly 77 percent and 93 percent attained 

utilizing aluminum electrodes and stainless steel, respectively. The results 

fit the pseudo-second-order kinetic model higher than the pseudo-first-

order model. 

(Heidmann & Calmano, 2010) explored the efficiency of an 

electrocoagulation technique for the removal of Cr, Cu, and Ni from 

galvanic wastewater. Many factors were studied to see how they affected 

the removing outcomes and electrocoagulation effectiveness. They found 

that electrocoagulation might be a suitable alternative to traditional 

techniques for treating heavily polluted wastewater with concentrations up 

to a few hundred mg/l in this investigation. The findings were eliminated 

due to the use of Al and Fe electrodes, as well as an initial pH magnitude of 

more than 5. 

(Bayar et al., 2013) explored the viability of electrocoagulation for 

cadmium removal from water. The impacts of conductivity (j), stirring 

speed, reaction duration (t), initial amount (C0), and initial solution's pH on 

cadmium removing from chemically synthesized wastewater having 

cadmium in the batches EC method have been examined in this work. The 

initial pH of the solution seems to be a key element impacting cadmium 

removal, according to the findings of the experiments. In the trials, the pH 

of the starting solution ranged between 3 and 6. Even though specific 

energy usage rose as cadmium amount decreased due to poor conductivity, 
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cadmium removing efficiency had also been better at 25 mg/l than 1,000 

mg/l. The efficiency of cadmium removal is reduced by stirring speeds 

below and above 150 rpm. The electrocoagulation approach was shown to 

be quite successful in removing cadmium from aqueous solutions.  

(Wided et al., 2014) evaluated the impact of employing aluminum electrodes 

to extract lead and copper from a contaminated solution utilizing batches of 

electrocoagulation reactors with bipolar electrodes. The starting pH (3-7) 

magnitude, plane electrodes' applied current densities (0.147-1.470) m A/cm2, 

reaction duration (0-60) mins, and solutions conductivity (415-1107 mS/cm) 

have all been investigated. The maximum removing efficiency for each of 

these contaminants at 70ppm initial amount is 54.1 percent and 91.4 percent 

for copper and lead ions, respectively, after 30 minutes when pH is 5, the 

current density is 1.029 mA/cm2, and solution conductivity is 1.107 mS/cm, 

according to this research. 

The influence of reactors design specifications on cadmium removal from 

industrial wastewater has been explored by (Brahmi et al., 2018). The 

optimum cadmium removing has been accomplished with a surface 

area/volume proportion (S/V) of 13.6 m2/m3, stirring speed=300 rev/min, 

monopolar connection mode, inter-electrode spacing= 5 mm, and an initial 

temp of 50 degrees centigrade, based on an analysis of the design 

specifications one by one. The electrodes arrangement, inter-electrode 

spacing, and S/V proportion are the characteristics that influence the 

operational cost, according to the research. The cost of remediation, energy 

usage, and pH change have all been investigated. In under 5 minutes, 100 

percent cadmium elimination had been achieved. 

(Rehman et al., 2015) used iron and aluminum metal to explore the influence 

of plane electrodes metal on response variables. In a continuous 

electrocoagulation reactor, bipolar electrodes have been used to investigate 

additional parameters including current density (0.007-0.04) A/cm2, hydraulic 
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retention time (20-120) seconds, inter-electrode distance (0.4-24) cm, and pH 

(3-9). Under current density=0.026 A/cm2 and pH=6.32, more than 95 percent 

of the original amount (63 ppm Pb ion, 110 ppm Ni ion, and 105 ppm Cu ion) 

seems to have been exposed, with a very low power usage (1.6 kW h/m3).  
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Chapter Three 

Materials and Methodologies 

 

3.1 Introduction 

 In the current chapter, an electrocoagulation reactor (cell) contains two 

electrodes; mild steel or aluminum was utilized as anodes while stainless 

steels were utilized as cathodes for removing copper from simulated 

wastewater by the EC  reaction. The study consists of a selection of eight 

variables which are reported as affected operation variables on EC reaction 

and screeing which are more significant effects on it. The optimum 

operating conditions were identified. The kinetics and thermodynamics for 

EC reaction were investigated. and the Application of the Box-Behnken 

method to the most influential factors on the copper removal process. 

3.2 Chemical Materials 

The chemical compositions, the materials’ purity utilized in the current 

investigation have been presented in table 3.1 

Table 3.1: Chemical utilized 

NO. Chemical       Formula 

1 Copper nitrate Cu(NO3)2  purity equal to 99.99%wt 

2 Sodium hydroxides       pureness=97.5 % wt 

3 Hydrochloric acids      pureness=38%wt  
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3.3 Apparatus 

The electrocoagulation reactor is electrochemically cells that consist of a 

1.0 L glass vessel fixed with a cover of (PVC) that contains holes to install 

the electrodes, in which the anode iron or aluminum while the cathode is a 

stainless steel ring 

 

Figure 3.1: Hard anodes of iron and aluminum 

 

In the present work, the diameter of anodes 1cm with 20 cm long, the 

effective area of the Aluminum and iron electrode was 62.4cm². The area 

of the submerged part of the anode was 31.2cm² 
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Figure 3.2: cathode stainless steel ring 

The reactor is supplied with the thermometer, pH meter, in which the 

electrocoagulation reactor (cell) is immersed in the water bath. The cell 

was equipped by the power supply (Type (TXN-1502D  with a ranging of 

voltage 0-30 V and current ranging from 0-2 A, as to accuracy 0.01% ), 

two multimeters (model number DT 832  and basic accuracy is 0.75% with 

range 0-10 amperes)  for current and voltage measurement, pH sensor 

(Type: PH - 80 which has a range of pH 0-14), 0.1 resolution and accuracy 

(± 0.01), thermometer and multi-speed stirring motor. Four digits balance 

was utilized also. 

3.4 procedure:  

 The Experimental  objectives of the study work are:  
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3.5. The Simulated Wastewater Samples 

Copper nitrate Cu (NO3)2.3H2O has been dissolved in distilled water to 

make 1000 ppm copper stocking solutions. 5 grams of copper nitrates have 

been dissolved to make 1000 ppm copper stocking solutions. the necessary 

concentration (200 mg copper/l) was calculated using the dilution formula 

from the stocking solutions:  

V1×C1= V2×C2                                                             (3.1) 

3.6. Batch Mode of Electrocoagulation Operations    

The basic layout of the apparatus and experimental equipment utilized in 

this study is depicted in Fig. 3.3, which is a snapshot of the experiment 

conducted utilized in this study. 

 

Fig 3.3: EC reaction apparatus plan, 1) power supplier, 2) anodes, 3) 

electrochemical cell, 4) thermometer sensors, 5) cathodes, 6) water basin, 

V–voltmeter, A-ammeter. 
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3.6.1. The General Procedure of Each Experiment 

The electrodes were rinsed in before each run; electrodes were washed with 

sodium hypochlorite solution to remove surface grease. At the end of each 

run, the electrodes were rubbed with sandpaper and then rinsed with 0.1N 

HCl solution followed by water to remove any solid residues on the 

surfaces and dried. Feed stocking solutions have been produced by 

dissolved copper nitrates Cu (NO3)2.3H2O in distilled water. The 

electrolyte’s pH has been fixed, when essential, with 0.9-M in 500 ml water 

or HCl solutions. All operation conditions were adjusted according to the 

PBD matrix shown in Table3.3. The electrodes were immersed in an EC 

reactor (cell) which contains simulated wastewater, and power supply 

power according to the required voltage and current, as well as the stirring 

motor switched on at the same time samples were taken at end of each run 

to determine copper concentration. 

The variables chosen in this work are reaction time, current time, voltage 

supply, stirring rate, initial copper concentration, solution pH and reaction 

temperature, and type of electrode, which symbolic A, B, C, D, E, F, G, 

and H respectively as listed in Table 3.2 

3.6.2. Analytical Procedure     

Copper concentration has been investigated utilizing UV-visible 

spectrophotometers (Spect roquant Pharo 283; MERCK, Darmstadt, 

Germany). The equation utilized to calculate the wastewater removal 

efficiency and COD in the treatment experiments was  

       
                          

             
                               

 

Where RE % is copper removing efficiency. 
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3.6.2.1. Screen the variable Plackett –burman design  

The investigation of the impact of studied variables is done in three steps; 

the first step is variables selection with their levels, the second step is to 

design the experiment matrix and the third step is result analysis. The 

analysis step consists of the application of Plackett-Burman design PBD, in 

which PBD is the statistical technique utilized to study studied variables on 

EC process as well as reduce the number of the repeated experiment, it is a 

two-level factorial design i.e. -1(low) and, +1(high) that detects 

significance variables on EC process by screening studied factors (Kennedy 

& Krouse, 1999). The studied variables chosen were with their level listed 

in the table and the Plackett-Burman matrix design shown in Table 3.2. The 

main impact was estimated by calculating the difference between average 

measurements for each factor at high and low levels, while the design 

screening variables based on a first-order regression model  

           ∑                                               

Where RE% is the response, β0 and βi are intercept and variables parameter 

respectively. The variables screening was done by aim of Minitab software 

version 17. 

Table 3.2: the high and low levels for all selected variables  

 Variables ( parameter)  Units Low levels (-1)  Great levels (1) 

1 Reaction time (A) Minutes 10 40 

2 Current density(B) A/cm
2
 1 3 

3 Voltage supply (C) Volt 2 10 

4 Stirring rate(D) rpm 0 1000 

5 Initial copper concentration (E) ppm 100 400 

6 Solution pH (F) - 3 10 

7 Reaction temperature (G) °C 50 70 

8 Type of anode (H) - Al Fe 
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Table 3.3–Plackett-Burman design PBD matrix 

Run Contact 

time 

A 

current 

density 

B 

voltage 

supply 

C 

stirring 

rate 

D 

Initial 

Copper 

conc. 

E 

pH 

F 

Temperature 

G 

Anode 

H 

1 -1 -1 -1 1 1 1 -1 Al 

2 1 1 -1 1 1 -1 1 Fe 

3 -1 1 -1 -1 -1 1 1 Al 

4 -1 1 1 -1 1 -1 -1 Fe 

5 1 1 1 -1 1 1 -1 Al 

6 -1 -1 1 1 1 -1 1 Al 

7 1 -1 1 1 -1 1 -1 Fe 

8 -1 -1 -1 -1 -1 -1 -1 Fe 

9 1 -1 1 -1 -1 -1 1 Al 

10 1 -1 -1 -1 1 1 1 Fe 

11 1 1 -1 1 -1 -1 -1 Al 

12 -1 1 1 1 -1 1 1 Fe 

 

The standard calibration curve was plotted for known concentrations of 

copper by measuring the absorbent by UV Spectrometry as shown in 

fig.(3.3) The absorbance value for unknown sample was interpolated to 

obtain concentration from the calibration curve.  
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Fig.3.5 Standard Calibration Curve of copper at Different Concentration 

(20, 50, 100,200, 300, 400and 500 mg/l) (Absorbance Versus 

Concentration).  

3.6.2.2. Application Of Box Behnken Design 

The first three variables that most affect removal efficiency, pH, initial 

concentration, and temp', have been chosen, and researchers performed a 

new study using the Box-Behnken Design (BBD) 2nd order model design, 

among many other RSM methods, for modeling work, improvement, and 

interpretation of findings since its benefits over others that include: taking 

cognizance of deformation (nonlinear presence) of response that is beyond 

the skill of the first three factors (Ouhadi et al., 2010). Version 18 for 

Minitab was the mathematical program utilized to accomplish these above 

goals. Fifteen tests have been designed with three parameters (independent 

parameters) utilizing the BBD method: pH value, initial concentration, and 

temperature 

The set of tests needed to cover the range of factors has been estimated 

using the Box Behnken matrix (Equation) (3.4) (Essa et al., 2013). 

N = 2k (k-1) +r                                    (3.4) 

y = 0.0042x 
R² = 0.961 

0
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Whereas: 

N: the tests numbers, 

 K: the parameters numbers, and  

R: the replicated central points’ numbers.  

The method suggested that the levels of the variables were modified at just 

three levels (+1, 0, -1) and the intervals between these levels were similar. 

The overall experiments number calculated by Formula (3.4) for three Box 

Behnken model variables is 12 in addition to three central point replication 

amounts, therefore, the total would be fifteen experiments to determine the 

impact of independent parameters on the removing process. Corresponding 

to the experimental designing approach of Box Wilson, 27 tests were 

required to cover three independent machine parameters. 

Table 3.4 Independent (controllable) variables and their levels. 

Parameters (unit) Character Level 

Concentration(ppm) 

Temperature(G) 

pH 

Coded Actual -1 0 1 

x₁  

x₂  

x₃  

X₁  

X₂  

X₃  

200 

40 

3 

350 

50 

7 

500 

60 

11 

 

Table 3.4 demonstrates X₁ , X₂ , and X₃  the actual parameters (factor) 

selected for designing the 3-levels high= (+1), intermediate= (0), and low (-

1) magnitudes. The coded parameters (x₁ , x₂ , and x₃ ) have been 

connected to parameters by Formula: 

𝑋𝑖  
𝑋𝑖  𝑋𝑜

𝛥𝑋𝑖
 ;        𝑖   , ,                                               5  

 

 

 Whereas: 
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The independent variable real magnitude at the central level= X0 and the 

interval magnitude= ΔX5  

Table 3.5 Box-Behnken design matrixes. 

Run Design parameters 

x₁  x₂  x₃  

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

7.0 

8.0 

9.0 

10.0 

11.0 

12.0 

13.0 

14.0 

15.0 

-1.0 

1.0 

-1.0 

1.0 

-1.0 

1.0 

-1.0 

1.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

-1.0 

-1.0 

1.0 

1.0 

0.0 

0.0 

0.0 

0.0 

-1.0 

1.0 

-1.0 

1.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

-1.0 

-1.0 

1.0 

1.0 

-1.0 

-1.0 

1.0 

1.0 

0.0 

0.0 

0.0 

 

Table 3.5 indicates the Box Behnken matrixes are the experimental 

discovery organized at random orders to maximize the Copper removal 

mechanism in terms of estimating the initial concentration, pH, and 

temperature on the performance of removal of Coppers (Ferreira et al., 

2007).  

The findings obtained for the impact of initial concentration, pH, and 

temperature on removing performance could be equipped by Minitab as a 

second-order polynomial which could be utilized to estimate the optimum 

for three parameters where Formula reflects the second-order polynomial 

(3) (Mourabet et al., 2017).   

               ∑       ∑         ∑                                      

     Whereas: 
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 The response of estimating is y,  

The coefficient of intercept is  0,  

The linear influence (slope) of input parameter xi is  i,  

The linear interaction is influenced by linear between two input parameters 

xi is  ij, and  

 ii is squared influence.  

Analysis of variation To find variations in the rate of success of the 

variables tested, ANOVA has been utilized as a mathematical tool for 

decision-making, at which a total of square and F-statistics have been 

utilized to explain the relative significance of analyzed data processing and 

error and unregulated parameter estimation. The machine randomized the 

tests to be carried out, as seen in Table 3.6, according to the BDD test 

design. 

 

 

Table 3.6 Box-Behnken design matrixes. 

run studied variables Result 

 Initial 

concentration 

pH temperature   

1 200 3 50   

2 500 3 50   

3 200 11 50   

4 500 11 50   

5 200 7 40   

6 500 7 40   

7 200 7 60   

8 500 7 60   
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9 350 3 40   

10 350 11 40   

11 350 3 60   

12 350 11 60   

13 350 7 50   

14 350 7 50   

15 350 7 50   

 

3.6.2.3. The procedures of Optimization  

The computational optimization has been accomplished by the method 

steps below: 

Step 1: Selecting targets for all of the optimization variables and responses 

concerned.  

Step 2: Entering both high and low variables and response magnitudes 

limits. 

Step 3: Depending on the models produced, the software then explores 

within the designing space and selects the combination of parameters that 

best match the specified objectives. 
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Chapter Four 

Result and Discussion 

4.1. Introduction 

Several groups of experimental have been carried out with different 

situations to investigate the influence of these variables on the removing 

efficacies in the electrocoagulation technique. The study is done by 

obeying the following steps: 

1- The first step in the present chapter will clearly illustrate the results 

impact of studies some affected operation variables on copper removal 

from simulated wastewater, in which the impact of studied factors was 

examined to identify the most significant variables from chosen studied 

variables on the response by applied Plackett-Burman experimental design 

PBD. 

2- The most affected variables that appeared during the application of 

PBD in the previous step were studied more deeply via applied Box-

Behnken experimental design, in which the application of Box-Behnken 

included result analysis, results fitting, and optimization. 

3- The specific energy consumption (SEC) was studied also as an 

attempt to analyze the energy consumed during the process. 

4- The reaction kinetics and thermodynamics parameters were 

estimated in this study.    

4.2. Plackett-Burman design (PBD)   

Table 4.1, shows the actual results gain from the experiments designed 

according to PBD experimental design. The PBD is a basic tool in filtering 
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the effects of process factors on response. The regression model was gained 

by using PBD, which predicted how variables affect the response, and by 

the aim of Minitab software the solution of the equation was expressed by 

coefficient R
2
 equal to 0.91, so the model equation can be result by fitting 

actual results as a first-order equation: 

RE%=67.20+ 3.40 A+ 3.35 B+ 3.39 C- 0.81 D+19.22 E+12.10 F+ 4.86 G-

 3.18 H     (4.1) 

Table 4.1 – Actual result for the 12 runs designed according to Plackett-

Burman matrix design 

ru

n 

Conta

ct 

time 

curre

nt 

densi

ty 

volta

ge 

suppl

y 

stirring 

rate 

initial 

Copper 

conc. 

pH Temperat

ure 

Anod

e 

RE

% 

1 10 1 2 1000 400 10 50 Al 19 

2 40 3 2 1000 400 3 70 Fe 14 

3 10 3 2 0 100 10 70 Al 9

0 

4 10 3 10 0 400 3 50 Fe 51 

5 40 3 10 0 400 10 50 Al 63 

6 10 1 10 1000 400 3 70 Al 57 

7 40 1 10 1000 100 10 50 Fe 9

2 

8 10 1 2 0 100 3 50 Fe 97 

9 40 1 10 0 100 3 70 Al 89 

10 40 1 2 0 400 10 70 Fe 75 

11 40 3 2 1000 100 3 50 Al 73 

12 10 3 10 1000 100 10 70 Fe 88 
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The Pareto chart (Figure 4-1) was obtained by the aim of Minitab software, 

and it can tell us every parameter contribution to the changeability in the 

copper removing or in another meaning which studied variables are more 

significant effect on process response.  The absolute values of the effects 

were plotted designated utilizing the line of reference on the diagram. In 

the findings, stirring rate, anode without substantial impact on copper 

removing, while initial copper concentration, solution pH, and reaction 

temperature were the most efficient variables. The copper removing 

efficiency was optimized by the aim of  Minitab software in the application 

of response optimization, Figure 4-2, shows the predicted operation 

conditions which lead to the optimum value of copper removing efficiency, 

the theoretical maximum removal efficiency is 98% ( which calculated 

according to coded variables ) which analog for applying operation 

conditions; contact time (40 minutes), current density (3 A/cm
2
), voltage 

supply (10 volts), initial copper concentration (200 ppm), reaction 

temperature (70°C) with no stirring rate and using Fe as an anode. 

Figure 4-2; also show the impact of studied variables individually, the 

removal efficiency increasing with the contact time, current density, 

voltage supply, reaction temperature, and pH, while it was decreased with 

increasing stirring rate. It can be noted that removal efficiency is higher 

when using Fe as anode than Al anode. 
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Figure 4-1 – The standardized main effect Pareto chart for PBD. 

 

Figure 4-2 Optimum conditions for electrocoagulation reaction for removal 

of copper from simulated waste water. 
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Researchers have conducted many experiments on electrocoagulation to 

investigate the effect of solutions pH on the general mechanism of the 

processing (Chen et al., 2000). The wastewater pH is always taken into 

account while choosing the coagulation method (Cañizares et al., 2009). 

Optimal removing efficiency is achieved at an appropriate pH level for a 

given contaminant, and precipitation starts at this pH. When the pH is 

changed from its optimal magnitude, its removing efficiency diminishes. 

As shown in the three-dimensional graphs (Figures 4-3, and 4-4), the 

greatest efficiency is attained at neutral pH spanning from 6 to 8, whereas 

removing efficiency is almost the same at very acidic, that seems to be, pH 

less than 5, and extremely basic, such that, pH more than 9. However the 

pH does not stay constant during the process, it does change over time.  

Experiments have been carried out as per PBD at different beginning 

amounts ranging from 100 to 400 mg/L to investigate the influence of the 

initial Cu (II) amount. Figure 4 shows that lower beginning amounts 

resulted in poorer removing efficiency; nevertheless, when the initial 

amount was decreased, the removing efficiency decreased . However, this 

increase was just temporary, since the efficiency decreased after a certain 

point of initial focus. This might be owing to inadequate quantities of flocs 

being generated for Cu (II) adsorption at extremely high starting amounts. 
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Figure 4-3. Contour chart for the impact of initial copper concentration and solution pH 

by using Fe as the anode. 

 

Figure 4-4. Response surface plot for the impact of initial copper concentration and 

solution pH by using Fe as the anode.   
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The models become created based on experimental evidence and 

demonstrated to be true at a 95 percent confidence interval by both 

statistical tests and hypotheses, providing some degree of confidence 

depending on the facts acquired from these plots. These graphs allow us to 

analyze further and appreciate the impact on the reactions in this analysis 

of the independent Variables of concern (initial concentration, pH, 

temperature). 

The response surface contour and surface response diagrams demonstrating 

the impact of pH applied initial concentration, and temperature on the 

removing efficacies of Coppers depending on 12 experimental are seen in 

figures (4-5) to (4-6). Except for great amounts, which tend to drop for a 

period leading to a shortage of adequate sites on the surface of the 

adsorbent materials to obtain a relatively great removing proportion, the 

great efficiency response of removing along the time of electrolysis for all 

magnitudes of the initial amounts of copper. The same behavior for 

changing the magnitude of removing efficiency with pH throughout every 

experiment, in which it is clear that this response varies depending on the 

magnitude of the, which is associated to the release of hydroxyl ions from 

the cathodes and aluminum ions from the anodes as a natural result of the 

continuous flow of electric current thru the electrodes, as mentioned by 

(Bayar et al., 2013). The magnitude of the removing efficiency response 

will be affected by the production of adsorbent material on the other hand, 

and the changes in the pH magnitude on the other side. 
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 Figure 4-5- Response surface plot for the impact of initial copper 

concentration and reaction temperature by using Fe as the anode.   

 

Figure 4-6. Response surface plot for the impact of initial copper 

concentration and reaction temperature by using Fe as an anode.  
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4.3. Box-Behnken Design (BBD) 

For studying the effects of studied variables more deeply it took the first 

three variables, and these variables were conducted by the Box-Behnken so 

that we know their study extensively.  

Table 4.2: Experiment Details and Consequences for Behnken Box System 

(BBD) 

Run Temperature pH Initial 

Conc. 

Actual Removal efficiency 

of Cu% 

T pH C 

1 50 3 200 97 

2 50 3 500 83 

3 50 11 200 40 

4 50 11 500 25 

5 40 7 200 60 

6 40 7 500 53 

7 60 7 200 82 

8 60 7 500 63 

9 40 3 350 88 

10 40 11 350 26 

11 60 3 350 90 

12 60 11 350 33 

13 50 7 350 74 

14 50 7 350 74 

15 50 7 350 74 

 

4.3.1. Statistical Analysis and Models’ Fitting  

 Depending on the experiment design, the results presented in Table 2 are 

the experiment outcomes. The variance analysis for all the responses 

modeled that included Cu removing efficiency has been illustrated in Table 

3. As identified in the variance analysis table at the 5 % significance level, 
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the response models developed have been evaluated with all the necessary 

probability and statistical tests. A possibility magnitude (p-magnitude) < 

0.05 indicates that a model is statistically effective in predicting response. 

The model’s p-value 0 has arrived at Cu removal. This ensures that all 

models in their predictions were very significant. The model has been 

looped many times for each model developed to eliminate the insignificant 

terms until a final refined model has been developed in which all the terms 

were significant depending on p-value <0.05.  

 RE%    =-92.1 + 0.3208 c + 3.78 PH + 4.67 T - 0.000633 c*c 

- 0.7344 PH*PH - 0.0525 T*T - 0.00250 c*PH + 0.003000 c*T 

- 0.0000 PH*T  

(4.2) 

 

Table (4.3) analyzing of difference table (ANOVA) for Cu removing 

Sources DF Adj-SS Adj-MS F-

magnitude 

P- 

magnitude 

Models 9 8464.83 940.54 209.01 0.000 

Linear 3 7160.50 2386.83 530.41 0.000 

C 1 18.00 18.00 4.00 0.102 

PH 1 6962.00 6962.00 1547.11 0.000 

T 1 180.50 180.50 40.11 0.001 

Square 3 1214.33 404.78 89.95 0.000 

C
2
 1 749.77 749.77 166.62 0.000 

pH
2
 1 509.77 509.77 113.28 0.000 

T
2
 1 101.77 101.77 22.62 0.005 

2-Way 

Interaction 

3 90.00 30.00 6.67 0.034 
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Sources DF Adj-SS Adj-MS F-

magnitude 

P- 

magnitude 

C × pH 1 9.00 9.00 2.00 0.216 

C × T 1 81.00 81.00 18.00 0.008 

T × pH 1 0.00 0.00 0.00 1.000 

Error 5 22.50 4.50   

Lack-of-Fit 3 22.50 7.50 * * 

Pureness Error 2 0.00 0.00   

Sum 14 8487.33    

 

The coefficient of the correlation model is obtainable in Table 4 with an R² 

magnitude of 99.73% arrived at for Cu removing. Although R² is 

considered skewed (Lucas, 2010; Zhang et al., 2014), a stronger coefficient 

of correlation is also used, which is less skewed and more reliable to 

determine the adequacy of the model named adjusted R².   

For example, the response surface models for Cu removing has great 

adjusted R² magnitude and Cu removing is in good alignment with the 

respective predicted R², as demonstrated in Table 4.  

 

Table 4.4: Surface reaction model with the coefficient of correlation 

magnitude for reaction 

S R
2
 R

2
 (adj) R

2
 (pred) 

2.12132 99.73% 99.26% 95.76% 

 

4.3.2. The Validations and Diagnostics of RSM Models’   
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 As a feature used in this study, the proposed models have been analyzed 

statistically and also have demonstrated to be sufficient for their respective 

forecasts of the reactions. Such a section reviews the mathematical 

expectation simulations over which the simulation variance analyzing 

(ANOVA) relies as well as validates the accuracy of the model in terms of 

experimental (actual and predicted magnitudes. Figure (4.7) offer the graph 

for the generalization of simulation and verification for removing Cu. The 

model's accuracy of the model has been validated utilizing 95 percent limits 

of confidence.  

It's important to note that model validation and diagnostics have become 

the final parameter used here for model prediction testing of credibility, 

adequacy, and accuracy of the model. And the developed model followed 

the requirement that validates the model to predict the dependent variable 

analyzed below. 

 

Figure 4.7: Model Validation:  Actual vs Predicted removal efficiency 

4.3.3. Impact of Factors on Surface Response  
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Surface response and scatter plots have been created depending on the 

response surface model produced in this segment (4.2). The model become 

created based on experimental evidence and demonstrated to be true at a 95 

percent confidence interval by both statistical tests and hypotheses, 

providing some degree of confidence depending on the facts acquired from 

these plots. These graphs allow us to further analyze and appreciate the 

impact on the reaction in this analysis of the independent variables of 

concern (initial concentration, pH, and temperature) on the response of this 

study from Copper removing efficiency. 

4.3.4 Removal efficiency of Coppers 

 The surface response and contour diagrams demonstrating the impact of 

pH, temperature, and initial Copper amount on the removing efficiency of 

Copper dependent on the fifteen experimental findings are seen in figures 

(4.8) to (4.13). The statistics suggest that an increase in temperature 

improves the removing performance, which could be attributed to an 

increase in the movement of Copper ions as a consequence of an increase 

in the temperature. With the rise in pH in purification solution, the 

removing efficiency of all Coppers was demonstrated to decrease, because 

the ions transportation of metals happened from the cathode's towards the 

anode as well as the ions amount of metals moved to increase with the 

decrease of the pH of the solution, since the propensity for ions of the metal 

to be adsorbed into the solution particles as well as rises as pH increase. 

Exchanges of ion and precipitation are other potential causes that might 

contribute to a reduction in removing efficiency. 

The temperature and initial copper concentration were caused by 

decreasing of copper removal efficiency until they are reached the optimum 

points (temperature 50 °C and initial copper concentration 200 ppm) 
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(Nwabanne et al., 2018) The solution pH plays an essential function in the 

efficiency of copper ion removal throughout the electrocoagulation process, 

as the increase in solution pH leads to reduce in the removing efficiency, 

whatever in case of studying the interaction effect of temperature with 

solution pH; the removal efficiency increasing with temperature for the 

constant value of solution Ph (Prasetyaningrum et al., 2021).  

The interaction effect of solution pH and initial copper concentration 

illustrated via surface response and contour chart, in which the copper 

removal efficiency decreased as pH solution increased as the initial copper 

concentration increased until it was reached to about 200 ppm ( optimum 

point) and started decreasing and this is agreed with  Prasetyaningrum 

report (Prasetyaningrum et al., 2021). 

 

Figure (4.8) surface response diagram showing the interactive effect of 

initial concentration and temperature on copper removal efficiency with 

keeping solution pH at 7. 
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Figure (4.9) contour chart showing the interactive effect of initial 

concentration and temperature on copper removal efficiency with keeping 

solution pH at 7 
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Figure (4.10) surface response diagram showing the interactive effect of 

solution pH and temperature on copper removal efficiency with keeping 

initial concentration at 350 ppm. 

 

Figure (4.11) contour chart showing the interactive effect of solution pH and 

temperature on copper removal efficiency with keeping initial concentration at 350 

ppm. 
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Figure (4.12) surface response diagram showing the interactive effect of solution pH 

and initial concentration on copper removal efficiency with keeping temperature 50 °C. 
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Figure (4.13) contour chart showing interactive effect of solution pH and 

initial concentration on copper removal efficiency with keeping 

temperature 50 °C. 

4.4 SEC study  

The SEC values were calculated according to the equation  

    
  

        
                                                                                     

Energy usage and operational factors are linked by an empirical numerical 

relationship: 

specific Energy Consumption 

 

= -56.63 + 0.18267 c - 0.0047 pH 

+ 1.1386 T - 0.000209 c*c 

- 0.20906 pH*pH - 0.013325 T*T 

- 0.000250 c*pH - 0.000542 c*T 

+ 0.06931 pH*T 

 (4-4) 

 

 

Table (4.5) analyzing of variance table (ANOVA) for Energy usage 

Difference Analyzing 

Sources DF Adj-SS Adj-MS F-magnitude P- magnitude 

Models 9 194.230 21.5811 1908.99 0.000 

Linear 3 43.821 14.6069 1292.08 0.000 

C 1 10.013 10.0128 885.70 0.000 

pH 1 25.526 25.5255 2257.90 0.000 

T 1 8.282 8.2825 732.64 0.000 

Square 3 116.931 38.9771 3447.78 0.000 
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c*c 1 81.737 81.7367 7230.14 0.000 

pH*pH 1 41.313 41.3133 3654.43 0.000 

T*T 1 6.556 6.5559 579.91 0.000 

2-Way 

Interaction 

3 33.478 11.1592 987.10 0.000 

c*pH 1 0.090 0.0900 7.96 0.037 

c*T 1 2.641 2.6406 233.58 0.000 

pH*T 1 30.747 30.7470 2719.77 0.000 

Error 5 0.057 0.0113   

Lack-of-Fit 3 0.057 0.0188 * * 

Pureness 

Error 

2 0.000 0.0000   

Sum 14 194.286    

 

The coefficients of correlation model are as obtainable in Table 6 with R² 

0.9997 Energy consumption model  

Table 4.6: Surface reaction model with the coefficient of correlation for 

reaction 

S R
2
 R

2
 (adj) R

2
 (pred) 

0.106325 99.97% 99.92% 99.53% 

 

Depending on formula 4-3, Table 7 describes the acquired findings of 

energy usage response (YENCR) for each of the intended experiments. The 

coefficient of regression (R2) is 0.9997, and the number of repetitions has 
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reached its limit. Figure 4-14 depicts the relationship between predicted 

and realized energy usage response magnitudes. 

Table 4.7 Box-Behnken design matrixes. 

run studied variables 

 Initial 

concentration 

pH temperature Energy consumption 

 (kWh/m3) 

1 200 3 50 0.56 

2 500 3 50 1.32 

3 200 11 50 0.82 

4 500 11 50 1.79 

5 200 7 40 1 

6 500 7 40 6.1 

7 200 7 60 1.56 

8 500 7 60 4.1 

9 350 3 40 1.25 

10 350 11 40 2.7 

11 350 3 60 1.54 

12 350 11 60 13.1 

13 350 7 50 9.2 

14 350 7 50 9.2 

15 350 7 50 9.2 
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Figure 4-14 . Actual and predicted plot SEC 

4.4.1. SEC with temperature, initial concentration, and pH 

Figures (4.15), (4.16), (4.17), (4.18), (4.19), and (4.20) demonstrate the 

variance of the three variables with energy consumption. the energy 

consumption increases with the increase in the initial concentration of 

Coppers in simulated wastewater due to an increase in the current 

generated throughout the experiment due to an increase in water electrical 

conductivity and this was agreed with (Bazrafshan et al., 2015). As for the 

temperature, the used-up energy increases with the increase in the 

temperature. where the greater the temperature, the greater the energy used 

up, and this was agreed with (Körbahti & Turan, 2016). In terms of pH, the 

energy used up is large at small pH magnitudes and in the use of low 

amounts of Coppers, as well as the use of low temperature, while the 

energy used up increases with an increase in the pH at the use of great 

amounts of Coppers, as well as at great temperature and this was agreed 

with  (Dermentzis et al., 2011). 
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Figure (4.15) contour chart showing interactive effect of initial 

concentration and temperature on energy consumption with keeping 

solution pH at 7 
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Figure (4.16) surface response diagram showing interactive effect of solution pH 

and initial concentration on energy consumption with keeping temperature 50 °C. 

 

Figure (4.17) contour chart showing the interactive effect of solution pH and 

temperature on energy consumption with keeping initial concentration at 350 

ppm. 
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Figure (4.18) surface response diagram showing interactive effect of solution pH 

and temperature on copper removal efficiency with keeping initial concentration 

at 350 ppm. 

 

Figure (4.19) surface response diagram showing interactive effect of initial 

concentration and temperature on energy consumption with keeping solution pH at 7. 
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Figure (4.20) contour chart showing interactive effect of solution pH and initial 

concentration on energy consumption with keeping temperature 50 °C.  

4.5. Electrocoagulations Reactors thermodynamics and 

Kinetic 

 The rate of reaction parameters of the electrocoagulation processing is 

evaluated using a kinetic model for the electrocoagulation reactors. The 

following is the typical kinetic rate formula for describing the rate of 

elimination of a Copper content from modeled wastewater (Levenspiel, 

1998): 

 [   ]

  
      

                            5  

Where CA is the pollutant amount, k is reactions rating constant, t is 

contacting time and n is the order of the reaction. The kinetic equation for 

case of zero, first and second orders reaction was listed in table 8 
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Table 4.8- Solution of equation for n = 0, 1 and, 2.  

Reaction 

order 

Kinetic rate reaction Reaction rate constant 

unit 

0                 (4.6) (mol/L) sec.
-1

 

1    
   

   
             (4.7) Sec.

-1
  

2  

   
 

 

   
           (4.8)  [(mol/L) sec.

-1
]

-1
  

 

To estimate the kinetics parameters, measuring the change of pollutant 

concentration with time while all other variables kept constant at optimum 

values, followed by plotting concentration difference (CA0-CA), ln (CA0/CA), 

and 1/ CA versus time for zero, first and second order of reaction 

respectively, The plot that gives the best straight line will represent the 

order of the reaction. Figures 4-21, 4-22, and 4-23 show the reaction order 

testing (Alwan et al., 2020).  
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Figure 4.21- Concentration difference versus time for zero-order reaction representing 

applying of zero-order kinetics equation (CA0-CA=k0t). 

 

Figure 4.22 - Concentration difference versus time for zero-order reaction 

representing applying of first-order kinetics equation (   
   

   
    ).   

 

Figure 4.23 - Concentration difference versus time for zero order reaction representing 

applying of second order kinetics equation (
 

   
 

 

   
    ).   
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As seen from above figures , it was noted that the concentration-time data 

for electrocoagulation  reaction obey second order reaction; the R
2
 for fitted 

data with zero order are -1.174 , -3.869 and -7.528 at 50 , 60,and 70 °C 

respectively, while its values are 0.605 , 0.033 and 0369 at  50 , 60,and 70 

°C respectively , and R
2
 vales are 0.963 , 0.875 and 0.931 at 50 , 60,and 70 

°C respectively , the slope for straight line represented  reaction rate 

constant (k) are 0.6572 , 0.6829 and 0.8308 [(mol/L) sec
-1

]
-1 

 at 50 , 60 , and 

70 °C respectively. 

Table 4.9 Constant rates magnitudes with temp with correlation parameter 

R
2
 

Temp (ºC) Temp (ºK) Constant Rates 

([(mol/L) sec
-1

]
-1 

 ) 

R
2
 

50 323 0.6572 0.963 

60 333 0.6829 0.875 

70 343 0.8308 0.931 

 

The activation energies (Ea) for electrocoagulation reaction estimated 

according to Arrhenius equation  

                                                                            

The linear formula for the Arrhenius equation is as below: 

                                                                       ⁄   

Based on obtained reaction rate (k) values from Figure and by plotting (ln 

k) versus (1/ T) as shown in Fig4.10, the straight-line slope (Ea/R); so from 

figure 4-24 apparent activation energy Ea can be estimated; thus apparent 

activation energy value is 10.719 kJ/mol.  
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Figure 4.24. Impact of temp on reaction constant rates according to 

Arrhenius equation 

Thermodynamics parameters electrocoagulation reactions could be 

expected as followed; the enthalpy changes (ΔH) has been determined from 

the energy of activation (Rezaei & Nezamzadeh-Ejhieha, 2020): 

                                                    

After that determination of changes in entropy (ΔS) by: 

  ⌊
 

 
⌋    (

  

 
)  (

  

 
)  (

  

  
)                                

In which constant of Plank is h =(66.26 ×10
-35

 J sec.) and constant of 

Boltzmann is (KB)=(138.07×10
-25

 J/K) respectively. Therefore, scheme of 

ln(k/T) vs (ΔH/RT) could be recognized and straighten line has been 

gained. The intercept of obtained straight line magnitude help for change of 

entropy estimation. Eventually, the reactions of free energy Gibbs (ΔG) 

magnitude has been expected by  

y = -1289.3x + 3.5453 
R² = 0.857 
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Figure 4.25. Classic curve utilized for an estimate of entropy activation for 

reactions EC  

 

Table 4.10-kintecs and thermodynamics parameters for electrocoagulation 

reaction  

T (K) k Ea (kJ.mol
-

1
) 

ΔH (kJ.mol
-1

) ΔS 

(kJ.mol
-1

) 

ΔG 

(kJ.mol
-1

) 

323 0.6572 10.719 13.404 -0.218 13.475 

333 0.6829  13.488  13.560 

343 0.8308  13.571  13.645 

 

All thermodynamics parameters data are summarized in the table, the 

copper removal by electrocoagulation reaction achieved by relative high 

positive activation energy and Gibbs free energy values, and these refer a 

high level of energy for transition state complex was produced. These 

y = -0.7465x - 2.4809 
R² = 0.9634 

-6.25

-6.2

-6.15

-6.1

-6.05

-6

4.7 4.75 4.8 4.85 4.9 4.95 5 5.05

ln
 (

k 
/T

) 

ΔH/RT 
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positive values for energies confirmed that for transition state complex 

reaction which cannot produce at normal condition, on the other hand, the 

negative value for entropy energy (-0.218 kJ/mol. K) is near zero (which is 

relatively positive) and maybe meaning the activated complex was not 

much ordered of reactant (Gupta et al., 2016). 
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Chapter Five 

Conclusions and Recommendations 

5.1 Introduction  

The current chapter contains the thesis' main findings, as well as 

suggestions and research directions for future works. 

5.2 Conclusions 

1. copper as a pollutant was removed from wastewater by EC reaction, 

eight crucial variables were investigated on EC reaction and they were 

screened by PBD design. 

2.  The eight variables are reaction time, current time, voltage supply, 

stirring rate, initial copper concentration, solution pH reaction temperature, 

and type of electrode.  

3. The screening results show that initial copper concentration, pH, and 

reaction temperature most significant variables.  

4. The optimization by aim of Minitab software shows that theoretical 

optimum removal efficiency is 98% based on coded values for operation 

conditions; contact time (40 minutes), current density (3 A/cm2), voltage 

supply (10 volts), initial copper concentration (400 ppm), reaction 

temperature (70°C) with no stirring rate and using Fe as an anode. 

5. For studying the effects of studied variables more deeply it took the 

variables that had more effect on removal efficiency and these variables 

were conducted by the Box-Behnken, so that we know their study 

extensively.  

6. The surface response and contour diagrams demonstrating the impact 

of pH, temperature, and initial concentration of Copper on the removing 

efficiency of Copper are dependent on the fifteen experimental findings.  
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7. An increase in temperature improves the removing performance, 

which could be attributed to an increase in the movement of Copper ions as 

a consequence of an increase in the temperature.  

8. the rise in pH in purification solution, the removing efficiency of all 

Coppers was demonstrated to decrease because the ions transportation of 

metals happened from the cathode's towards the anode as well as the ions 

amount of metals moved to increase with the decrease of the pH of the 

solution since the propensity for ions of the metal to be adsorbed into the 

solution particles as well as rises as pH increase.  

9. Exchanges of ion and precipitation are other potential causes that 

might contribute to a reduction in removing efficiency. 

10. The temperature and initial copper concentration were caused by 

increasing copper removal efficiency until they are reached the optimum 

(temperature 50 °C and initial copper concentration 350 ppm)  

11. The effect of the three variables (initial concentration, 

temperature, and pH) on energy consumption. the energy consumption 

increases with the increase in the initial concentration of Coppers in 

simulated wastewater due to an increase in the current generated 

throughout the experiment due to increase in water electrical conductivity, 

As for the temperature, the used-up energy increases with the increase in 

the temperature, and in terms of pH, the energy used up is large at small pH 

magnitudes. 

12.  The kinetics and thermodynamics studies show that EC 

reaction obeys second-order reaction with 0.6572, 0.6829 and 0.8308 

[(mol/L) sec-1]-1 at 50, 60, and 70 °C respectively, and the activation 

energy is 10.719 kJ / mol, while the entropy change was -0.218 kJ/mol with 

positive enthalpy change and Gibbs free energy change 
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5.3. Recommendations 

Based on the conclusions arrived at the study recommended the following: 

following:  

1- Studying the electrocoagulation cell present on a continuous mode 

process. 

2- Studying the effect of reaction time, current time, voltage supply, the 

distance between anode and cathode, stirring rate, initial copper 

concentration, solution pH, reaction temperature, and type of electrode on 

removal effectiveness of pollution from simulated wastewater 

3- Studying the effect of the use of programs and designs. 
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 الخلاصة

a 

 

 الخـــلاصـــــــت

٠ّىٓ حؼز٠ف حٍٛد ا١ٌّبٖ ػٍٝ أٔٗ حٍٛد ِجزٜ أٚ ٔٙز أٚ بح١زة أٚ ِح١ظ أٚ أٞ اِخذاد 

آخز ١ٌٍّبٖ ، ِّب ٠ؤدٞ إٌٝ اطخٕشاف جٛدة ا١ٌّبٖ ٚجؼٍٙب طبِت ٌٍب١ئت ٚاٌبشز5 حشًّ ا٢ثبر اٌب١ئ١ت 

ر اٌذٞ ٠ٍحمٗ اٌخٍٛد ببٌٕظبَ اٌب١ئٟ اٌّح١ظ5 حّٛث اٌؼذ٠ذ ِٓ ٌخٍٛد ا١ٌّبٖ فٟ اٌّمبَ الأٚي اٌضز

اٌىبئٕبث اٌح١ت اٌخٟ حؼخّذ ػٍٝ إِذاداث ا١ٌّبٖ اٌصح١ت ٔظب١ب5ً ػٕذِب حصبح اٌّظطحبث اٌّبئ١ت شذ٠ذة 

اٌخٍٛد ، فّٓ اٌشبئغ أْ حغظً اٌظزطبٔبث ٚاٌذلاف١ٓ ٚط١ٛر إٌٛرص ٚالأطّبن ػٍٝ اٌشبطئ5 وّب 

بد لأٔٗ ٠ش٠ذ ِٓ حىب١ٌف ِؼبٌجت ا١ٌّبٖ ٠ٚؤدٞ إٌٝ خظبئز فٟ اٌظ١بحت ٠ٚمًٍ ِٓ ٠ضز اٌخٍٛد ببلالخص

ل١ّت اٌؼمبراث اٌّح١ٍت ٠ٚضز ببٌص١ذ اٌخجبر5ٞ ِٓ اٌّحخًّ أْ حىْٛ اٌطز٠مت الأوثز فؼب١ٌت ٌٍحذ 

ِٓ حٍٛد ا١ٌّبٖ ٟ٘ ِؼبٌجت بؼض ا١ٌّبٖ لبً إػبدة إدخبٌٙب فٟ اٌّجبرٞ اٌّبئ١ت5 ٘ذا حً فؼبي ٌٍغب٠ت 

ْ ِزافك ِؼبٌجت ١ِبٖ اٌصزف اٌصحٟ لبدرة ػٍٝ إساٌت ج١ّغ اٌٍّٛثبث حمز٠ببً فٟ ١ِبٖ اٌصزف لأ

اٌصحٟ ػبز ػ١ٍّت و١ّ١بئ١ت أٚ ف١ش٠بئ١ت أٚ ب١ٌٛٛج١ت5 ط١خُ ٔمً ١ِبٖ اٌصزف اٌصحٟ ِٓ خلاي ػذة 

 غزف ببٌّٕشأة ٌخم١ًٍ ِظخ٠ٛبث اٌظ١ّت ببظء5

 .EC ٕ٘بن اٌؼذ٠ذ ِٓ اٌّخغ١زاث اٌّٛصٛفت ببٌؼٛاًِ اٌّخأثزة فٟ حفبػً اٌخخثز اٌىٙزبٟ

؛ حُ اخخ١بر ٚلج  EC ٌذٌه ، حخضّٓ ٘ذٖ اٌذراطت اٌخحم١ك فٟ حأث١ز ثّب١ٔت ِخغ١زاث ػٍٝ ػ١ٍّت

اٌخلاِض ، ٚوثبفت اٌخ١بر ، ٚاٌجٙذ اٌّٛفز ، ِٚؼذي اٌخحز٠ه ، ٚحزو١ش إٌحبص الأٌٟٚ ، ٚدرجت 

 EC ضت اٌّحٍٛي ، ٚدرجت حزارة اٌخفبػً ، ٚٔٛع الأٔٛد وّخغ١زاث خبضؼت ٌٍخحىُ فٟ حفبػًحّٛ

ب١ّبٖ اٌصزف اٌصحٟ  اٌخغذ٠ت، ب١ّٕب حُ اطخخذاَ وفبءة إساٌت إٌحبص وبطخجببت ٌٍؼ١ٍّت5 ٠خُ ِحبوبة 

اٌّحضزة ػٓ طز٠ك إضبفت ٔخزاث إٌحبص وّصذر أ٠ٛٔبث إٌحبص5 حذد ِظخ٠ٛبْ اٌّخغ١زاث 

حظٙز  .Plackett-Burman PBD ٚفمبً ٌخص١ُّ EC ثز حأث١زًا ػٍٝ إساٌت إٌحبص أثٕبء حفبػًالأو

إٌخبئج أْ حزو١ش إٌحبص الأٌٟٚ ، ٚدرجت اٌحّٛضت فٟ اٌّحٍٛي ، ٚدرجت حزارة اٌخفبػً ، ٚٚلج 

ِٓ ٔبح١ت أخزٜ ، حظٙز إٌخبئج اٌّخٛلؼت أْ اٌحذ  .EC اٌخلاِض ٟ٘ أُ٘ اٌّخغ١زاث فٟ حفبػً

دل١مت(  44٪( طخخحمك فٟ ظزٚف اٌخشغ١ً اٌّثٍٝ ؛ ٚلج اٌخلاِض )89لصٝ ِٓ وفبءة الإساٌت )الأ

جشء فٟ  444فٌٛج( ، حزو١ش إٌحبص الأٌٟٚ ) 04( ، إِذاد اٌجٙذ )2أِب١ز / طُ  3، وثبفت اٌخ١بر )

درجت ِئ٠ٛت( بذْٚ ِؼذي حم١ٍب ٚاطخخذاَ اٌحذ٠ذ ومطب  04ا١ٌٍّْٛ( ، درجت حزارة اٌخفبػً )

فٟ اٌخطٛة اٌظببمت  PBD ٛجب5 حّج دراطت اٌّخغ١زاث الأوثز حأثزًا اٌخٟ ظٙزث أثٕبء حطب١كِ

اٌخطب١مٟ لاطخىشبف اٌخزو١ش الأٌٟٚ  Box-Behnken بشىً أػّك ِٓ خلاي اٌخص١ُّ اٌخجز٠بٟ

ٚدرجت اٌحزارة ٚدرجت اٌحّٛضت ػٍٝ اطخٙلان اٌطبلت ٚفؼب١ٌت إساٌت اٌّؼبدْ اٌثم١ٍت )إٌحبص( ِٓ 

 .بٖ اٌٍّٛثتا١ٌّ



 الخلاصة

b 

 

 ، Box-Behnken( حجزبت لبئّت ػٍٝ حص١ُّ ١ِ05بٖ اٌصزف5 حُ إجزاء خّظت ػشز )

دل١مت5 حُ اطخخذاَ إٌخبئج ٌّٕذجت وفبءة إساٌت اٌّؼبدْ اٌثم١ٍت ٚاطخٙلان  44ٚحظخغزق وً حجزبت 

5 ٠ش١ز اٌخحظ١ٓ اٌؼذدٞ إٌٝ أْ اطخٙلان اٌطبلت الأِثً اٌببٌغ Minitabاٌطبلت ٌٙذٖ اٌطز٠مت بذػُ 

٪ ػٍٝ 80و١ٍٛ ٚاط طبػت / ِخز ِىؼب ٚأػٍٝ وفبءة لإساٌت إٌحبص لذ حُ ححم١مٗ بٕظبت  4556

ِٓ  64ٚ  44ٚ  54ِٓ حزو١شاث إٌحبص ٚ  544ٚ  354ٚ  244اٌخٛاٌٟ فٟ حبلاث اٌخشغ١ً 

 ECِٓ حذرجبث الأص ا١ٌٙذرٚج5ٟٕ١ حُ حمذ٠ز حزو١ت حفبػً  00ٚ  0،  3درجت اٌحزارة ٚ 

( ٟ٘ kِٚؼٍّبث اٌذ٠ٕب١ِىب اٌحزار٠ت ؛ ٠خضغ اٌخفبػً ٌٍخزح١ب اٌثبٟٔ ِغ ثٛابج ِؼذي اٌخفبػً )

درجت ِئ٠ٛت  04ٚ  64ٚ  54ػٕذ  0-[ 0-])ِٛي / ٌخز( ثب١ٔت  459349ٚ  456928ٚ  456502

و١ٍٛ جٛي / ِٛي حُ اٌحصٛي ػ١ٍٙب ٌٙذٖ  045008ػٍٝ اٌخٛاٌٟ ، ل١ّت طبلت اٌخٕش١ظ اٌظب٘زة ٟ٘ 

 ΔS (-0.218 kJػٍٝ حغ١١ز إٔخزٚب١ب طبٌب  ECاٌؼ١ٍّت بٛاططت ِؼبدٌت أر١ٕ١٘ٛص5 حصً حفبػً 

/ mol K) ١ز اٌّحخٜٛ اٌحزارٞ الإ٠جببٟ ِغ حغΔH  ُٚل١Gibbs  اٌخب١ٌت ِٓ اٌطبلتΔG5
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