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2. ABSTRACT 
 

The necessity for printed dye wastewater treatment was created by the fact that hun-

dreds of industries produce mass quantities of those effluent from plastics and cardboard 

packaging processing. The characteristics of this wastewater create difficulties for choosing 

the treatment process, due to the fact of high concentrations of chemical oxygen demand 

(COD) and color that canôt allow to be processed by a classic biological method, so another 

method must be selected [1]. The electrocoagulation (EC) process is a high effective method 

for the physicochemical profile of this wastewater. In this work used the electrocoagulation 

process to remove by precipitation colloid particles using aluminium (Al)  electrodes. The 

basic principle is the application of current through a pair of metal electrodes (anode and 

cathode) to produce coagulants species which will interact with the colloid particles of the 

wastewater and lead to sedimentation. Furthermore, managed to develop a mathematical ki-

netic model for the COD abatement during this process and the kinetics of Al  hydrolysis that 

take place in. Also, analyzed the mechanisms of the process and the parameters affected it 

and managed to calculate the kinetic parameters of the model. Finally, the simulation can be 

used as a tool to predict COD abatement with high efficiency results to similar profile 

wastewaters for further investigation. 
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3. INTRODUCTION 

3.1 THE REFERENED PROBLEM 

 

Typically, printing ink is a complex, multi-component compound composed princi-

pally of dyes and pigments, resins, binders, solvents and optional additives. Obviously, the 

wastewater generated from the printing process is highly colored, and contaminated with 

organic minerals because of the afore-referred compounds. Hence, the wastewaters from such 

printing installation cannot be directly discharged into receiving streams without any treat-

ment, not only due to its deleterious effect on human health and the environment, but aes-

thetically due to visibility of color even at low concentration [2]. Printing ink wastewater is 

usually very difficult to treat biologically, as it contains scour other than printing ink, which 

can restrict microorganism activity. In addition, scour composition is unknown, to even the 

banknote-printing factory staff. The chemical oxygen demand (COD) in wastewater far ex-

ceeds standards of discharge. The wastewater is usually treated by flocculation. Following 

flocculation, the COD in wastewater effluent remains high, often being 3000 to 8000 mg/L 

or greater [3]. For those reasons another method must be used to treat this kind of effluent. 

The electrocoagulation (EC) method is a chemical oxidation process that would be consid-

ered as option. 
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3.2 THESIS OBJECTIVES 

 

In this study analyzed the parameters influences the EC process and managed to de-

velop a mathematical kinetic model for the better understanding of the procedure. The pa-

rameters that had been researched was the current density applied the pH and the COD con-

centration. The first step was to calculate the total aluminum concentration produced on the 

anode and then to calculate the aluminum speciation that take place through hydrolysis reac-

tions. The mass of the amorphous solid produced will be used as an adsorbent to interact with 

the colloid particles in the solution of the effluent. The objective was to calculate through the 

model the solid concentration used and to estimate the kinetic parameters of an adsorption 

isotherm kinetic model. Furthermore, the measured pH and the color removal was also mod-

eled something that never been attempted before, thus an innovative tool have been produced 

which will be able to optimize the process. 

3.3 EC PROCESS DESCRIPTION 

 

The electrocoagulation process is a low-cost technology of applying current through 

a pair of metal electrodes and produce in situ coagulants species to treat wastewater without 

the traditional adding of chemical coagulants [4]. The most common electrode materials used 

for this technology is aluminum or iron electrodes. The process has high performance to the 

sedimentation of colloid particles and decolorization treatment [5]. During EC, the AL+3 ions 

are generated continuously by electrochemical dissolution of the sacrificial anode. These ions 

spontaneously undergo hydrolysis in water forming various coagulant species including me-

tallic hydroxide precipitates. 
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For lower pH, pH<6 colloids destabilized by charge neutralization using metal hy-

drolyzing coagulants, there must be transport, i.e., collisions, between the colloids and the 

incipiently forming positively charged metal hydrolysis products before the metal hydrolysis 

reaction is complete and the metal hydroxide precipitate is formed. Monomeric metal hydrol-

ysis products, e.g. ὃὰὕὌ , are formed in microseconds, and small polymeric products 

may be formed within a second. For charge neutralization to occur effectively, the coagulants 

should be dispersed in rapid mixing so that the most reactive of the hydrolysis products will 

be available to produce charge neutralization [6]. For higher pH, pH>6 sweep flocculation 

from aluminum hydroxide produced during aluminum hydrolysis process and through turbu-

lence in óórapid-mix,ôô resulting in particle attachment and enmeshment. As the aluminum 

concentration increased the electrophoretic mobility of the particles changes from negative 

value to that aluminum hydroxide coated particle positive value and when this happens 

charge neutralization occurs [7]. At dosages higher than at the inflection point, the mobility 

values reach practically constant values, very close to zero, but either positive or negative, 

depending on the clay concentration. This slightly positive or negative value of floc mobility 

is probably due to the small net charge remaining on the floc as a result of the electrical 

attraction between negatively charged clay particles and positively charged aluminum hy-

droxide colloids [8].The hydroxides, oxyhydroxides and solid oxides give active surfaces for 

the adsorption of the polluting species [9]. As a result, the colloidal particles are electrostat-

ically attached to the sweep þocs in the neutral pH water and this procedure may be consid-

ered as a second form of charge neutralization [10].  

For better understanding, made a simple kinetic model of the process and mechanisms 

involved to predict the COD abatement of the wastewater. The aim of the study was to pro-

duce a completed kinetic model for the process that hasnôt been researched before and to 
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compute all the kinetic parameters of this procedure. Also, from this development learned 

how these parameters affected the process, such as pH, temperature, current density and COD 

concentration. The experimental procedure took place to a batch reactor with 3 aluminum 

electrodes, two cathodes and one anode, with stable current density supply and bath temper-

ature controlling.  At the end of the process a small amount of sludge has been produced due 

to the fact of sedimentation of coagulant species with colloid particles of the wastewater. 

 

During EC, the coagulating ions are generated continuously by electrochemical dis-

solution of the sacrificial anode. The mass production of the total dissolved aluminum came 

from the anode oxidation follows Faraday's law [11]: 

ὓ
   

       (1) 

where I is the electric current, Z is the number of electrons transferred 3, F is the Faradayôs 

constant 96485 C/mol, V is the volume of the reactor 0.5L, ű is the faradic efficiency yield, 

Mw is the molar weight of the anode material 27g/mol and t is time of operation (s). The 

faradic efficiency yield was calculated about 1.2 and it was determined by weighing the an-

ode electrode before and after the process and compare the theoretically with the experi-

mentally mass production. 

These agglomerates begin to form at the bottom, however, when one considers an 

electrocoagulation flotation apparatus, the particulates would instead float to the top by 

means of formed hydrogen bubbles that are created from the cathode. The following are the 

chemical equations that describe this process, using aluminum (Al) as the metal: 

Anode 

ὃὰO ὃὰ σὩ  
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Cathode: 

σὌὕ σὩ ᴼ
σ

ς
Ὄ ᴻ σὕὌ  

When the dissolved aluminum is produced many different types of hydrolysis species 

will be produced such as ὃὰὕὌ ,ὃὰὕὌ ,  ὃὰὕὌ   and ὃὰὕὌ  which are the main 

monomeric hydrolysis species that take into consideration for the simplification of the model. 

The hydrolysis reactions that take place [12]: 

ὃὰ Ὄὕ ᵮ  ὃὰὕὌ Ὄ  

 ὃὰ ςὌὕ ᵮ ὃὰὕὌ ςὌ  

 ὃὰ σὌὕ ᵮ ὃὰὕὌ  σὌ (amorphous) 

 ὃὰ τὌὕ ᵮ ὃὰὕὌ τὌ  

and the water ionization reaction is: 

 Ὄὕ ᵮ Ὄ ὕὌ  

3.4 MECHANISM OF CONTAMINANTS REMOVAL BY EC 

 

Different mechanisms are involved in the removal of the various types of contami-

nants that exist in water and wastewater which include oxidation, reduction, coagulation, 

adsorption, precipitation, flotation and others. As pollutants in raw water and wastewater are 

mostly colloidal particles, their removal is mainly accomplished by destabilization and ad-

sorption. Colloidal particles stability is usually explained by the presence of repulsive elec-

trical charges on the surface of particles and stability could be estimated by considering the 
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attraction forces between the particles. When repulsive forces dominate, the system will re-

main in the dispersed state. However, when the attraction forces become dominant, the par-

ticles will coagulate/flocculate and consequently the suspensions will be destabilized. Parti-

cles with the same charge repel each other, so if destabilization is aimed, this repulsion should 

be reduced [13]. The suspension and stability of colloidal particles in water is attributed to 

the fact that they carry similar charges, usually negatively charged, so they repel each other 

and remain suspended. In order to neutralize the charge, counter charged particles are em-

ployed to attach to the surface of the colloids forming an electric double layer. The electric 

double layer is comprised of an inner layer (Stern layer), where oppositely charged ions are 

tightly bound to the surface of colloidal particles and an outer layer, where the ions move 

freely due to diffusion (ion diffuse layer or slipping plane), Picture 1. The interface of the 

inner and outer layers is known as the shear surface which defines the outer boundary of the 

Stern layer [14]. 

             

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Picture 1. The electrical double layer formed during charge neutralization of a colloid par-
ticle. 
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The maximum potential at the surface of colloidal particle is known as the Nernst 

potential. This potential decreases across the Stern layer due to the presence of oppositely 

charged particles resulting in what is called the zeta potential measured at the shear surface 

[15]. Zeta potential (which is close to the surface potential) is the main parameter able to 

estimate the stability of a colloidal system, as it represents the electrical charge difference 

between the first and second layer and indicates the extent of repulsion between colloidal 

particles. The higher the absolute value of zeta potential, the greater the magnitude of repul-

sion between particles and consequently the more stable is the colloidal system. 

In EC, colloidal destabilization promotes the removal of precipitated hydroxides, with 

the soluble compounds entrapped or adsorbed in these precipitates. Then, particles can settle, 

as in chemical coagulation, but the presence of microbubbles released by water reduction at 

the cathode also leads to flotation of colloidal species. Adsorption of soluble pollutants on 

metal hydroxides is, therefore, the second key process for pollution removal. When an ad-

sorbable solute in the solution comes into contact with a porous solid, solidïliquid intermo-

lecular attraction forces cause the deposition of some solute molecules at the solid surface. 

The retained solute (on the solid surface) in the adsorption process is the adsorbate, whereas, 

the solid on which it is retained is the adsorbent. This creation of an adsorbed phase having 

a composition different from that of the bulk fluid phase forms the basis of separation by 

adsorption. The atoms on the surface of the adsorbent are not completely surrounded by other 

adsorbent atoms and therefore can attract adsorbates. The exact nature of the bonding de-

pends on the details of the species involved, but the adsorption process is generally classified 

as physisorption (characteristic of weak Van der Waals forces) or chemisorption (character-

istic of covalent bonding). It might also occur due to electrostatic attraction. 
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3.5 FACTORS INFLUENCING THE EFFICIENCY OF EC          

 

Different parameters affect the efficiency of EC and its ability to remove pollutants 

from wastewater; the most important parameters are discussed in this section. 

3.5.1 ELECTRODE ARRANGEMENT 

 

There are several ways in which the electrodes can be arranged in the EC system. In 

monopolar- parallel (MP-P) configuration Picture 2a, all the anodes are connected to each 

other and to the external DC power supply, and the same type of connection is applied to 

cathode electrodes, which corresponds to identical cells working in parallel at the same cell 

potential. In this configuration, the current is divided between the electrodes resulting in a 

lower potential difference if compared to the series configuration. 

In monopolar-series (MP-S) connection Picture 2b, the two outermost electrodes are 

connected to the external circuit forming the anode and cathode, while each pair of the inner 

electrodes are connected to each other without an interconnection to the outer electrodes. In 

this connection type, the cell potential is additive, resulting in a higher potential difference. 

The inner electrodes could be made of similar or different material, so as to decrease the 

consumption of the anode and passivation of the cathode. 

The third option is the bipolar-series (BP-S) configuration Picture 2c. In this type of 

connection, the outermost electrodes are directly connected to the external power supply, 

while the inner ones are not connected at all, which constitutes the simplest connection for 

EC maintenance. As current passes through the main electrodes, the adjacent sides of inner 

electrodes get polarized and will carry a charge opposite to the charge of the nearby electrode. 
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In such configuration, the two outermost electrodes are monopolar whereas the inner sacrifi-

cial electrodes are bipolar [16,17]. Monopolar configuration has been reported to be better in 

the treatment of laundry wastewater [18] and oily water [19].  

 

 

 

 

 

 

 

 

 

 

3.5.2 ELECTRODE MATERIAL 

 

Electrode material is one of the most important factors in EC. In most literature stud-

ies on electrocoagulation, both electrodes are made of the same material. Various metals such 

as aluminum, iron, zinc, stainless steel, graphite, magnesium and titanium have been used as 

electrode material in electrocoagulation. Polyvalent metal electrodes such as aluminum and 

iron are usually used to benefit from the coagulating properties of multivalent ions. It is worth 

noting that iron is cheaper than aluminum and not toxic as the latter. 

Aluminum and iron have similar performance for organic compounds removal [20]. 

In another study, Llano et al. who presented an integrated electro- disinfection/EC (EDïEC) 

process for urban wastewater reuse that employs iron bipolar electrodes, showed that the 

Picture 2. Electrodes arrangement configuration. 
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efficiency of the process depends mainly on the anodic material and is not affected by the 

material of the bipolar electrode. In contrast, the removal of turbidity is more efficient when 

iron is used as a bipolar electrode, especially at low current densities, due to the formation of 

a passive layer on the aluminum that hinders the dissolution of the bipolar electrode [21]. 

 

3.5.3 TEMPERATURE INFLUENCE 

 

The influence of temperature on the removal efficiency of pollutants by EC is not 

widely reported in the literature, even though this technology has been used for more than 

100 years. In the EC process, the temperature cannot, in general, be controlled, as it can vary 

with place and seasons, but the influence of temperature is of high interest. Dissolving speed 

of the aluminum electrodes increased when temperature of the samples increased. Also, the 

aluminum hydrolysis reactions that take place are endothermic ȹȼ >0 and as a result by 

raising the temperature the reactionôs rates will be faster. In a study conducted by Chou et 

al., the influence of temperature on the removal efficiency of indium ions from aqueous me-

dium by EC with iron electrodes was investigated in the range of 288 K to 318 K. It was 

found that, after 50 min of electrolysis, the removal efficiency reached 80.9%, 90.4%, 92.7%, 

and 94.1% for temperatures of 288, 298, 308 and 318 K, respectively [22]. This result is 

explained by the fact that higher temperatures led to greater mobility and more frequent col-

lisions of generated species, resulting in an increased reaction rate of the metal hydroxides 

with pollutants [23]. However, there was no significant increase in the removal efficiency 

after 50 min of electrolysis when the temperature was above 298 K [22]. This is due to the 

increase of precipitates solubility. 
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3.5.4 INITIAL POLLUTANTS CONCENTRATION 

 

The initial pollutant concentration, as temperature, varies with locations and seasons, 

and its influence is also a function of the type of pollutant (soluble or not, inorganic or or-

gani). However, the pollutant removal efficiency usually decreases with the increase in the 

initial concentration of the pollutant at a constant current density. This is because the amount 

of metal hydroxide flocs produced is insufficient to coagulate the high amount of pollutant 

molecules at higher initial pollutant concentration [24]. At elevated pollutant initial concen-

tration, current density does not usually have any significant effect on removal efficiency, 

especially at the early stages of EC [25]. 

 

3.5.5 CURRENT DENSITY INFLUENCE 

 

Current density, i=I/A (A/m2) is a result of dividing electric current I by the effective 

area of the anode. It is the key parameter in EC, as it determines the coagulant dosage rate, 

bubble production rate, size and growth of the flocs, which can influence the efficiency of 

the process [26]. In practice, i is more robust than current I for scale-up purpose. Thus, it is 

the most studied parameter in the literature, where it is usually imposed (galvanostatic mode), 

rather than voltage (potentiometric mode). As current density rises, the rate of anodic disso-

lution increases. This leads to an increase in metal hydroxide flocs resulting in the increase 

of pollutant removal efficiency. Current density not only influences the coagulant dosage but 

also bubble formation rate their size and the flocs. Different current densities 20.8 mA/cm2, 

41.67 mA/cm2 and 81.33 mA/cm2 were investigated to understand its influence on treatment 

efficiency. By increasing current density, the COD removal increased form 78,5% to 81%. 
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Furthermore, the pH increases with time and with appreciable effect of the current density, 

because of the ὕὌ production flux rate at the cathode. However, increasing current density 

above the optimum value does not further enhance removal efficiency or sometimes it results 

in reducing pollutant removal efficiency due to parasitic reactions which result in oxygen 

production [27]. 

 

3.5.6 INITIAL PH CONCENTRATION 

 

Solution pH is a main operating factor in EC, as it has a significant influence on the 

conductivity of the solution, dissolution of the electrodes, speciation of hydroxides, and zeta-

potential of colloidal particles. However, it is complicated to establish a clear relationship 

between the pH of the solution and pollutant removal efficiency as pH changes during EC. 

The main parameters influencing the different hydrolysis speciation are the pH and the metal 

concentration. The aluminum hydroxide precipitate presents a minimum solubility in the re-

gion of pH 6 and also influences the monomeric species formed as it is shown in Figure 1 

[28]. 

 

 

 

 

 

 

 

Figure 1. Aluminum speciation with respect of pH. 
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When aluminum is used in EC and the initial pH is acidic, final pH value rises and 

when initial pH is alkaline, final pH drops. In highly acidic or alkaline solutions, the pH 

remains constant. This invariability is attributed to the limited effects of phenomena allowing 

pH changes. For electrolyte at pH 9, the invariability of pH is due to the fact that alkalizing 

phenomena offset the acidifying ones. Chemical dissolution of aluminum cathodes, which 

increases the faradaic yield, takes place because pH increases to a level where aluminate is 

formed. The acidic bulk solution inhibits this reaction because the generated hydroxyl ions 

are consumed by the acid in the solution. 

 

3.5.7 EC COST ANALYSIS 

 

The economic aspect of any process determines its practical applicability. Thus, EC 

should be cost effective to be applied without obstacles. The costs in EC include, the cost of 

energy consumption, the cost of electrode material consumed and the cost of any external 

chemical added (for increasing the solution conductivity or modifying the pH of the solution), 

as well as the costs of labor, maintenance, sludge dewatering and disposal. The latter costs 

items are largely independent of the type of the electrode material and are rarely taken into 

consideration in the literature when estimating EC costs. Overall EC cost is usually evaluated 

as follows: 

Ὁὅ ὧέίὸ 
Ό

ὥ ὉὉὅὦz Ὁὓὅ (2) 

 

The electrical energy consumption (EEC) is calculated in terms of kWh per m3 of 

treated effluent using eq.3: 
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Ὁὅὅ    (3) 

 

,where U is the cell voltage (V), I the current (A), t the electrolysis time (h) and V the volume 

(L) of effluent to be treated in the batch mode. From Greek market we have a= 0.13 ΌȾὯὡὬ  

In parallel, electrode material consumed [(EMC) (kg/m3)] at the same time t considered for 

EEC above is calculated theoretically by Faradayôs law and b= 5ΌȾὯὫ is the Al electrode 

price material. The ECC cost was 0.03 ú/m3 to 0.16 ú/m3 and the EMC cost was 1.26 ú/m3 to 

2.8 ú/m3, so the EC total cost was from 1.29 ú/m3 to 2.96 ú/m3. 
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4. MATERIALS AND METHODS 

4.1 WASTEWATER CHARACTERIZATION 

 

The effluent sample was collected from a local corrugated board packaging factory 

and basically consist of printed water-based ink. The sample of wastewater was maintained 

at -20ęC until the experiments [29]. The main characteristics of the raw printed ink 

wastewater was COD=10000 mg/L Ñ 1000 mg/L, conductivity = 5000 ɛs/cm Ñ 500 ɛs/cm, 

pH = 7 Ñ 0.3, TSS=1350 mg/L Ñ 200 mg/L, BOD/COD ratio 0.05 and black color. COD and 

TSS was determined by the closed reþux dichromate method according to the Standard Meth-

ods [30] using a Wastewater Treatment Photometer (HANNA HI 83214). The extent of sam-

ple decolorization after electrocoagulation treatment was assessed by measuring the absorb-

ance at 565nm which was obtained by scanning the samples in the 400ï700nm wavelength 

band (DR 5000 spectrophotometer, LANGE HACH). Picture 3 shows the sample before the 

treatment as collected from the factory. 

 

 

 

 

 

 

 

 

 

Picture 3. Pre-treatment view of the wastewater. 
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4.2 EXPERIMENTAL PROCEDURE 

 

In the specific study diluted the sample with tap water at COD = 2500mg/L, COD = 

5000mg/L and the initial COD = 10000mg/L and applied three different current densities 

i=20.8 mA/cm2 i=41.67 mA/cm2 and i=81.33 mA/cm2, where can be converted to 0.25A, 

0.5A and 1A respectively as the area of the electrodes was 12 cm2. The electrodes have been 

provided by the universityôs machine shop with dimensions 6cm x 2cm. Picture 4 shows the 

Al electrodes geometry have been used to the specific study. 

 

 

 

 

 

 

 

 

 

 

 

The electrocoagulation process took place in a batch reactor where the volume was 

500mL, equipped with three aluminum electrodes, two cathodes and one anode and a mag-

netic steerer.  The electrodes distance between anode and cathode was measured at 4mm. 

Picture 5 shows the upper part of the batch reactor and the way the electrodes stand at the 

same distance. 

Picture 4. The aluminum electrodes used at the electrocoagulation process. 
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The temperature was stable at 30ęC with the use of a water bath, and the current was 

stable at the mentioned values by a DC regulated power supply (model QJ3005C) that pro-

vided the desired current and voltage to the system, which are adjustable. Before the begin-

ning of the process the electrodes were cleaned with sandpaper and distilled water to remove 

any possible aluminum oxides, which would slow down the process. Picture 6 shows the 

entire experimental set-up that followed for the three different currents applied and Picture 

7 shows the result after 40 minutes of the process where can be observed the sludge that have 

been produced. 

 

 

 

 

 

Picture 5. The upper part of the reactor. 
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Picture 6. The performance of the EC process. 

Picture 7. The view after the process. 
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4.3 EC COD MODEL DEVELOPMENT  

 

The kinetic processes were taken into account for the specific mathematical expres-

sion was the aluminum dissolution due to electrochemical process, the water electrolysis and 

dissociation, the coagulation of aluminum and the COD kinetic process that consider all the 

previous steps through an adsorption kinetic model. The presence of physical electrolyte into 

the wastewater wasnôt taken into account.  

In order to identify the adsorption mechanism, it is important to establish the most 

suitable correlation for the equilibrium curves. Langmuir and Freundlich adsorption iso-

therms are the most commonly applied to establish the relationship between the amount of 

pollutant adsorbed onto the metal hydroxides and its equilibrium concentration in the solu-

tion. 

The Langmuir isotherm model represents chemisorption at a set of well-defined lo-

calized adsorption sites with the same adsorption energy, independent of the surface coverage 

and without any interaction between adjacent adsorbed molecules. This model assumes a 

monolayer deposition on a surface with a finite number of identical sites. The Langmuir 

equation is valid for a homogeneous surface. The linearized form of Langmuir adsorption 

isotherm model is [31]: 

      (4) 

 

 

.where qe (mg g-1) is the amount adsorbed at equilibrium, Ce (mg L-1) is the equilib-

rium concentration, Qo is the Langmuir constant representing maximum monolayer adsorp-

tion capacity(mg g-1) and b is the Langmuir constant (L mg-1) related to energy of adsorption. 
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The Freundlich isotherm model applies to adsorption on heterogeneous surfaces with 

interaction between the adsorbed molecules, and is not restricted to the formation of a mon-

olayer. This model assumes that as the adsorbate concentration increases, the concentration 

of adsorbate on the adsorbent surface also increases and, correspondingly, the sorption en-

ergy exponentially decreases on completion of the sorption sites in the adsorbent. The well- 

known expression for the Freundlich model is [32]: 

 

ὰὲήὩ ὰὲὑὪ ὰὲὅὩ   (5) 

 

,where qe is the amount adsorbed at equilibrium (mg g-1), Kä is the Freundlich constant  (mg 

g-1) (L mg-1)n, 1/n is the heterogeneity factor which is related to the capacity and intensity of 

the adsorption, and Ce is the equilibrium concentration (mg L-1). The values of Kä and 1/n 

can be obtained from the slope and intercept of the plot of ln qe against ln Ce. 

 

The electrochemical processes as mentioned before is the aluminum dissolution on 

the anode and the hydrogen evolution on the cathode. When the dissolved aluminum is pro-

duced many different types of hydrolyzed species will be produced such as 

ὃὰὕὌ ,ὃὰὕὌ ,  ὃὰὕὌ    and ὃὰὕὌ  which are the main monomeric species that 

take into consideration for the simplification of the model. 

With the use of eq1. to calculate the total dissolved aluminum produced on the anode 

and by knowing the measured pH values and the temperature we were able to calculate all 

the aluminum species produced though the hydrolysis process for each applied current. This 
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process was accomplished with the use of PhreeQC software. Each moment we could calcu-

late the concentrations of all aluminum species though time and make a polynomial expres-

sion for each. By clicking the solution button in the initial conditions section, we can add the 

initial pH and the initial temperature to the general section Picture 8 and in the individual 

element input section we can add the total aluminum concentration in mol L-1 Picture 9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Picture 8. The general section of the solution where initial temperature and pH added. 

Picture 9. The individual element input where the total aluminum concentration added. 
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The derivative of each polynomial expression could give the kinetic rates of the alu-

minum species, which are presented below as calculated from the software at each applied 

current. 

The AL+3 balance equation for 0.25A applied current: 

 

ρπzρπ ὸ ρςzρπ ὸ σz ρπ ὸ τz ρπ ὸ ςz

ρπ     (6) 

 

The AL+3 balance equation for 0.50A applied current: 

 

ςτzρπ ὸ ψz ρπ ὸ φz ρπ   (7) 

 

The AL+3 balance equation for 1.00A applied current: 

 

ψz ρπ ὸ φz ρπ ὸ ρςzρπ ὸ χz ρπ   (8) 

 

The ὃὰὕὌ balance equation for 0.25A applied current: 

 

ρψzρπ ὸ ρςzρπ ὸ ςz ρπ   (9) 

 

The ὃὰὕὌ balance equation for 0.50A applied current: 
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τυzρπ ὸ ςψzρπ ὸ φz ρπ ὸ τz ρπ ὸ

ρz ρπ  (10)  

 

The ὃὰὕὌ balance equation for 1.00A applied current: 

 

ςψzρπ ὸ ςτzρπ ὸ τz ρπ ὸ τz ρπ  (11) 

 

The ὃὰὕὌ  balance equation for 0.25A applied current: 

 

τπzρπ ὸ τz ρπ ὸ ρυzρπ ὸ ςz ρπ ὸ

ψz ρπ      (12) 

 

The ὃὰὕὌ  balance equation for 0.50A applied current: 

 

 σz ρπ ὸ ρςzρπ ὸ χz ρπ   (13) 

 

The ὃὰὕὌ  balance equation for 1.00A applied current: 

 

τz ρπ ὸ σz ρπ ὸ ψz ρπ ὸ υz ρπ   (14) 
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The ὃὰὕὌ  balance equation for each current: 

 

 
Ὧ ρ ὑzίὴ

Ⱦ

 (15) 

 

,k3f is the forward reaction constant for the third reaction (s-1), AL+3 is the aluminum cation 

concentration (mol L-1), ὕὌ is the concentration of the hydroxides (mol L-1) and Ksp is the 

solubility product constant of this reaction (10-31). 

The ὃὰὕὌ  balance equation for each current: 

 

πȢωυz
  
     (16) 

 

,where ű is the faradic efficiency yield, I is the electric current (A), Z is the number of 

electrons transferred 3, F is the Faradayôs constant 96485 C mol-1 and V is the volume of 

the reactor 500mL. 

The H+ balance equation for each current: 

 

 

   Ὧ ρ   (17) 
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,where kwf is the water ionization kinetic constant (mol L-1 s-1), ὕὌ is the concentration 

of the hydroxides (mol L-1), H+ is the protons concentration (mol L-1) and Kw is the thermo-

dynamic equilibrium constant for the water ionization reaction. 

The ὕὌ balance equation for each current: 

 

  (18) 

 

The final goal was to achieve a mathematical expression for the COD removal though 

the adsorption of the solid ὃὰὕὌ  formed, with the colloid particles of the wastewater. 

This kinetic expression is based to the multilayer Freundlich adsorption isotherm: 

 

Ὧ  ὅὕὈὅὕὈὩή
 

ὓzύ  (19) 

 

,kf is the Freundlich isotherm constant (mg g-1) (L mg-1)n,  n is the Freundlich isotherm 

exponent, CODeq is the equilibrium concentration of the chemical oxygen demand due to 

the fact there is an amount of pollutant that canôt be removed through this process, 

ὃὰὕὌ   is the amount of the solid absorbent that produced (mol L-1)  and Mw is the molar 

weight of the absorbent 78 g mol-1. For the model validation used a second batch of the 

effluent and repeated the same experimental procedure with the same initial conditions and 

the same kinetic parameters exported from the first test. 
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4.4 EC DECOLORIZATION MODEL DEVELOPMENT 

 

A second approach has been developed to measure the decolorization of the process 

by the absorptivity of wave length at 565nm by scanning the samples in the 400ï700nm 

wavelength band (DR 5000 spectrophotometer, LANGE HACH). The basic principles based 

to the use of Beer-Lambert law: 

ὃ ‐ ὰ ὧ (20) 

where A is the absorbance of the solution (ὰέὫ ), I0 intensity of the light entering 

the sample (lm sr-1),I intensity of the light leaving the sample (lm sr-1), Ů is the molar absorp-

tivity or molar extinction coefficient (L mg-1 cm-1), l is the distance light travel through the 

solution (cm) and c is the concentration of the absorbing species (mg L-1). The length is 

known from the tube dimension at 1cm, so the molar absorptivity measured at Ů = 0.0064 L 

mg-1 cm and the converting coefficient for COD to absorbance is the same 0.0064 (L mg-1) 

as the length is 1cm. The case is again the aluminum dissolution on the anode and the hydro-

gen evolution on the cathode, the water electrolysis and dissociation, the aluminum hydroly-

sis process and the coagulation and sedimentation of the colloid particles, so the eq19. con-

verted for the absorbance removal as: 

 

πȢππφτ
Ȣ

 Ὧ  ὃὦί
 

ὓzύ  (21) 
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4.5 A THEORETICAL ALUMINUM MASS TRANSFER MODEL INSIDE THE ELEC-
TROCHEMICAL CELL IN RAW WATER 

 

Mass transfer of chemical or electrochemical specie known as ions can be a complex 

phenomenon because the solution (fluid) containing the ions may be strongly influenced by 

turbulent flow, and to a lesser extent to laminar flow, diffusion and an electrical field. For a 

one-dimensional treatment in the x-direction, the mass transfer can be characterized as an 

idealized cylindrical or rectangular (parallelepiped) element of a solution. Thus, the molar 

flux j is a vector quantity perpendicular to a plane of species j. The model indicates that a 

plane of area dA containing specie moves in the x-direction from one position to another. 

This motion is influenced by modes of mass transfer, such as diffusion due to a molar con-

centration gradient, migration due to an electrical field, natural or forced convection due to 

the kinematic velocity or a combination of these modes, mass transfer of species can be quan-

tified by the absolute value of the molar flux j. In this study we investigated the ὃὰὕὌ  

and ὃὰὕὌ   species as the highest concentration gradient. In addition, j represents the 

number of moles of specie that pass per unit time through a unit area. Thus, the units of j are 

a (mol cm-2 s-1). The total molar flux is defined by the Nernst-Plank equation[33]: 

 

Ὦ Ὀ Ὀ ὧ     (22) 

 

, where D is the effective diffusion coefficient (1.01*10-9 m2/s) [34], c is the concentration of 

aluminum species (mol L-1), z is the valence (+2 for ὃὰὕὌ  and -1 for ὃὰὕὌ  ) , F is 

the Faradayôs constant 96485 , R is the ideal gas constant 8.314 
 

, T is the absolute 
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temperature 303K and ű is the electric potential. The established potential difference between 

the anode and the cathode and the corresponding electric field is approximated as: 

     (23) 

, where l is the length between the anode and the cathode (0.004m) and ȹű measured 

0.01V. The final form is a partial differential equation[35]: 

Ὀ π (24) 

 

The boundary conditions for ὃὰὕὌ  to eq24. are: 

Å c [0, x] =0 

Å c [t, 0] =eq9-11 

Å 
 ȟ

π 

 
 

The same process was followed for ὃὰὕὌ   with boundary conditions for the eq24: 

Å c [0, x] =0 

Å c [t, 0] =eq16 

Å 
 ȟ

π 
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5.    RESULTS AND DISCUSSION  
 

5.1 PHREEQC RESULTS AND ESTIMATION OF KINETIC PARAMETERS 

 

The PhreeQC software use the aluminum solubility equilibrium constants with known 

total aluminum concentration, temperature (30 ęC) and pH [36] to calculate the aluminum 

speciation. The results generated for each applied current are given below. 

Figure 2 shows the AL+3concentration (mol L-1) for 0.25A applied current as calcu-

lated from the PheeQC and the polynomial model that give the kinetic rate from eq6.  

 

 

 

 

 

 

 

 

 

 

The same procedure was followed for the other two currents 0.5A and 1.00A and the 

results for AL+3concentration (mol L-1) are shown in Figure 3 and Figure 4 respectively as 

the polynomial kinetic rates from eq7. and eq8. 

 

 

AL +3 (mol/L) PhreeQC 

AL +3 (mol/L)  model 

Figure 2. The AL+3concentration for 0.25A applied current, with points represent the 
calculated values from PhreeQC and the line the polynomial model profile. 
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Figure 3. The AL+3concentration for 0.50A applied current. 
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Figure 4.The AL+3 concentration for 1.00A applied current. 
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Figure 6.The Al(OH)+2concentration for 0.50A current. 

The results for ὃὰὕὌ  concentration (mol L-1) as generated from the PhreeQC are 

given for 0.25A, 0.50A and 1.00A respectively to Figure 5, Figure 6 and Figure 7 as the 

points and the lines represent the polynomial model approach from eq9,eq10. and eq11. 
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Figure 5.The Al(OH)+2concentration for 0.25A current. 
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Figure 8. The Al(OH)+2 concentration for 0.25A applied current. 

 

 

 

 

 

 

 

 

 

  

The same procedure was followed for the concentration of ὃὰὕὌ  (mol L-1) as 

generated from the PhreeQC for 0.25A, 0.50A and 1.00A applied current and represented to 

Figure 8, Figure 9 and Figure 10 respectively as the points and the lines represent the pol-

ynomial model approach from eq12,eq13. and eq14. 
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Figure 7. The Al(OH)+2 concentration for 1.00 applied current. 
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Figure 10. The Al(OH)+
2 concentration for 1.00A applied current. 
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Figure 9. The Al(OH)+2 concentration for 0.50A applied current. 

═
■╞
╗
 c

o
n

c
e

n
tr

a
ti
o

n
 (

m
o

l L
-1
) 

Time (min) 

═■╞╗   (mol/L)  PhreeQC 

═■╞╗     (mol/L) model 



Sigouros Loukas 

39 
 

The solid amorphous ὃὰὕὌ   kinetic rate was based on eq15. and followed the 

same pattern as the previous species to calculated the values from PhreeQC, so we had to 

estimate the k3f kinetic constant as the other parameters was known. This process was accom-

plished by the parameter estimation section of the Aquasim Chemical software based on se-

cant method to calculated the kinetic constant by the known points generated from the 

PhreeQC. Picture 10 represent this process where up left shows the active parameter we 

want to calculate and down left the active calculation will take place. Picture 11 shows the 

edit of the parameter estimation process where ass data considered the generated values from 

PhreeQC and as variable the kinetic rate of amorphous ὃὰὕὌ   eq15. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Picture 10. The parameter estimation section of the Aquasim Chemical. 














































